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Abstract



The present thesis starts with a general introduction of the atomic and molecular dy-
namics induced by few-cycle intense laser pulses followed by Chapter 2, in which the
experimental setup prepared for the investigation of CEP dependences of molecular dy-
namics is described. Few-cycle pulses were generated from the output of a Ti:Sapphire
laser system with a rare-gas filled hollow-core fiber and a set of chirp mirrors. The few-
cycle pulses were divided into two beams. One of them was introduced into a phasemeter
in which the CEP of the few-cycle pulses can be measured shot-by-shot. The other of the
divided beams was focused onto a sample gas in a momentum imaging chamber. The data
measured in the two apparatuses were recorded simultaneously, and the CEP dependence
of the molecular process was measured.

In the Chapter 3, the carrier envelope phase (CEP) dependence in the C-D bond break-
ing of C,D, induced by an intense few-cycle laser pulse was investigated. The ejection
direction of D" ions generated from the Coulomb explosionP&" — C,D* and D',
exhibited the CEP dependent asymmetry, while its CEP dependence was out of phase by
7 with respect to the CEP dependence of the recoil momentum,bf C From a re-
collisional double ionization model, the asymmetry in the ejection directionofvas
ascribed to the laser-assisted C-D bond weakening in the few-cycle laser field.

Finally, in Chapter 4, the conclusion of the present thesis and the future perspective

are described.
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Chapter 1. General Introduction



1.1 Molecular dynamics induced by intense laser fields

Thanks to the chirped pulse amplification method (CPA) invented in 1985 [1], an
intense laser field whose magnitude is larger th@Ad W/cn? can now routinely be gen-
erated by focusing pulses of a CPA laser. When molecules are exposed to such an intense
laser field, high order non-linear optical processes such as multi-photon excitation and
ionization are induced. Through the investigation of responses of molecules to an intense
laser field, we can extract the information of the ultrafast motion of atoms and electrons
within a molecule on the femtosecond time scale.

Ultrafast laser pulses are characterized by several parameters such as their intensity,
wavelength and pulse duration. During the doctor course period, | investigated the effect
of another important parameter called the “carrier-envelope phase (CEP)” on molecular
processes induced by ultrashort laser pulses. In Chapter 2, | will describe an experimental
setup | developed for investigating CEP dependent molecular processes. The experimen-
tal setup consists of the following three parts: (i) the method of few-cycle pulse genera-
tion, (i) a momentum imaging apparatus by which the molecular dynamics is investigated
through the detection of the generated ions, and (iii) a phasemeter with which the CEP
of respective few-cycle pulses is measured. In Chapter 3, | will describe a CEP depen-
dent asymmetric dissociation process of deutrated acetylene. The origin of the asymmetry
is discussed in terms of recollisional double ionization and subsequent electron density

variation within a molecular ion induced by the laser fields.

1.2 Intense laser for molecular science

Ultrashort dynamics of molecules induced by an intense laser field has been studied

by detecting emitted photoelectrons and/or fragment ions using a time-of-flight (TOF)



type mass spectrometer. When intense laser pulses are linearly polarized, the angular
distribution of the emission direction of fragment ions with respect to the polarization axis
can be investigated by changing the polarization direction with respect to the direction of
the detector. This method is called “mass resolved momentum imaging” (MRMI) [2]. By
using the MRMI method, ultrashort structural deformation and the Coulomb explosion
processes of polyatomic molecules such as, @&d NG induced by an intense laser

field were also investigated by this method [3, 4].

By adopting a method called “velocity map imaging” [5], with a position sensitive de-
tector such as a MCP-Phosphor screen and a delay line detector, the momentum release of
the generated ions can be recorded as a two-dimensional image. When a delay line detec-
tor is used, and the number of molecules ionized by one laser pulse is less than one, three
dimensional momenta of all the fragment ions generated from a molecule can be deter-
mined by coincident detection. This method is called “coincidence momentum imaging
(CMI)” [6], by which co-existing different fragmentation pathways can be investigated
separately.

Through the CMI method, ultrafast migration processes of a hydrogen atom within
a molecule induced by an intense laser field were identified [7-10]. Furthermore, a re-
cent study on methyl-dacetylene, D/H exchange process and hydrogen scrambling (D/H

exchange and D migration) processes were identified [11].

1.3 Few-cycle pulses

In order to investigate ultrafast dynamics of molecules, we need to generate ultrashort

laser pulses. The temporal shape of a laser ptlgé and the spectral shage(w) are



related to each other by the Fourier transformation:

E(t) ! /oo E(w)exp(i(wt + ¢(w)))dw, (1.2)

")

wheregp(w) is a spectral phase. The product of the temporal width of the guigesually
defined by the FWHM of the temporal shape of the intensity) and the spectral idth

cannot become smaller than a certain constant v@lubat is,
AtAw > C. (1.2)

The constant i€ = 2.8 when the pulse has a Gaussian shape. Due to this uncertainty,
the spectral width need to be broader for generating shorter laser pulses.

In order to generate few-cycle laser pulses, the bandwidth of femtosecond laser pulses
needs to be broadened by a method such as a self-phase modulation (SPM) process, and
the associated phase dispersion must be compensated. There are several methods with
which the spectral width can be broadened by SPM; (i) focusing the laser pulses into a
silica plate, (ii) inducing filamentation [12, 13], and (iii) focusing the pulses into a hol-
low core fiber filled with rare gas. Especially, the hollow core fiber technique is one of
the most efficient way to generate broad band pulses with high beam quality and high
pulse energy. It was demonctrated that few-cycle pulses were obtained by compensat-
ing the phase dispersion of the broad band pulses generated by the hollow core fiber
technique[14-16].

The temporal width~ 5 fs of such few-cycle pulses is shorter than the period of
molecular vibration. Therefore, a pump-probe measurement with few-cycle pulses can
trace the early stages of laser induced nuclear displacement within a molecule, leading to

its deformation and/or dissociation. Indeed, the dissociation processes of simple diatomic



molecules such asJNand G was probed in real time, and the electron localization pro-
cesses were investigated [19].

Because a few-cycle pulse has only a few extrema in the electric field oscillation, tun-
neling ionization, which is expected to proceed only around the extrema of the electric
field, may occur only a few times within the pulse duration. As a result, sequential ion-
ization processes may not occur during the laser pulse duration and only non-sequential
ionization processes could lead to the multiple ionization. The non-sequential ionization
is induced when an electron ejected through the tunneling ionization comes back to the

ion core and collides with it.

1.4 CEP of few-cycle pulses

A carrier-envelop phase (CEP) is one of the important parameters that characterizes
few-cycle laser pulses. The CEP is a phase of the oscillation of the electric field within
the envelop of the laser pule. For example, when the laser electric field has a Gaussian

shape, the temporal electric field can be written with the CEP denoiggasas
E(t) = Ey(t) cos(wt + ¢pcrp), (1.3)

where

is a Gaussian envelope function whiély being the maximum amplitude. Figure 1.1
shows two examples of the few-cycle pulses. When CEP isiQthie peak of the envelope
coincides with the peak of the electric field, and the pulse becomes the cosine shape.
When CEP isr/2 or 37/2, the pulse becomes the sine shape and the maximum amplitude

of the electric field becomes the lowest. In the longer pulses in which the electric field



Fig 1.1: Few cycle pulse and CEP.

oscillate many times, the CEP may not be an important parameter characterizing the laser
pulse. However, in the case of few-cycle pulses, the shape of the temporal electric filed
varies significantly depending on the CEP. As a result, ultrafast dynamics of molecules
induced by few-cycle laser pulses are expected to depend on their CEP.

When investigation of the CEP effect on ultrafast molecular dynamics, we need to
know CEP of laser pulses employed in the experiment. A straightforward way is to lock
the CEP of the pulse [20]. The CEP locking can be realized by controling the CEP offset
of the spectrum of the pulses through manipulation of the laser oscillator conditions by
changing the temperature of the laseing medium, the pulse energy of the pump laser, and
the dispersion of the laser cavity.

Even when the CEP is not stabilized, if the CEP can be measured shot-by-shot, the
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Fig 1.2: Schematics of the CEP-tagging experiment.

effect of the CEP can be investigated. Paulugl. [17, 18] invented a “phasemeter”, with
which we can measure the CEP of each pulse by detecting simultaneously the photoelec-
tron emission from rare gas atoms. In their experiment, few-cycle pulses were divided
into two beams. One of the beams was introduced to the phasemeter to measure the
CEP, and the other was used to induce ionization of atomic and molecular species [21] as
shown in Fig.1.2. By the method called “CEP-tagging”, in which the output signals of
the phasemeter and the ion signals are recorded simultaneously so that their one-to-one

correspondence is achieved, the CEP dependence can be investigated.

1.5 CEP dependent dynamics of atoms and molecules

The CEP dependences of atomic or molecular processes induced by few-cycle pulses
have been reported in these several years [22-29]. In those studies, motion of electrons

within a sub-cycle time scale was investigated.



Photoelectron emission from an atom is one of the examples of the CEP dependent
processes. The photoelectron emission along the laser polarization direction becomes
asymmetric depending on the CEP of the few-cycle pulse reflecting the asymmetry in the
electric field and vector potential [22]. This asymmetry becomes salient in the above-
threshold ionization (ATI) processes originating from the sub-cycle motion of the re-
scattering electrons, and this asymmetry in ATl process is the operating principle of the
phasemeter.

It was reported that the yield of ions generated through non-sequential double ion-
ization (NSDI) process induced by few-cycle pulses varied depending on the CEP [21,
23, 24]. The variations of the ion yield were ascribed to the CEP dependent variation
in the largest amplitude of the electric field of the few-cycle pulses. This type of CEP
dependence exhibits the cycle with the period of

The effects of CEP on ionization and fragmentation dynamics of diatomic molecules
have also been reported [25-28]. As for the study of the CEP effect on the homo-nuclear
diatomic molecules, the CEP dependent dissociation,abythe few-cycle pulses was
investigated [25]. In those cases, the tunneling ionization rate and the molecular orbital
are symmetric. The asymmetry was explained by the electron localization achieved by
the subsequent electric field after the tunneling ionization [26]. This localization can be
described theoretically by the coherent coupling of the, Iectronic ground state and

the 2, electronic excited state of,D
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Fig 1.3: Asymmetry in D emission from GD3" generated in a few-cycle laser pulse

1.6 Presentstudy: CEP effect on the chemical bond break-

ing
In Chapter 3 of this thesis, the asymmetric dissociation of doubly charged deuterated
acetylene GD2™ —C,D*+D*, shown in Fig.1.3 induced by few-cycle pulses is studied
by the CEP-tagging method using a phasemeter. An asymmetry was observed in the
direction of the D emission, and this asymmetry was found to vary depending on the
CEP of the pulses. The origin of the CEP dependent asymmetry is discussed in view of

ultrafast charge redistribution within,03+.
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Chapter 2. Experimental setup for

few-cycle pulse experiment
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2.1 Introduction

Historically, the CEP effects on the atomic or molecular dynamics were investigated
by CEP locked laser systems [1, 2]. Through the studies of the CEP dependent photo-
electron emission from atoms, the technique to measure the CEP of the few-cycle pulses
has been developed. Wittmanal. succeeded in a single-shot measurement of the CEP
of the few-cycle pulses with random phases [3], and the newly invented apparatus called
phasemeter enabled us to investigate the CEP effects on the atomic or molecular dynamics
without locking the CEP of the pulses.

In the present study, a new experimental setup for investigating the CEP dependent
molecular dynamics was constructed by taking advantage of the CEP tagging method.
The overview of the experimental setup is shown in Fig. 2.1. From the output of a
Ti:Sapphire laser system, few-cycle pulses are generated by using a homemade hollow-
core fiber pulse compressor. The CEP of the pulses are characterized by a phasemeter
developed by Prof. G. Paulus at Friedrich-Schiller-Univatsilena. lon species gener-
ated by the irradiation of few-cycle pulses are measured by a momentum imaging cham-
ber. The data from the two apparatuses are simultaneously recorded in coincidence by
a time-to-digital converter (TDC8HP) and thus the CEP dependences of the yields and

momentum vectors of the ions are recorded.

. : _ Momentum
Igg;f’gczem g:r:ver2¥gr? pulse imaging g2 ool
chamber (TDC8HP)

=~ Laser pulses — —
L. Digital circuit box
— Electronic signals

Fig 2.1: Overview of the experimental setup.
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2.2 Laser system Alpha 5000

The laser system used in the present study is Alpha/XS manufactured by THALES
LASER. Co. Ltd. The schematics of the system is shown in Fig. 2.2. The Ti:Sapphire
oscillator RAINBOW (FEMTOLASERS Produktions GmbH.) is pumped by a cw 532
nm output of Nd:YVQ green laser (Verdi, Coherent Inc.). The repetition rate of the the
oscillator output is 78 MHz and the power is typically 160 mW. The pulse duration of
ultrashort pulses from the oscillator is stretchedhtb00 ps by arOffner type grating
stretcher [4]. The spectral intensity and the spectral phase of the stretched pulses are
modulated by an acousto optic modulator (Dazzler, FASTLITE). The modulated pulses
are amplified up to 0.7 mJ/pulse by a regenerative amplifier and a two-pass amplifier. The
output of agreen laser ETNA (THALES LASER. Co. Ltd, 532 nm, 5 kHz) are used for the
amplification. The repetition rate of the pulses are reduced to 5 kHz by this amplification
process. The amplified pulses are compressed by a Treacy type grating compressor, and
the pulse width of the output pulses typically are 30 fs at the Fourier transform limit as

shown in the autocorrelation trace measured by our group (Fig. 2.3).

Laser System (Alpha5000)
THALES LASER

800 nm

Regenerative ~ go7fs Joul
i i ifi ~ 0.7 mJ/pulse
Pumping Laser Oscillator Amplifier
Verdi (3 W) (RAINBOW) Stretcher o [Compressor]}
78 MHz Offner type ApaS?f Treacy type
y ~ mplifier
A) =370 nm 100 ps p

Pumping Laser
ETNA (5kHz, 30 W)

Fig 2.2: The schematic of the laser system used in the present study
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pulse duration:
~ 30 fs

Signal / arb. unit

1 | | | 1 1
-60 -40 -20 0 20 40 60
Time / fs

Fig 2.3: Autocorrelation trace of the output from the laser system. The pulse duration is

about 30 fs.

2.3 Pulse compression by a rare-gas filled hollow-core fiber

2.3.1 Theory

Few-cycle pulses are generated by broadening the spectral width of the output pulses
of the CPA Ti:Sapphire laser system and compensating the phase dispersion [5, 6]. For
the broadening of the spectral width, a nonlinear process called self phase modulation is
often used. When the field intensity of the laser puldeecomes larger, the refractive

indexn of a medium increases, as
n = ng + nad (). (2.2)

The coefficient, is the nonlinear index coefficient amd = 9.8 x 10-2* m?/W [6] for 1

atm Ar gases. When the pulse propagates the lenigtthe medium, the phase shifi¢

16



can be expressed as

2mnalI(t)

A =
¢ =

(2.2)

where) is the wavelength of the pulse. From the Eq.(2.2), the variation in the frequency

at timet is expressed as

2wyl dI(t)

Aw(t) = 3 ”

(2.3)

This equation means that, the frequency decreases at the rising part of the pulse, while the
frequency increases in the falling part of the pulse. Thus, propagation of the intense laser

pulses in a nonlinear medium causes the broadening of the spectrum.

2.3.2 Experimental and results

A schematic of the setup of few-cycle pulse generation is shown in Fig.2.4. For the
generation of few-cycle pulses, the spectral width of the pulses is broadened by focusing
the femtosecond pulses into a hollow-core fiber filled with an Ar gas. In the present study,
in order to reduce the number of transmission optics, a concave mirror is used to focus
the pulses into the hollow-core fiber instead of a lens. The hollow-core fiber compressor
is composed of a hollow-core fiber (length 1.5 m, inner diameter/38) a V-groove
mount and a stainless tube. The entrance and the exit of the tube are mounted on xyz
three-axis stages respectively for fine alignment of the fiber.

The laser pointing of the focus position are stabilized by a computer controlled stabi-
lization system(Aligna 4D, TEM Messtechnik) composed of two steering mirrors mounted
on piezo driven mirror mounts and a concave mirror. The laser pointing and the position
of the laser focus are monitored and stabilized using two position sensitive detectors. The
focal length of the concave mirror which focus the laser pulses into the hollow-core fiber

is 1.5 m, and the focal diameter4s220 um. When the Ar gas pressure is 0.47 atm, the

17



mirrors with

Position piezo stage Chrip mirrors
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S
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Fig 2.4: The setup for few-cycle pulse generation

full-width of the tenth-maximum is about 350 nm as shown in the spectrum of the output
from the hollow-core fiber shown in Fig.2.5.

The phase dispersion of the pulse is compensated by a set of chirp mirrors (BB-
COMP). Figure 2.6 shows an auto-correlation trace of the compressed pulse showing

that the pulse width becomes as shortas fs after the compression.
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Fig 2.5: Spectrum of the output from the hollow-core fiber.
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Fig 2.6: Auto-correlation trace of the generated puleses. The pulse width is estimated to

be~5fs.
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2.4 Carrier envelope phasemeter

2.4.1 Overview

A phasemeter is an apparatus with which we measure the CEP of a few-cycle pulse
by detecting the asymmetry of photoelectron emission direction from rare gas atoms.
A schematic of a phasemeter is shown in Fig.2.7. A phasemeter is composed of a cell
where rare gases are filled, two slits from which photoelectron can be emitted, and two
MCP detectors placed on both ends of the tube for electrons. Both of the photoelectron
spectra recorded using the two MCP detectors are divided into two energy regions, that is,
the higher energy region and the lower energy region. By plotting the asymmetry of the
photoelectron signal in the respective energy regions shot-by-shot, a two dimensional map
called a parametric asymmetry plot is obtained. The relative CEP of a pulse represented
by a point in the plot can be estimated from the angle of the point in the polar coordinate
system and this plot becomes round-shaped when the CEP of the output pulses are not

stabilized.

2.4.2 Experimental and results

The few-cycle pulses are divided into two beams by a beam splitter. The reflection
at the beam splitter is introduced into the phasemeter. The polarization of the pulses is
rotated by 90 degrees by a periscope so that the polarization of the pulse becomes hori-
zontal. The pulses are focused by a concave mirfer 250 mm) into the chamber where
a Xe gas is filled, and the emitted photoelectrons are detected by the two MCP detec-
tors. Detection of low-energy electrons is avoided by applying retardation voltage (-25
V) just before the detectors, and thus, only high-energy photoelectrons emittied through

high-order ATI process are selectively detected. Hereafter, the the signal intensities in

20



Micro channel plate
SN Xe gas cel |

plate

Laser polarization

Fig 2.7: Phasemeter.

the photoelectron spectrum in the lower and higher energy regions detected by the right
side detector are denoted AS, right, Tnignright @Nd those detected by the left side detec-
tor are denoted aBoy iefts highlerc- 1heN, the asymmetry of the photoelectron emission

Posym lows Pasym nigh are defined as

I low,left — I low,ri
, ;right
Pasym,low = Ji Vi (24)
low,left + low,right

and

P  Thign et — Ihigh right
asym,high —

) 2.5
Thigh teft + Ihigh,right 29)
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Fig 2.8: Setup for CEP measurement.

The signals are entered into a digital circuit by which the asymmetry parameters calcu-
lated as explained in Section 2.7. WhERy, nign iS plotted with respect t@,sym jow, &

map called a parametric asymmetry plot is obtained. The polar angle of the respective
points in the plot represents the relative CEP of the pulse. On the other hand, the radius
of the points represents the pulse duration. When the pulse duration become shorter the
radius becomes larger. Thus, the pulse duration of the pulses can be estimated from the
plot. The Ar gas pressure in the hollow-core fiber and the extent of the insertion of the

wedge plates are adjusted so that the radius of an asymmetry plot becomes largest. Figure
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Fig 2.9: A parametric asymmetry plot. The radius of the plot@s8.

2.9 shows a typical parametric asymmetry plot. From the figure, the pulse duration is

estimated to be-4.5 fs.

2.5 Momentum imaging chamber

2.5.1 Overview

The detection of the generated ions are performed using a momentum imaging cham-
ber. The drawing of the chamber is shown in Fig. 2.10. In the chamber, laser pulses are
focused on a beam of a molecular sample gas. The ions generated through the interaction
of laser pulses and the sample gases are extracted by a static electric field and are guided

to a position sensitive detector. From the time-of-flight of the ions and the positions on
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Fig 2.10: Drawing of the momentum imaging chamber.

the detector, three-dimensional momentum vectors of the ions are determined.

2.5.2 Gas injection

A diffusive molecular beam of a sample gas is introduced from a microsyringe into
the chamber through a skimmer as shown in Fig. 2.11. The diameter of the hole at the tip
of the skimmer is 0.4 mm. From the geometric configuration, the width of the molecular

beam at the interaction region with laser pulses is estimated tdld&mm.
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Fig 2.11: Drawing of the gas injection part of the momentum imaging chamber.

2.5.3 lon extraction

For the ion extraction, three electrodes are fixed in the both sides of the interaction
region, respectively. The ions are accelerated by the static electric field created by apply-
ing dc voltages to the four electrodes as shown in Fig. 2.12. From the detection position
and the time-of-flight of the detected ions, the three-dimensional momentum release of
the detected ions can be determined.

The initial distribution of the position of the generated ions in the direction perpen-
dicular to the TOF axis mainly results in the decrease of the resolution of the detecting
position. In the momentum imaging chamber, static electric fields create a lens for ions,

and therefore the trajectories of the generated ions can be focused onto the detector. If we
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Fig 2.12: Focusing voltage condition of the ion trajectories.

can cancel the initial position distribution, the detection position corresponds to the initial
velocity or momentum of the ions. This is called the velocity map imaging condition [8].

In the present study, trajectories of the ions are simulated by SIMION, and the opti-
mum voltage conditions are found so that the velocity map imaging condition is fulfilled.
The geometric configuration of the electrodes in the chamber, the voltage conditions and

the trajectories of H with the 0 eV, 1 eV, and 5 eV kinetic energies are shown in Fig.2.12.

2.5.4 lon detection

For the ion detection, a position sensitive detector HEX120 (Roentdek Handels GmbH.)
composed of two MCPs with chevron stacking and delay-line wires is used. When an ion

hit on the surface of the MCP detector, secondary electrons are generated and the signals
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are amplified. At the rear side of the MCP plates, three delay line wires are mounted in

a helical shape. The electron signals hit on the wires induces the electric signal which

propagates to both side of the wires. The timing of the signal arrivals are recorded by a

digital board TDC8HP (Roentdek Handels GmbH.).

The procedure to derive the position of the detection from the six signals v,

Yo, 21, 22) are as follows. As the difference between the two arrival timings at the both

end of one wire corresponds to the position in the coordinate, and from the three sets of

the data

u = (11— x9)V,/2

vo= (1 —y2)Ve/2

w = (21— 29)Vi/2,

(2.6)
2.7)

(2.8)

are obtained, wher,, V., V,, are the speed of the electric signal propagation in the wires.

The speeds are slightly different by the wire as described in the next subsection. From

two values of the hexagonal coordinate, 2-dimensional position is reconstructed:

Xy = U

Yie = —(u—2v)

w — —=U—2
V3

Xww = U

Y, L (ow - )

w — =W —1Uu
V3

Xow = V4w
1

}/Uw = —=w—-v
\/§< )

Theoretically,( Xy, Yuv), (Xuw, Yow), (Xow, Yow) Must be the same values.
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2.5.5 Measurement of the signal propagation speed in the delay line

wires

When the three values of X, Y are the same,
u=v+w (2.15)
holds. Thus the relationship

Vi Vi
T1 — T2 = V(yl — yg) + V(Zl — 2’2) (216)

u u

can be derived. From the equation, the relative valgg$, andV,,/V, can be obtained

from an experimental data. In order to determine the relative valués, andV,,/V,
experimentally, ion signals from residual gases in the chamber are accumulated. Figure
2.13 shows thex(; — z5) values plotted toy; — y2) and ¢; — 25). By the 2-dimensional

fitting, the following ratios are obtained:

Vi
v = 1.0065£0.00135 (2.17)
Vi
7= L0174£0.00135 (2.18)

These ratios are used in the analysis of the data recorded by the detector.
If the static electric fields between the electrodes are uniform, the three dimensional
momentum release/{, p,, p.) can be derived as:

mX

= 2.19

P i (2.19)
mY

Py = (2.20)

p. = ZeB(T —1Tp) (2.21)

where, X, Y is the detection positiony is the mass of the ior¥; is the time of flight of

the ion,Tj is the central time of flight of the ion specie, afdd is the charge of the ion. In
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Fig 2.13: (c; — z2) values plotted toyf; — y2) and ¢; — z»).

the momentum imaging chamber, the electric fields are not uniform and some corrections
to the equations are needed.

The relationships between the detection position and the momentum of ions can be
obtained by a SIMION simulation. A total of 441 trajectories of protons (hydrogen ions)
with -50 x10% u m/s~ 50 x10% u m/s (21 points) for the momentum in the directions
parallel and perpendicular to the time-of-flight axis are calculated. The initial momenta
of a proton are indicated by the “+” marks in Fig. 2.14. From the position of the detection
and time-of-flight, the following relations of the time of flighfus), the detection position

x (mm) and the momentunpf, p,, p.) (10* u m/s) are obtained by a least-squares fits:

p(m=1ta) = (—583.5%0.4)t+ (—0.0157 % 0.0004)z>t
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(2.22)

+(773 £ 4)¢*

1,t,z) = (0.9993 %+ 0.0003)z

Day(m

(2.23)

+(—0.138 + 0.004) 2t + (12.01 + 0.08)zt>.

For heavier ions having the mass the corresponding equations can be obtained from

Egs (2.22) and (2.23) as

(2.24)
(2.25)

<

t
1. ——
) /m7x)
t
m =1,

pz(matax) = \/Epz(m:
px,y(m>tax) = \/Epa:,y(

converted from the simulation dataandx of the protons are indi-

/
z

p

/
x)

The momenta

cated by the “+” marks in Fig. 2.15. The comparison between From Figs. 2.14 and 2.15

agree well with the initial momenta,, p..

/
z

shows that the resultant momentg p
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Fig 2.14: Initial momentay,, p.) of protons in the simulation
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Fig 2.15: Momentay{,, p’,) of protons converted from the detection position and the time

of flight.

2.5.6 Further improvement of the chamber

Figure 2.16 shows the histogram of the signals from the fragment ions generated from
methanol (CHOH) with the time-of-flight as the horizontal axis and tHeposition on
the detection as the vertical axis. The range of the time-of-flight shown in this figure
corresponds tan/z = 14 ~ 18. The observation can be explained by a simulation by
SIMION, in which fragment ions with the kinetic energy of 3 eV are ejected in every
direction from the position of the ionization, as shown in Fig. 2.17 . It can be seen in this
figure that the signals of the ions having the adjaeept values overlap each other. In
order to separate more these contributions from the different mass species, the length of
the flight tube of the chamber is to be made longer. The mass separations were calculated

when the length of the flight tube was assumed to be stretched by 20 cm to 39 cm, while
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keeping the VMI voltage conditions. The simulation shows that the extent of the overlap
of the neighboring mass species is reduced and the signails/ of= 15 can now be
separated completely from that of/z = 17 as shown in Fig. 2.19. In order to realize
the longer flight tube in the experiment, several new parts is designed to improve the

experimental chamber.

Position / mm
[N
o
Signal count

2.6 2.8 3.0 3.2 34 3.6
Time-of-flight / ps

Fig 2.16: Histogram of the time-of-flight signals of fragment ions from methanol.
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Fig 2.17: Time-of-flight and the detection position of the fragment ions having the kinetic
energy of 3 eV. The azimuthal angle of the ejection direction of the ions are varied with

9-degree step.

Fig 2.18: Configuration of the electrodes and the flight tube in the simulation for the

longer chamber.
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Fig 2.19: Same as in Fig. 2.17 but for the longer chamber and the new voltage conditions.

2.6 Synchronized measurement of the phasemeter and

momentum imaging chamber

2.6.1 Overview

For the CEP-tagging measurement, the data from the phasemeter and the data from the
momentum imaging chamber need to be recorded shot-by-shot in coincidence. The data
from the momentum imaging chamber is recorded by the TDC8HP board. For the tagging
measurement, asymmetry data from the phasemeter need also to be saved shot-by-shot.

Here, a few methods to synchronize the measurements are tried.
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2.6.2 \oltage to time converter

The photoelectron spectra recorded by the phasemeter are converted into a voltage
output proportional to the asymmetry parameter by an analog circuit box, and its output
is converted into the timing signal by a homemade voltage-to-time converter so that this
timing signal representing the asymmetry parameter is entered into the TDC8HP simul-
taneously with the data from the momentum imaging chamber for the synchronization of

the data acquisition from the two apparatuses.

2.6.3 Digital phasemeter box

In the measurements below, the conversion of the signals from the phasemeter are pro-
cessed by a digital phasemeter developed by Friedrich-Schiller-Unater3dna shown
in Fig.2.20. The digital box calculates the asymmetry of the photoelectron spectra and
converts the asymmetry data to a timing signal which can be directly recorded by the
TDC8HP. The timing signal is put into the TDC8HP board and thus the simultaneous

recording of the momentum imaging signal and the CEP signal is achieved.

2.7 Programs for the data acquisition and analysis

2.7.1 Overview

The data acquisition from the TDC8HP board is controlled by a software “CoboldPC
2011” (RoentDek Handels GmbH.). By the software, every signal input to the TDC8HP
board are recorded in a binary file. A new program for the data analysis with C++ codes

using microsoft foundation class was constructed.
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Fig 2.20: Digital phasemeter circuit box.

2.7.2 CoboldPC 2011

In the experiments described in section 2.8 and Chapter 3, the data acquisition using
the TDC8HP board is performeded by the CoboldPC software. The timing of every sig-
nals and the information of the trigger signals are recorded in a binary file (List Mode
File, “(filename).Imf”). With the CoboldPC, the histogram of the ion count rate and the
position of the detection can be shown during the data accumulation. The conditions of
the data acquisition and the data analysis are done by running a batch file (Cobold Com-
mand File, “(filename).ccf”). For the data acquisition, one ccf file is made to determine
the conditions of the acquisition and the data analysis, and the number of the data for the

acquisition and the name of the Imf file are given.
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Fig 2.21: Dialog box of the analysis program.

2.7.3 Program of the data analysis

In the present study, | developed a new program for the data analysis with C++ codes
using the microsoft foundation class. The program consists of four parts; (i) parameter
setting for the analysis, (ii) data reading from the Imf files, (iii) calculation of the momen-
tum release of respective ions, and (iv) writing the results of the calculation in an output
file.

The dialog box of the program is shown in Fig. 2.21 and the meaning of the parame-
ters employed in the program is listed in Table 2.1. When the “Process” button is clicked,
the *.Imf file set as an input file by the “INPUT FILEPATH” text box is opened. The
timing signals for each signal channel are read. The position of the signal inciher-
dinate is obtained from the signals in the channels 0 and 1, when the average of the two
signals is larger than the value “GATESTART” and smaller than the value “GATEEND”.
The position in thew coordinate is obtained from the signals in the channels 2 and 3.
Only the two wires in the HEX120 are used to the position detection. From the position

of the detection and the time of flight, the three dimensional momentum release of the
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ion is calculated using Egs. (2.24) and (2.25). When the check box “with POTATO” is
enabled, the asymmetry of the photoelectron emission in the phasemeter is obtained from
the signals in the channnels 4 and 5, and the polar angle of each plot is calculated. When
the check box “make mom file” is enabled, all of the three-dimensional momentum and
the phase data are written a text file with the name set as an input the text box “OUTPUT

FILENAME”.
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Table 2.1: Meaning of each variable in the dialog box of the program.

Variable meaning
HITNUM The number of the signal recorded in a channel by one laser shot
CHANNUM The number of the channels to be analyzed
PBOXRES The resolution of the output of the digital circuit
PCENTER The timing of the signals in the channels 4 and 5 when the asymmetry is
GATESTART The lower limit of the signal timing treated in the analysis
t_center The center of the peak treated in the analysis
GATEEND The upper limit of the signal timing to be treated in the analysis
EEVENTNUM The number of the events to be analyzed
M/Z The mass to charge ratio of the signal in the analysis
V1 The half value of the signal propagation velocity in thavire (mm/ns)
V2 The half value of the signal propagation velocity in thavire (mm/ns)
TIMEBIN The time corresponds to one unit of the TDC board (ns)
DETECSIZE The diameter of the detector (mm)

TOFBIN The size of the bin in the output tof spectrum (unit)
XOFFSET Thex position of the momentum zero on the detector (mm)
YOFFSET They position of the momentum zero on the detector (mm)
with potato Whether the CEP data are analyzed or not

make mom file

Whether the momentum data are saved or not

INPUT FILEPATH

The file path of the analyzed data file

OUTPUT FILENAME

The name of the output data files
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2.8 Asymmetry in D, dissociation

2.8.1 overview

In these several years, asymmetric ion emission from molecular ions generated by
few-cycle pulses have been studied intensively [9, 10]. Especialtyemission from
D, ionized and excited through the re-collision process showed salient CEP-dependent
asymmetry [2]. In the present section, the CEP dependence oftlegedtion from D is

investigated in order to check the performance of our new experimental setup.

2.8.2 Experiment

A sample gas of Bis introduced into the momentum imaging chamber. Few-cycle
laser pulses with the pulse energy-of70 pJ/pulse are focused on the sample gas. The
peak intensity at the focus is estimated to-be.2 x 10'* W/cm?. The ion count rate is

~ 2 counts/shot and the data is accumulated ford B laser shots.

2.8.3 Results

Figures 2.22 and 2.23 show the momentum images-ofdds emitted when Bis
irradiated with few-cycle laser pulses accumulated for all CEP values-. On the basis of
the magnitude of the momentum release, the dissociation pathway through whish D
produced is assigned tojD— D + D*. In the upper and lower areas of the momentum
image, D" with the high momentum release larger ti3an< 10 u m/s can be identified,
which is assigned to the recollision excitation process to the dissociative stage of D

Figure 2.24 shows the momentum image when the relative CEP values are in the
range of0.2 ~ 0.4w. As can be seen clearly, the"@emission yieldl, in the area A is

significantly larger than the yielés in the area B. Contrary, the momentum image of the
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Fig 2.22: Momentum image of Demitted from B accumulated for all CEP values.

D* emission obtained when the relative CEP values are in the rang2 ef 1.4 shown
in Fig. 2.25 exhibits an opposite tendency, that is, the yiglah the area B is larger than
the yield/, in the area A.
In order to estimate the asymmetry of the Bmission, the asymmetry parameter
P,y is defined as
Iy —Ip

P, = 2.2
asym [A + [B’ ( 6)

and P, values are plotted in Fig. 2.26 as a function of the relative CEP value. As
shown in this figure, a clear CEP dependence can be seen inftleeni3sion from B.

The degree of the asymmetry 0.15 is slightly smaller than the value reported in the
previous study~0.2 [2]. The reason of the smaller asymmetry may be ascribed to a
volume averaging effect as well as to the difference in the temporal shape of the few-

cycle laser pulses.
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Fig 2.23: Same as Fig. 2.22 but with different color scale.
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Fig 2.24: Momentum image of Demitted from D at the relative CEP that gives the

maximum extent of asymmetry.
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Fig 2.26: CEP dependence of the asymmetry in theebission from B.
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When molecules are irradiated with the intense laser pulses, not only ionization and
dissociation but also chemical bond rearrangement can be induced. One of the most
interesting processes is ultrafast hydrogen migration within a hydrocarbon molecule. It
has been shown that the hydrogen migration proceeds on the time scale of several tens
of femtosecond or shorter [1-5], but this ultrafast chemical bond rearrangement process
has not sufficiently been explored. An idea to treat hydrogen atoms as wave functions
was proposed [6] and was demonstrated by numerical calculations [7]. Because the mass
of a hydrogen atom is small its motion within a molecule can be sensitively influenced
by the change in the charge distribution induced by a few-cycle pulse, and therefore, the
hydrogen migration may exhibit a CEP dependence. Investigation of the CEP dependence
of hydrogen migration processes may give us further information on the very early stage
of molecules interacting with an intense laser field.

From pump-probe measurements using few-cycle pulses, we can investigate ultrafast
dynamics of molecules. For example, the dissociation processes of diatomic molecules
such as Nand G [10] and the isomerization of acetylene [11] were investigated by such
a pump-probe method. If CEP characterized few-cycle pules are adopted for pump-probe
measurements, we will be able to learn more precisely how electrons and nuclei interact
in the laser field on the basis of CEP dependences.

In the simulation in Chapter 3 of this thesis, several approximations were adapted.
One of the important approximations is the strong field approximation (SFA), in which
the Coulomb attraction between the ejecting electron and the remaining ion core is ne-
glected. However, as has been reported [8, 9], the Coulomb attraction needs to be taken
into account. In the case of molecules, the Coulomb correction is more difficult to be

implemented than in the case of atoms because of the anisotropic Coulombic field within
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a molecule. Because the Coulomb attraction is expected to be changed in response to the
variation of the electric field of light, measurements of CEP dependent phenomena may

give us valuable information on the Coulomb attraction effect within a molecule.
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