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Abstract

Ultrafast hydrogen migration and fragmentation dynamics in methanol in-

duced by few-cycle intense laser pulses was investigated by using pump-probe

coincidence momentum imaging (CMI) method. In chapter 1, interaction be-

tween molecules and intense laser field is introduced as a general introduction.

In chapter 2 and 3, the experimental setup for this study is introduced in-

cluding the generation and characterization of the few-cycle laser pulses, the

ultra-high vacuum chamber for pump-probe coincidence momentum imag-

ing measurement and data analysis methods. The few-cycle pulses, of which

spectral phase is well-flattened, were generated by constructing the feedback

system to compensate the spectral phase of the fundamental pulses. In the

pump-probe coincidence measurement, the time delay between pump and

probe pulses was smoothly scanned to average out the fluctuation of exper-

imental conditions. The momentum of fragment ions and the time delay

were recorded and the delay dependent momentum images of fragment ions

were constructed after the measurement. The fragment ion pares decom-

posed through Coulomb explosion pathways were extracted from the data set

by applying coincidence momentum imaging method. The number of false co-

incidence events was estimated by expanding the definition of the covariance

mapping method.

In chapter 4, ultrafast hydrogen migration in methanol observed by pump-

probe coincidence momentum imaging is discussed. In the non-migration

pathway, C-O bond breaking of CH3OH+ was observed in real time. In mi-

gration pathway, the vibrational motions along the C-O bond of CH2OH+
2
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were observed. It is concluded that the ultrafast hydrogen migration occurs

∼25 fs after internal conversion.

H+
3 emission from methanol dication is discussed in chapter 5. It is con-

sidered that H+
3 emission pathway is predissociation process from long lived

dication. The ion yield of H+
3 was periodically changed in the time delay.

This period can be assigned to the C-O stretching vibration of cation. It is

considered that the vibrational energy of dication is changed in time delay

and the rate of H+
3 emission is changed. This study is summarized in chapter

6 and future perspective is proposed.
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1 Introduction

Development of laser technology helps us to understand interactions between molecules

and light. Ultra-short laser pulses can be utilized to observe the molecular dynamics

in real-time. After the invention of the laser, the pulsed laser has been developed.

Nowadays, the pulse duration is close to the optical cycle in wavelength range from

visible to near infra-red. We can observe the vibrational motion of molecules with

this pulse. In EUV region, the pulse duration reach down to attosecond regime. The

motions of electrons in valence bands can be observed with the attosecond pulses [1].

Improvement of peak intensity of the laser pulses enable us to investigate inter-

action between the molecules and intense laser fields, whose strength is comparable

to the Coulomb fields generated by an atomic nucleus [2]. The molecules exposed

by the intense laser fields are ionized via tunnelling effect, the nuclear motion can

be regard as the time evolution of the vibrational wave packet on the light-dressed

potential energy surfaces.

Figure 1.1: Schematics of nuclear motion on the light dressed potential energy sur-
faces shown in Ref. [2].
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When hydrocarbon molecules are exposed by the intense laser field, those geo-

metrical structure changes with the motion of hydrogen atoms within tens of fem-

tosecond, which is called ultrafast hydrogen migration. In 2004, the ultrafast hy-

drogen migration in acetonitrile induced by the intense femtosecond laser field were

observed with coincidence momentum imaging (CMI) method [3], that is,

CH3CN
2+ → CH+

3−n + HnCN
+ (n = 0, 1, 2).

It was considered that the hydrogen atoms in the methyl group migrate and Coulomb

explosion take place just after the double ionization. It was concluded that the

hydrogen migration proceeds in tens of femtosecond time scale. After the first

observation of the hydrogen migration, the hydrogen migration has been observed

in many hydrocarbon species [4–7]. It was considered that the hydrogen migration

progressed with following process. The hydrocarbon molecules ionized to the cation

by the laser field and one of the hydrogen atoms migrates. After that, the cation is

ionized to doubly charged manifold and decomposed via Coulomb explosion process

immediate.

In 2007, hydrogen migration in acetylene induced by sub-10 fs laser pulse was

traced with pump-probe CMI method in real-time [8]. Three-body Coulomb explo-

sion pathway,

C2D
3+
2 → D+ + C+ + CD+,

was extracted and the ejected angle of D+ respect to the C-C bond as a function

of the pump-probe time delay. It was revealed that the hydrogen atom in doubly

charged acetylene migrates to the other cite. The hydrogen motion was interpreted

as a motion of the vibrational wave packet on the potential energy surface of the
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Figure 1.2: Pump-probe Coulomb explosion imaging employed in Ref. [8].

electronically ground state. One of the hydrogen atoms migrates to the other carbon

cite at around 90 fs and moves back to the original carbon cite at around 280 fs.

Acetylene dication is so stable that it can be detected by time of flight. This is one

of the reason that hydrogen migration takes place in doubly charged manihold.

In 2010, it was confirmed that the hydrogen migration in methanol takes place

in singly charged manifold by pump-probe CMI with 38 fs laser pulses [9]. In this

experiment, the shortest time delay was set to 100 fs to avoid the optical interference

of pump and probe laser pulses. The hydrogen migration completes within tens of

femtosecond.

In this study, I investigated the hydrogen migration in methanol cation. I per-

formed the pump-probe CMI with few-cycle laser pulses to investigate the hydrogen

migration in methanol. If the hydrogen migration proceeds in the absence of the
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Figure 1.3: CH2OH+
2 is created within the laser pulse shown in Ref. [9].

laser field, the motion of hydrogen can be considered as the motion of vibrational

wave packet on the potential energy surfaces including nonadiavatic transition and

the electronic states can be assigned. The determination of the potential energy

surfaces contributing to the hydrogen migration is the first step to design the fem-

tosecond laser field in order to control the hydrogen migration.

In chapter 2, the generation of few-cycle pulses is introduced. The experimental

setup prepared for the pump-probe CMI method is introduced in chap. 3. In

chapter 4, hydrogen migration in methanol are introduced. In hydrogen migration

pathway, the vibrational motion along the C-O bond is observed and the wave packet

bifurcates into dissociative and bound component in CH2OH+
2 structure.

In chapter 5, the pump-probe time delay dependence on ion yield of fragment

ions is investigated in methanol molecule. By irradiating the few-cycle laser pulse to
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Figure 1.4: Schematics of pump-probe coincidence momentum imaging of methanol
performed in this study.

methanol molecule, the vibrational wave packet is prepared. The vibrational wave

packet moves along all the vibrational mode. By extracting oscillatory change of ion

yield and assign the vibrational mode, the reactivity dependence on the geometrical

structure of the molecule can be investigated. This type of experiment is performed

by preparing rotational wave packet. The rotational wave packet is prepared by

nonadiabatic alignment method and angular dependence of ionization probability is

observed. In this study, periodical ion yield are observed in H+ and H+
3 emission

Coulomb explosion pathway, CH3OH+ and CH3O
+ with same period. This period

is assigned to the C-O bond stretching vibration of CH3OH+.

In chapter 6, this work is summarized and future perspective is proposed.
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2 Generation and characterization of few-cycle pulses

2.1 Introduction

In order to obverse the molecular dynamics in real-time, sub-10 femtosecond laser

pulses are useful since the typical vibration period of molecules is several tens of fem-

tosecond or longer. These laser pulses are called few-cycle pulses if the wavelength is

visible to near-infra-red region. Thanks to the development of laser technology, we

can easily generate the few-cycle laser pulses from Kerr lens mode-locked Ti:sapphire

oscillator in nano-joule level [1]. However, when these pulses are amplified to mil-

lijoule level with conventional chirped-pulse amplification (CPA) method, spectral

narrowing takes place and the pulse duration of amplified laser pulses is stretched to

longer than 20 fs. To generate few-cycle pulses in millijoule level, several method is

proposed and realized. There are two types of the basic idea. The first idea is avoid-

ing band-narrowing. The second idea is obtaining coherent broadband spectrum

from the output of CPA laser system.

In this work, few-cycle pulses were generated from the CPA laser system by

using hollow-core fiber compression method and characterized with two-dimensional

spectral interferometer (2DSI). The obtained result of temporal electric waveform of

few-cycle laser pulses was compared with the result of fringe resolved second-order

autocorrelator (FRAC).

To generate the few-cycle pulse which has significantly small pedestal structure,

alignment of the CPA laser system is also important. If the output of the CPA laser

system has pedestal structure in time, the shape of the output spectrum and spectral
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phase of the hollow-core fiber becomes complex. After the hollow-core fiber, spectral

phase was compensated by using negative chirped mirrors, which is well-designed

for compensating positive chirp caused by air and fused silica. The residual spectral

phase was finely minimized by changing the propagating thickness of wedge plates

made of fused silica. There is only one degree of freedom to compensate the spectral

phase continuously. The complex spectral phase structure cannot be removed by

this method.

For this reason, the spectral phase of output of the CPA laser system was mea-

sured by 2DSI and compensated with an acousto-optic programmable dispersive

filter (DAZZLER, FASTLITE) installed between stretcher and regenerative ampli-

fier in the CPA laser system. The pulse duration of the CPA laser system was closed

to the Fourier-transform limit of the spectrum. After the fiber and chirped mirrors,

the pulse duration was measured to be 6 fs by the 2DSI and the FRAC.

2.2 Spectral phase optimization of fundamental pulse with

DAZZLER and 2DSI

2DSI is one of the spectral shearing method invented in 2006 to measure the spectral

phase of femtosecond laser pulse [2]. Figure 2.1 shows optical layout of the 2DSI

constructed for this study. The input pulse is separated by the surface of the 100

mm SF10 rod, which acts as a dispersive medium. After propagating in the SF10

rod, the pulse duration is stretched to several picoseconds. This stretched pulse

is introduced into the interferometer to make replica pulse with certain temporal
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Figure 2.1: Schematics of 2DSI.

delay. The reflation of SF10 and two stretched pulses are focused to the type-

II β-barium borate (BBO) crystal, which generates two upconverted pulses of the

reflected pulse with different center frequency, in non-collinear orientation. The

upconverted pulses propagate to different direction from the reflected pulse and

stretched pulses. The upconverted pulses are introduced into the spectrometer.

From the spectral interference between the two upconverted pulses, the spectral

phase of the reflected pulse can be obtained.

E(t) =
1

2π

∫
Ẽ(ω)eiωtdω (2.1)

Ẽ(ω) =

∫
E(t)e−iωtdt (2.2)

Ẽ(ω) =
√

I(ω)eiθ(ω) (2.3)
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Equations 2.1, 2.2 and 2.3 show the relationship between the temporal shape of

the electric fields E(t) and the spectrum I(ω). The time evolution of the electric

fields of femtosecond laser pulses can be constructed by the inverse Fourier transform

of the frequency component as shown in Eq. 2.1. The signal intensity obtained with

spectrometer is square of |Ẽ(ω)|. The remaining problem to obtain the temporal

shape of electric field is how to measure the spectral phase θ(ω). The Fourier

transform of the electric field is shown in Eq. 2.2.

The principle of 2DSI can be described as follows. The generation of upconverted

pulse in the BBO crystal is second-order nonlinear optical phenomena. The stretched

pulses are quasi-CW pulses for the reflected pulse because the carrier frequency of

stretched pulses is monotonically changed in time but the change is significantly slow

compared with the pulse duration of the reflected pulse. The center frequency of two

quasi-CW pulses can be controlled by the delay between the reflected pulse and the

stretched pulses. Second-order nonlinear process between the reflected femtosecond

laser pulse E(t) and one of the two quasi-CW laser pulses E1 cos(ω1(t − τ) + θ1),

whose delay τ can be scanned, can be written as Eq. 2.4. The first term corresponds

to upconverted component and the second term is differential frequency generation

(DFG). The nonlinear process between E(t) and the other quasi-CW laser pulse

E2 cos((ω1 + Ω)t+ θ2), whose delay is fixed but the frequency is separated by Ω, is
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written in eq. 2.5.

E2scan(ω) =

∫
E(t)E1 cos(ω1(t− τ) + θ1)e

−iωtdt

=
1

2
Ẽ(ω − ω1)e

i(−ω1τ+θ1) +
1

2
Ẽ(ω + ω1)e

−i(−ω1τ+θ1) (2.4)

E2fix(ω) =

∫
E(t)E2 cos((ω1 + Ω)t+ θ2)e

−iωtdt

=
1

2
Ẽ(ω − ω1 − Ω)eiθ2 +

1

2
Ẽ(ω + ω1)e

−i(−ω1τ+θ1) (2.5)

By introducing the two upconverted pulses into the spectrometer, the interference

between these pulses are observed, which include the information of spectral phase

as shown in eq. 2.6. The interference pattern depends on the τ .

I(ω, τ) = |Ẽ(ω − ω1)e
i(−ω1τ+θ1) + Ẽ(ω − ω1 − Ω)eiθ2 |2

= |Ẽ(ω − ω1)e
i(−ω1τ+θ1)|2 + |Ẽ(ω − ω1 − Ω)eiθ2 |2

+2|Ẽ(ω − ω1)Ẽ(ω − ω1 − Ω)|

cos(θ(ω − ω1)− θ(ω − ω1 − Ω)− ω1τ + θ1 − θ2) (2.6)

The relationship between the τ(ω), which have the strongest signal in ω, and the

group delay of measured pulse dθ(ω−ω1)
dω

= τg(ω − ω1) is

θ(ω − ω1)− θ(ω − ω1 − Ω) ≃ τg(ω − ω1)Ω (2.7)

θ(ω − ω1)− θ(ω − ω1 − Ω)− ω1τ(ω) + θ1 − θ2 = 0 (2.8)

τg(ω − ω1) ≃
1

Ω
(ω1τ(ω)− θ1 + θ2). (2.9)
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Figure 2.2: Group delay of a 100 mm SF10 as a function of wavelength.

In the measurement, the signal intensity along τ is fitted with cosine curve to obtain

the τ(ω) and ω1. The calibration of Ω is discussed later. The τg is integrated along

ω to obtain θ(ω − ω1).

θ(ω − ω1) =

∫
τg(ω − ω1)dω (2.10)

≃
∫

1

Ω
(ω1τ(ω)− θ1 + θ2)dω (2.11)

A constant of integration and ”−θ1 + θ2”, which contribute to the carrier-envelope

phase and the group delay, respectively, can not be determined but the envelope of

the pulse is independent of these values.

Figure 2.2 shows group delay of a 100 mm SF10 rod, which is the main dispersive

medium used in the 2DSI. The Ω and the ω1 are set to around 2π· 2 THz (∆λ ≃ 4

nm) and 2π· 375 THz (800 nm), respectively, in the measurement of out put of the

CPA laser system. The corresponding delay is around 200 fs, which is much smaller
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Figure 2.3: Conversion efficiency of the BBO crystal.

than the pulse duration (∼30 fs) and scan range (∼10 fs). This means that the ω1

and Ω can be considered as a constant. After the interferometer, low-pass filter is

inserted to avoid to generate upconverted pulses with other quasi-CW components.

The reflection from back surface of the 1 mm thickness beam splitter is also focused

with 10 ps time delay if the filter is not inserted.

Figure 2.3 shows conversion efficiency of the BBO crystal (typeII, thickness: 30

µm, crystal angle: 42◦). The polarization directions of the stretched pulses are

rotated by the half-wave plate and set to parallel with the extraordinary axis to

satisfy the phase matching condition in broadband wavelength region for the mea-

sured pulse. The ω1 is set to lower frequency than the center frequency of few-cycle

pulse. Figure 2.4 shows result of feedback system. The spectral phase of funda-

mental pulses was measured by 2DSI and the spectral phase was compensated by

DAZZLER. The filled red curve shows spectrum of upconverted pulse. The ω1 was

calibrated by comparing the center frequency of fundamental pulse and upconverted
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Figure 2.4: Result of feedback loop composed of the 2DSI and the DAZZLER.

pulse and the Ω was also determined from the center frequencies of the two upcon-

verted pulses. The black curve shows spectral phase measured before the feedback.

The second order dispersion is intentionally added to ensure the availability of this

feedback system. The second order dispersion was removed quickly by repeating the

feedback. The remaining higher order dispersion, especially the fifth order disper-

sion, was gradually reduced. The blue curve shows measured spectral phase after

the 4 times feedback. The pulse duration of this pulse was 27.9 fs, whose Fourier

transform limit was 27.3 fs.

2.3 Generation of few-cycle pulses with hollow-core fiber

compression technique

Hollow-core fiber technique is used to generate few-cycle pulses. When the intense

laser pulse is introduced into the hollow-core fiber, which is filled with rare gas
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atoms, non-linear optical effect is enhanced during propagating into the fiber. Self-

phase modulation, which is applied to generate white continuum light, is one of the

nonlinear optical effect. The time variation of the refractive index n of the medium

can be written with linear n0 and non-linear refractive index n2 as

n = n0 + n2I(t) (2.12)

After propagating in the medium, whose length is l, frequency shift δω(t) is

δω(t) = −2πn2l

λ

dI(t)

dt
. (2.13)

The n2 of rare gas atoms is positive. The frequency of the former part of laser

pulse shifts to lower frequencies and that of the latter part shifts to higher frequen-

cies. This means that self phase modulation causes positive group delay dispersion.

Fourier transform limit of the laser pulse shortened by adopting this phenomena.

To increase the frequency shift, the n2, l and I(t) can be controlled.

If the pulse duration and pulse energy of the laser system is fixed, the hollow

core fiber can be designed with following way. There are two parameters to restrict

the design of the hollow core fiber, threshold intensity Ith and critical power Pcr.

When the peak intensity of the laser pulse exceeds the Ith, multiphoton ionization

process is not negligible. Ionization in the fiber decrease the throughput of the pulse
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Table 2.1: Nonlinear refractive indexes and critical power of rare gas atoms.
He Ne Ar Kr

n2 (10−20 cm2/W) [3] 0.34 0.85 7.96 18.9
Ith (1014 W/cm2) 4 [4] 2 [4] 0.7 [5]

and degrade the stability. The Pcr is given by

Pcr =
λ2

2πn2

. (2.14)

If the peek power of the laser pulse exceeds the critical power, the laser filament

is formed. The filamentaion is also used to generate few-cycle pulses because the

laser pulse can propagate with high intensity in the filament. In the hollow core

fiber compression, the laser pulse is confined in tiny hole to keep high intensity. The

filamentaion is a result of the competition between the Kerr lens effect and Coulomb

refocusing. This phenomena may degrade the beam quality after the fiber. The Ith

and n2 depend on the species of the medium. Table 2.1 shows n2 of 1 atm rare

gas atoms at 800 nm. First, diameter of the fiber is determined to keep the peak

intensity of the pulse lower than the threshold intensity of the medium. The pressure

of the medium is limited by the Pcr. If the spectrum bandwidth is not enough for

the few-cycle pulse, the l should be increased. If the required pulse energy increases,

the limitation of the pressure of the medium is harder and longer fiber is necessary.

The hollow core fiber in this study was designed for 4 mJ, 30 fs laser system.

The inner diameter of the fiber was set to 330 µm. The optimum beam diameter is

220µm and the intensity is 3.5 × 1014 W/cm2, which is lower than the Ith of Helium.

The pressure of the Helium is limited to 2.3 atm. Before designing this hollow core
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Figure 2.5: Pressure dependence of the spectrum after the hollow core fiber.

fiber, 1 m fiber was tested preliminary. The spectral bandwidth was not enough to

generate sub-two-cycle laser pulses. Therefore, 1.5 m fiber was selected to generate

few-cycle pulse. For the pump-probe coincidence momentum imaging method, the

required pulse energy was around 0.1 mJ. So the input of the fiber was set to 0.6-0.7

mJ and main amplifier of the CPA system was not used.

Figure 2.5 shows pressure dependence of the spectrum after the fiber. The

Fourier transform limit decreased to 4.0 fs at 0.5 atm. Spectral phase was compen-

sated with chirped mirrors and wedge plates. The temporal profile of the few-cycle

pulses are shown in the next section.

2.4 Characterization of few-cycle pulses with 2DSI and FRAC

Figure 2.6 shows result of 2DSI measurement of few-cycle pulse. Black and blue

curve show the spectra of the upconverted pulse and the fundamental pulse, respec-

tively. The ω1 was adjusted to reproduce the fundamental spectrum. The upcon-

verted spectrum agrees with the fundamental spectrum except the range from 770
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Figure 2.6: The spectrum and spectral phase of the few-cycle pulse measured by
2DSI.

Figure 2.7: The temporal shape of few-cycle pulse (black curve) constructed from
the result of the 2DSI.
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(a) (b)

(c) (d)

Figure 2.8: (a) The raw data of 2DSI and (b) the raw data of 2DSI after passing
through the 1mm fused silica. (c),(d) The normalized 2DSI shown in (a) and (b),
to see the interference clearly.

nm to 830 nm. This discrepancy can be caused by amplified spontaneous emission

(ASE) of the laser system. The ASE component is not influenced by SPM because

temporal coherence is poor and appears in same spectral range after the fiber. The

green curve shows the spectral phase measured by 2DSI discussed below. The black

curve in Fig. 2.7 shows the temporal shape of the few-cycle pulses obtained from the

spectral phase and the spectrum of the upconverted pulse measured by 2DSI. The

pulse duration was measured to be 5.0 fs, which is close to the Fourier transform

limit (4.6 fs) of the spectra. The temporal shape is represented with the red curve.

The ω1 was estimated to be 2π· 349 Thz (λ = 859 nm) by comparing the funda-

mental spectrum and upconverted spectrum as shown in Fig. 2.6. The calibration

of Ω is important for the few-cycle pulses compared with the measurement of the
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Figure 2.9: The phase term extracted from the raw data of 2DSI.

output of the CPA. The purpose of the measurement of the output of the CPA

is to compensate the spectral phase with DAZZLER. The spectral feedback works

as long as the estimated shear frequency Ωes is same sign as the Ω and satisfies

|Ωes| < 2|Ω|. The Ω was estimated with a following method. Figure 2.8 (a) and (b)

shows raw data of 2DSI. The horizontal axis shows pixel number of spectrometer for

the upconverted pulses and vertical axis shows number of steps obtaining the spec-

tra. The interference of the upconverted pulses appears along the vertical direction.

The two-dimensional spectra were fitted with cosine function and the phase term

include the group delay as discussed before.

Figure 2.9 shows the phase term ϕ(ω−ω1) = τg(ω−ω1)Ω+θ1−θ2. The difference

of these two results should correspond to the group delay of 1 mm fused silica. The

Ω was obtained by fitting the difference with the calculated group delay of the fused

silica based on the Sellmeier equation as shown in Fig. 2.10. The Ω was obtained

to be 2π· 3.8 THz.

Figure 2.11 shows group delay of few-cycle pulses. After inserting the fused

silica, the pulse was still negatively chirped. The spectral phase was optimized by
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Figure 2.10: The difference of the group delay (red curve) of the few-cycle pulses
before and after the 1 mm fused silica.

Figure 2.11: The group delay of the few-cycle pulses after the calibration.
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Figure 2.12: The spectrum from the up-converted pulse (black curve), the funda-
mental spectrum (blue curve) and the spectral phase (green curve) of the few-cycle
pulses used for the pump-probe measurement.

Figure 2.13: The temporal shape of the few-cycle pulse measured by the 2DSI (black
curve) and the Fourier transform limited pulse (red curve) used for the pump-probe
measurement.

changing the thickness of fused silica virtually and the optimized spectral phase is

shown in Fig. 2.6. In the pump-probe coincidence momentum imaging measurement

discussed later, the pulse duration was finally optimized by changing the thickness

of fused silica to obtain maximum count rate of the ion signal.

By increasing the pressure of Ar gas in the fiber, Fourier transform limit was

shortened to be 4.2 fs but the spectral phase was jumped in shorter wavelength

region < 650 nm. The shortest pulse duration is 4.9 fs measured by 2DSI. To

generate shorter pulse, feasible chirped mirrors should be selected or designed for

this spectral phase structure.

Figures 2.12 and 2.13 show the spectrum and the temporal shape of the few-cycle
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Figure 2.14: The measured (blue dots) and calculated (red curve) FRAC trace of
the few-cycle pulses.

pulse used for the pump-probe experiment. The pulse duration is around 6 fs and

the pedestal structure is well-suppressed. The intense few-cycle pulses is frequently

used to investigate highly nonlinear processes like high-order harmonics generation,

tunnelling ionization and recollision of ionized electron driven by the laser fields. For

this propose, the pedestal structure of the laser pulses is not so important because

these phenomena occur dominantly in the main part of the laser pulse. On the other

hand, the pedestal structure may be important for the fragmentation pathways of

the molecules. For this reason, the 5 fs laser pulse was not used for the measurement

but the 6 fs pulse with clear pedestal structure.

To confirm the result of 2DSI, fringe resolved second-order autocorrelation (FRAC)

was measured and compared with the calculated FRAC trace from the temporal

shape of the few-cycle pulses as shown in Fig. 2.14. The blue dots show the inten-

sity of second harmonics in each shot. A 5µm thickness type I BBO was used to

generate second harmonics and the Mickelson interferometer, which was also used

for pump-probe experiment to modify the time delay. The calibration of the delay

and capturing methods is described in the next chapter. The second harmonics was
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Figure 2.15: The measured recoil momentum distribution of D+
2 (Blue curve). The

dotted lines shows the calculated momentum distributions with respective intensity.

detected by a photo diode and the signal was integrated by a boxcar integrator.

The output of the boxcar integrator was connected to a voltage-to-time converter

and the output was recorded in a PCI board, which was also used for the CMI

measurement.

In the pump-probe experiment, the focal intensity was estimated from the pulse

duration, the focal size and the pulse energy. The peak intensity was estimated by

another method [6] to confirm that the peak intensity can be estimated from these

parameters. The circular polarized few-cycle laser pulses were prepared by using

a quarter wave plate. D2 molecule was irradiated with the circular polarized laser

pulses and the momentum distribution of the D2 was measured. The blue curve in

Fig. 2.15 shows the momentum distribution of D+
2 generated by the circular polar-

ized laser pulse. Dotted lines in Fig. 2.15 show calculated momentum distributions

with respective peak intensities. The resolution of the momentum was estimated to

the red line, which was obtained by using linearly polarized laser pulses. The exper-

imentally obtained momentum distribution agrees with the calculated distribution
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whose peak intensity is 2.5 ×1014W/cm2. This peak intensity agrees with the peak

intensity calculated from the laser parameters.
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3 Pump-probe coincidence momentum imaging

3.1 Introduction

In this chapter, pump-probe coincidence momentum imaging (CMI) method is in-

troduced. The intense few-cycle laser pulse, which is introduced in chap. 2, was

focused onto a effusive molecular beam in a ultrahigh vacuum chamber, called CMI

chamber. Fragment ions generated by the laser pulses were guided toward a position

sensitive detector by static electric fields. Figure 3.1 shows the electrical potential,

which can be controlled by applying voltages to electrodes, in this chamber. From

the detected position and the flight time of fragment ions, three dimensional momen-

tum image was constructed as described in section 3.2. Fragment ions generated via

Coulomb explosion pathway were extracted with CMI method or covariance method.

In section 3.3, CMI method and covariance method are introduced. Besides, a new

analytical method to estimate a number of event accidentally satisfied momentum

matching condition is proposed.

In this pump-probe experiment, delay time between two pulses was controlled

by a function generator and the delay time, detected position and flight time were

recorded in a PCI board simultaneously. The delay time dependent momentum

distribution of the fragment ions was constructed by sorting the data after the

accumulation. This method is described in section 3.4.
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Figure 3.1: Electric potential in the CMI chamber.

3.2 Momentum of fragment ions

Figure 3.1 shows the electric potential in the ultrahigh vacuum chamber used for

the experiment. The voltage of rhe electrode is shown in the Fig. 3.1 and set to

project the momentum of fragment ions, which are generated at (0,0,0) shown in the

Fig. 3.1, on the time and position sensitive detector composed of MCP and delay-

line anode. From the flight time t and position x⃗ = (x, y), the three dimensional

momentum p⃗ = (px, py, pz) was obtained as

px(t
′, x) = x

4∑
n=0

cn(t
′)n + x3

3∑
n=0

dn(t
′)n, (3.1)

py(t
′, y) = y

4∑
n=0

cn(t
′)n + y3

3∑
n=0

dn(t
′)n, (3.2)

pz(t
′, x, y) =

5∑
n=1

an(t
′)n + (x2 + y2)

5∑
n=0

bn(t
′)n, (3.3)

t′ = t− t0, (3.4)
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(a) initial momentum distribution (b)detected time and position

Figure 3.2: Momentum to flight time and the x.

where t0 is the flight time of the fragment ion which has no momentum. The coef-

ficients for the polynomials were determined by using SIMION 8.0. The trajectory

and detected time of fragment ions, which lunched at (0, 0, 0) with initial momentum

as shown in Fig. 3.2 (a), were calculated by using SIMION 8.0. The initial momen-

tum was scanned along px and px to determine the coefficients. The detected time

and and the position x are plotted on Fig. 3.2 (b) as cross-hairs. The coefficients

were determined by a least square method and the results of the fitting are shown

as open circle. The fitting plot reproduces the t and the x well. By using these

coefficients, the momentum distribution of H+
3 generated from methanol molecules

via Coulomb explosion was obtained in order to confirm that the coefficients can be

used.

Figure 3.3 shows the distribution of H+
3 respect to the x and the t. The wave-

length of the laser pulses was sub-µm and the electric dipole approximation can be
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Figure 3.3: distribution of H+
3 along the t and x.

applied. Under the approximation, the momentum distribution should have a cylin-

drical symmetry along the polarization direction. This means that the momentum

distribution in x− z plane should be cylindrical.

Figure 3.4 (a) shows momentum distribution of H+
3 obtained from the raw data

shown in Fig. 3.3 and the coefficients. The momentum distribution along the pz

direction is narrower than the px direction. It is considered that the originating

position of fragment ions was shifted from the designed position. The focal position

of the laser pulses was optimized to maximize the number of signal detected by

the MCP. If the sample beam is shifted from the designed position, the originating

position should be shifted. The originating position was changed to obtain cylin-

drical momentum distribution. When the originating position was set to (0,0,3),

the cylindrical distribution was obtained as shown in Fig. 3.4 (b). The coefficients
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(a)ionization point: (0,0,0) (b)ionization point: (0,0,3)

Figure 3.4: Momentum distribution of H+
3 .

calculated from (0,0,3) were used to convert the (x, y) and the t to (px, py, pz).

3.3 Data analysis

The momentum of fragment ions generated by irradiating intense laser pulses into

molecule has an information how the fragment ions generated. In order to investi-

gate the decomposition pathway of multiple charged ions, coincidence measurement

and covariance method are used [1]. When multiple charged ions are decomposed

into the fragment ions, CMI method is useful. When doubly charged ions are gen-

erated by the laser pulse, the ions can be decomposed into two fragment ions with

relatively higher momentum. This decomposition process is called Coulomb explo-

sion. The sum of the momentum of the fragment ions, which are decomposed from

the doubly charged ion via Coulomb explosion, should conserve the momentum of

the doubly charged ion. The momentum distribution of the doubly charged ions

can be approximated to the initial momentum distribution of the sample effusive
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gas. In the CMI method, the ion pare, whose total momentum is close to the initial

momentum, is extracted.

When the several molecules are generated by one laser pulses, the fragment

ions which generated from different molecules accidentally satisfy the momentum

matching condition, which is called false coincidence. To reduce the false coincidence

event, the signal rate is reduced to∼1 event/pulse, that is, only one ion are generated

by focusing a laser pulse. It is known that the small momentum component in the

coincidence momentum map corresponds to the false coincidence event, whereas the

number of false coincidence events did not estimated. In the previous study [2] in

CH3OD3 molecule, the method to estimate number of false coincidence events was

proposed. They mentioned number of false coincidence events can be estimated from

the momentum distribution of the ions generated by other laser pulses. They also

mentioned that their method can overestimate number of false coincidence events.

By comparing the definition of covariance and coincidence measurement, a new

estimation method is proposed in this section and the validity of this method is

shown by a simulation.

The definition of covariance can be written as

cov(A,B) = ⟨(A− ⟨A⟩)(B− ⟨B⟩)⟩

= ⟨AB⟩ − ⟨A⟩⟨B⟩ (3.5)

where A and B show the signals of interest [1]. The physical meaning of first term

is the probability that A and B are detected simultaneously and the second term
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means the probability that A and B are detected simultaneously without correlation.

By subtracting second term from first term, correlated signal can be extracted.

Ideally, coincidence measurements performed under the condition that the false

coincident event is significantly negligible by reducing number of signals observed

in each laser shot. In this condition, the second term of covariance is negligible and

the relationship between number of coincidence events and covariance is written as

coinc(A,B) ≈ Ncov(A,B). (3.6)

The N represents number of laser shots. Covariance can be obtained as a function

of any parameters. To apply this covariance method for the fragment ions, the one

dimensional momentum of ion A and B is set as a parameter.

cov(A(pA),B(pB)) = ⟨A(pA)B(pB)⟩ − ⟨A(pA)⟩⟨B(pB)⟩ (3.7)

⟨A(pA)B(pB)⟩ =
1

N

N∑
i=0

δ(pA − p
(i)
A )δ(pB − p

(i)
B ) (3.8)

⟨A(pA)⟩ =
1

N

N∑
i=0

δ(pA − p
(i)
A ) (3.9)

This is called covariance mapping method. p
(i)
A represents the momentum of ion

A obtained with i-th laser shot. The delta function returns zero if ion A is not

observed.

By applying momentum matching condition to the covariance of ion A and B,
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number of true coincidence events can be obtained as

CMI(A,B) =

∫∫
coinc(A(pA),B(pB))w(pA + pB)dpAdpB

= N

∫∫
⟨A(pA)B(pB)⟩w(pA + pB)dpAdpB

−N

∫∫
⟨A(pA)⟩⟨B(pB)⟩w(pA + pB)dpAdpB

=
N∑
i=0

w(p
(i)
A + p

(i)
B )− 1

N

N∑
i=0

N∑
j=0

w(p
(i)
A + p

(j)
B ) (3.10)

Nm =
N∑
i=0

w(p
(i)
A + p

(i)
B ) (3.11)

Nef2 =
1

N

N∑
i=0

N∑
j=0

w(p
(i)
A + p

(j)
B ) (3.12)

The w represents a window function to extract momentum-matched ion pares. The

first term in Eq. 3.10 shows the number of coincidence events Nm used in previous

studies. The second term corresponds to the number of estimated false coincidence

events Nef2 in CMI method proposed in this study. This term is different from

that proposed in the previous study [2]. In the previous study, the number of false

coincidence events was estimated as

Nef1 =
1

Nc − 1

Nc∑
i=0

Nc∑
j ̸=i

w(p
(i)
A + p

(j)
B ) (3.13)

Nc = N⟨AB⟩ (3.14)

where Nc represents the number of the events, in which ion A and B are observed

simultaneously. In the previous method, the window function was applied after

extracting the ion pares which are detected at a time. In order to compare these
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Figure 3.5: Model for the comparison between Nef1 and NNef2.

two method, I simulated number of true coincidence, false coincidence and esti-

mated false coincidence events in the condition described below. I assumed that 100

molecules“AB”can interact with each laser pulse and“AB”can be decomposed

with certain probabilities through following pathways:

AB →



A+ + B+ e− (i)

A + B+ + e− (ii)

A+ + B+ + 2e− (iii)

. (3.15)

In the pathways (i) and (ii), the momentum distribution of generated ions was set

to 0 ± 10. In the pathway (iii), it was assumed that pA = −pB = 40 ± 10. The

probabilities of these pathways were set as initial conditions. The generated ions

were detected by a MCP, whose detection efficiency is 50% as shown in Fig. 3.5.

After detecting the ions, momentum matching condition, |pA + pB| < 1 arb. u., was

applied. The results are shown in Tables 3.1 and 3.2. The Nef2 agrees with the Nf

in present method under the all conditions as shown in table 3.2. In the previous

method, the Nef1 agrees with the Nf under the conditions 1 and 2, which have no

Coulomb explosion pathways. However, in the conditions 3 and 4, which have only
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Table 3.1: The result of simulation of number of false coincidence estimated with
previous method (N=100000).
Conditions (i) (%) (ii) (%) (iii) (%) Nc Nm Nt Nf Nef1

NC

N
Nef1

1 0.1 0.1 0 217 7 0 7 11.6
2 0.2 0.2 0 886 42 0 42 48.9
3 0 0 0.25 5447 5171 5165 6 152.2 8.3
4 0 0 0.5 9693 8639 8613 26 274.2 26.6

Table 3.2: The result of simulation of number of false coincidence estimated with
present method (N=10000).
Conditions (i) (%) (ii) (%) (iii) (%) Nm Nt Nf Nef2

1 0.5 0.5 0 37 0 37 34.9
2 1 1 0 128 0 128 139.5
3 0 0 0.5 1291 1273 18 18.0
4 0 0 1 2586 2511 75 71.1

the Coulomb explosion pathway, number of false coincidence events is overestimated

as shown in Table 3.1.

In the previous study, it was mentioned that the previous method can estimate

number of false coincidence events when there are no correlations and that the pre-

vious method overestimate the number of false coincidence events. The covariance

mapping method has one problem to applying for measurements. It is known that

the covariance method overestimate if some laser parameters are fluctuating and the

probability of decomposition pathways depends on the parameters. For example,

50 % of laser pulses is significantly weak and no ions are generated, Nef2 decreases

to 50 %. The covariance mapping method is often used in free electron laser (FEL)

facility and the output spectrum and intensity of self-amplified spontaneous emis-

sion FEL is fluctuated by shot to shot. One of the method to reduce the effect of
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fluctuations of laser parameter is partial covariance method [3]. It can be written as

pcov(A,B; I) = cov(A,B)− cov(A, I)cov(I,B)

cov(I, I)
. (3.16)

The I represents one of the parameters of the laser pulses, for example, intensity of

the pulses. In my study, the effect of fluctuations of laser parameter was reduced by

using following definition of number of estimated false coincidence events as

Nef3 =
N∑
i=0

w(p
(i)
A + p

(i+1)
B ) (3.17)

This estimation method can reduce the effect of laser fluctuation by comparing the

momentum of fragment ions generated by neighbouring laser pulses. It is considered

that the main origin of laser instability is mechanical vibration of the optics and

the optical tables in the laser system. The typical vibration frequency is less than

100 Hz. It is considered that the difference of neighbouring laser pulses is quite

small because the repetition rate of the laser system (5 kHz) is much higher than

the vibration frequency.

A factor for underestimation also exists. The dead time of the detector was not

considered in this estimation. Once the ions are detected, the detector can not work

for the order of 100 ns after the detection. However, the Nef2 is not zero even if the

difference between the detected time of ion A and B is less than 100 ns. The dead

time of the detector can cause the underestimation of the correlation.
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Figure 3.6: Calibration of the delay.

3.4 Pump-probe setup

In the pump-probe CMI measurement, the pump and probe laser pulses were pre-

pared by using the Michelson interferometer and the time delay was controlled with

the piezo stage. The piezo stage was scanned by using the function generator and

the position was measured by a piezo strain gauge reader. The output of the reader

(voltage: 0sin10 V) was converted to the time by using a home-made electric circuit.

The time was recorded in a PIC board (TDC8 HP, Roentdeck). Figure 3.6 shows

the relationship between the time and the time delay. The time delay was calculated

from the output spectrum of the interferometer. The interference between the pump

and probe pulses appears in spectral region. The delay can be determined from the

Fourier transform of the interfered spectrum. The time delay was obtained by using

the coefficients as shown in the inset of Fig. 3.6.

44



References

[1] L. J. Frasinski, K. Codling, and P. A. Hatherly. Covariance mapping: a correla-

tion method applied to multiphoton multiple ionization. Science, 246:1029–1031,

1989.

[2] R. Kanya, T. Kudou, N. Schirmel, S. Miura, K. M. Weitzel, K. Hoshina, and

K. Yamanouchi. Hydrogen scrambling in ethane induced by intense laser fields:

Statistical analysis of coincidence events. The Journal of Chemical Physics,

136:204309, 2012.

[3] L. Frasinski, V. Zhaunerchyk, M. Mucke, R. Squibb, M. Siano, J. Eland, P. Li-

nusson, P. v.d. Meulen, P. Salén, R. Thomas, M. Larsson, L. Foucar, J. Ullrich,

K. Motomura, S. Mondal, K. Ueda, T. Osipov, L. Fang, B. Murphy, N. Berrah,

C. Bostedt, J. Bozek, S. Schorb, M. Messerschmidt, J. Glownia, J. Cryan, R. Cof-

fee, O. Takahashi, S. Wada, M. Piancastelli, R. Richter, K. Prince, and R. Feifel.

Dynamics of hollow atom formation in intense X-ray pulses probed by partial

covariance mapping. Physical Review Letters, 111:073002, 2013.

45



4 Wave packet bifurcation in ultrafast hydrogen

migration in CH3OH+ by pump-probe coinci-

dence momentum imaging with few-cycle laser

pulses

4.1 Introduction

Our recent studies [1–5] have revealed that ultrafast hydrogen migration processes

are induced in hydrocarbon molecules when they are irradiated with ultrashort in-

tense laser pulses. In all the cases of CH3CN [1], CH3OH [2] and C3H4 (allene) [3] [4],

hydrogen migration processes were induced efficiently by the irradiation of femtosec-

ond laser pulses whose pulse durations were ranged between 40 and 70 fs. In these

studies, however, it remained unclear whether the migration proceeded in the singly

or higher charged parent species, because the hydrogen migration within a parent

molecule and its multiple ionization were both induced within the duration of the

laser pulses.

In 2010, we investigated the hydrogen migration in CH3OH at real time by mea-

surements of pump-probe coincidence momentum imaging (CMI) using femtosecond

laser pulses whose duration was 38 fs, and we were able to find that the hydrogen

migration proceeds in CH3OH+, and that there are two different time scales in the

hydrogen migration: (i) faster hydrogen migration having completed already at the

shortest pump-probe time delay at 100 fs and (ii) slower hydrogen migration with
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a time constant of ∼150 fs [5]. In order to investigate how fast the faster hydro-

gen migration proceeds, it was necessary to use much shorter laser pulses in the

pump-probe measurements.

In the present study, we have generated few-cycle laser pulses with pulse dura-

tions as short as 6 fs, and by using the few-cycle laser pulses, we have performed

pump-probe CMI measurements of hydrogen migration processes in CH3OH+. We

have thus detected the fragment ions produced by the following two Coulomb ex-

plosion pathways:

Non-migration pathway

CH3OH2+ → CH+
3 +OH+, (4.1)

Migration pathway

CH3OH2+ → CH+
2 +OH+

2 , (4.2)

and recorded the distribution of the released kinetic energies as a function of the

pump-probe time delay ranging between -20 and 500 fs.

For the non-migration pathway, we find that the C-O bond breaking,

CH3OH+ → CH+
3 +OH, (4.3)

proceeds via the energized states in the first electronically excited Ã state. For the

migration pathway, we have found that a nuclear wave packet flows from the higher

electronic states than the Ã state in the non-migrated geometrical configuration into
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the bound well of the migrated geometrical configuration, and oscillates first along

the C-O bond, and then bifurcates at ∼150 fs into the bound component and the

dissociative component that leads to the C-O bond breaking,

CH3OH+ → CH+
2 +H2O. (4.4)

4.2 Experimental

The experimental setup for the generation of linearly polarized few-cycle laser pulses

and the detection of fragment ions have been described previously [6]. The exper-

imental setup consists of (i) a chirped-pulse-amplification femtosecond Ti:sapphire

laser system, (ii) a pulse compression system to generate few-cycle laser pulses [7]

and (iii) an ultrahigh vacuum chamber for CMI measurements [8]. Output pulses

of the femtosecond laser system (800 nm, 5 kHz, 0.6 mJ, 30 fs) were focused into a

hollow-core fiber (1.5 m long, 330 µm inner diameter) filled with an Ar gas (0.4 atm)

to induce the self-phase modulation. After passing through the fiber, the spectral

bandwidth of the laser pulses became ∼ 300 nm at full-width at tenth-maximum at

the center wavelength of 770 nm. The spectral phase dispersion was compensated by

chirp mirrors (PC70, Ultrafast Innovations) and a pair of wedged fused silica plates

for few-cycle laser pulses, which were characterized by a home-built two-dimensional

spectral shearing interferometer [9]. The few-cycle laser pulses were then introduced

into a Michelson interferometer to generate pump and probe laser pulses, and the

optical time delay ∆t of a probe laser pulse measured from a pump laser pulse was
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varied using a piezo-controlled optical stage. The pulse duration were measured to

be 6.0(5) fs. The piezo stage is controlled by a function generator and ∆t is scanned

from -20 fs to 500 fs at 0.01 Hz to cancel out the effect of long term fluctuations

in the sample gas density as well as in the spatiotemporal profile of laser pulses.

The pump and probe laser pulses were both focused by a concave mirror (f = 150

mm) placed in the vacuum chamber onto an effusive molecular beam of methanol

(CH3OH) vapor, whose rotational temperature is estimated to be the same as room

temperature. The polarization directions of pump and probe laser pulses were set

to be parallel to the propagation axis of the molecular beam.

The fragment ions generated from CH3OH were guided by a static electric field

toward a two-dimensional position sensitive detector (HEX120, RoentDek) in the

velocity map imaging configuration. The momentum vectors of the fragment ions

were determined from the flight time and the positions of the fragment ions. For

every laser shot, the momentum data of the fragment ions and the delay time data

were collected simultaneously by a data acquisition board (TDC8HP, RoentDek).

By imposing coincidence conditions on the momentum and delay time data, two-

body Coulomb explosion pathways (1) and (2) were extracted, and the released

kinetic energies obtained from the momenta of fragment ion pairs were plotted as a

function of ∆t. The laser field intensity at the focal spot was estimated to be 2.1(2)

x 1014 W/cm2 from the pulse energy, pulse duration and focal spot size.
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Figure 4.1: The Ekin distributions in the non-migration pathway (a) and the migra-
tion pathway (b) as a function of ∆t. The number of the counts in each time bin
whose width is 4 fs is normalized by the total number of the laser shots in the bin.
The width of the time bin is set to be slightly shorter than the laser pulse duration
(∼6 fs).

4.3 Results and discussion

4.3.1 Extraction of pump-probe signals

Figure 4.1(a) and (b) shows the distributions of the released kinetic energy Ekin as

a function of ∆t in the Coulomb explosion pathways (4.1) and (4.2), respectively.

These Ekin distributions also include contributions from the signals generated only

by pump laser pulses and those only by probe laser pulses. This is because methanol

dications (CH3OH2+) can also be generated by a single pulse and the fragment ions

can be produced by the Coulomb explosion processes of CH3OH2+. In order to

subtract the effect of this single pulse double ionization, the Ekin distributions were

measured using only pump laser pulses or probe laser pulses. The results are shown

in Figigure 4.2(a) and (b) for the non-migration pathway (4.1) and the migration

pathway (4.2), respectively.
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Figure 4.2: The Ekin distributions of the non-migration pathway ((a) and (c)) and
the migration pathway ((b) and (d)). In (a) and (b), the Ekin distributions obtained
when ∆t = 430 fs (black curve) and the weighted sum of the kinetic energy distri-
bution obtained with the pump laser pulses only and that obtained with probe laser
pulses only (red curve) are shown. In (c) and (d), the Ekin distributions obtained
by subtracting the weighted sum from the Ekin distributions obtained when ∆t =
430 fs are shown.
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In the pump-probe measurements, after a pump laser pulse ionizes molecules

in a sample gas, the number of neutral molecules decreases to a certain extent.

If the number of neutral molecules N within the interaction volume decreases to

αN (α < 1), the yield of doubly ionized molecules produced by a probe laser pulse

should also decrease by a factor of α in comparison to the yield of the doubly ionized

molecules generated by a pump laser pulse. In order to account for this depletion

effect induced by the pump laser pulses in the pump-probe measurements, the red

curves in Figure 4.2(a) and (b) were obtained as a weighted sum of the ion yields

defined as

Iweighted = Ipump + αIprobe (4.5)

where Ipump represents the total yield of ions generated by the pump laser pulses

only and Iprobe represents the total yield of the ions generated by the probe laser

pulses only. Under the present experimental conditions, the factor α was estimated

to be 0.79(5) as the averaged value of α obtained by the two separate sets of the

measurements of the total ion yields obtained by (i) pump laser pulses only, (ii)

probe laser pulses only, and (iii) pump and probe pulses with ∆t = 430 fs.

Figures 4.2(c) and (d) shows respectively the Ekin distributions of the non-

migration pathway and the migration pathway obtained by subtracting the weighted

sum of the Ekin distribution from the Ekin distribution obtained by the pump-probe

experiment when ∆t = 430 fs. Therefore, the Ekin distributions in Figure 4.2(c) and

(d) can be regarded as those originating from the sequential ionization processes by

pump and probe laser pulses. As shown in Figure 4.2(c), in the non-migration path-
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way, the peak appearing at 6 eV in the pump-probe measurement disappears almost

completely, and only the very weak tail region extending from the peak appearing

at 2 eV can be identified. In the migration pathway shown in Figure 4.2(d), on the

other hand, two distribution peaks with a relatively sharp distribution centered at

2 eV and with the broad distribution at 4.5 eV, can be clearly identified. For the

Ekin distributions recorded at different delay times, we made the same analysis and

extracted the Ekin distributions originating from the sequential ionization, as plotted

in the two-dimensional maps shown in Figure 3(a) and (b) for the non-migration

and migration pathways, respectively.

4.3.2 Time dependent kinetic energy release distributions in Coulomb

explosion pathways

In the Ekin distribution in Figure 4.3(a), only one distinct component displaying

a monotonic decrease in the peak positions with the increases in the pump-probe

delay can be identified. To the contrary, two distinct components can be identified

in Figure 4.3(b): (i) the component having the higher Ekin at ∼4.5 eV exhibits a

broad distribution with a characteristic periodical structure peaked at 35, 120, and

200 fs, and (ii) the component having the lower Ekin starts to appear at ∼150 fs and

decreases monotonically as the pump-probe delay increases.

When the C-O distance in CH3OH+ increases, the kinetic energy released by

the Coulomb explosion, CH3OH2+ → CH+
3 + OH+, occurring immediately after the

ionization into CH3OH2+ from CH3OH+ by a probe laser pulse, decreases. There-

fore, the Ekin distribution shown in Figure 4.3(a) can be interpreted as the motion
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Figure 4.3: The Ekin distributions in the non-migration pathway (a) and the migra-
tion pathway (b) as a function of ∆t obtained after subtracting the effect of single
pulse double ionization. The number of the counts in each time bin whose width is
4 fs is normalized by the total number of the laser shots in the bin. The width of the
time bin is set to be slightly shorter than the laser pulse duration (∼6 fs). In both
(a) and (b), the intense and narrow distribution appearing at ∆t = 0 stretching
in the kinetic energy range between 5.3 and 6.7 eV is ascribed to the non-linearly
increased ion signals that were not subtracted by the subtraction correction.

of a nuclear wave packet, which is prepared on the potential energy surface (PES) of

CH3OH+ by a pump laser pulse, along the C-O bond. The two distinct components

in Figure 4.3(b) are considered to reflect two different types of nuclear dynamics in

the migrated geometry, CH2OH+
2 . The lower Ekin component starts to appear at

120 fs and its Ekin decreases as the pump-probe delay increases. This lower Ekin

component can be assigned to the dissociative motion of a wave packet along the

C-O bond into [CH2 · · ·OH2]
+, which dissociates into CH+

2 + H2O. On the other

hand, the higher Ekin component exhibiting the characteristic oscillatory structures

can be assigned to the motion of a vibrational wave packet trapped in the bound

potential at the migrated geometrical structure, CH2OH+
2 [5]. The delay-time de-

pendences of these two components show that the wave packet prepared by a pump
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laser pulse vibrates until ∼120 fs, and then bifurcates into two components: one

component continuing the vibration in the bound well and the other dissociating

along the C-O coordinate.

In the higher Ekin component, the first intense area appearing in the delay time

ranging between 25 and 60 fs exhibits a nearly vertical but slightly tilted structure;

that is, the Ekin drops from 6.0 eV at ∆t = 25 fs to 4.9 eV at ∆t = 60 fs. The second

and broader intense area appearing in the delay time ranging between 90 and 140

fs exhibits a shallower slope than the first intense area, and the lowest Ekin edge

of this distribution is smoothly connected to the lower Ekin component whose Ekin

decreases monotonically. In the delay time ranging between 160 fs and 220 fs, the

third intensity maximum exhibiting the distribution stretching along the time axis

can be identified, though its intensity is approximately a half of the second intense

area.

The first and second intense areas in Figure 4.3(b) in the higher Ekin compo-

nent can be interpreted in terms of the temporal variation of the C-O distance in

CH2OH+
2 . The first peak shows that the wave packet migrates into the potential

valley of the hydrogen migrated configuration from the non-migrated configuration

at ∆t = 25 fs, and into C-O distance increases as time elapses and takes the longest

distance at ∆t = 60 fs. Then, the C-O distance starts decreasing until ∆t = 90

fs, and starts increasing again toward the longer C-O distance with a speed slower

than in the first peak. These first two peaks clearly show that the C-O stretch-

ing vibrational motion proceeds in the bound part of the potential of the migrated

species CH2OH+
2 . The bifurcation at ∼150 fs indicates that a part of the oscillating
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wave packet starts escaping from the bound configuration into the dissociation val-

ley, leading eventually to the formation of two fragments, CH+
2 and H2O, and the

remaining part of the wave packet left in the bound part is bounced back to keep

its oscillation.

In the non-migration pathway, a high Ekin component similar to the one identified

in the migration pathway could not be seen. A wave packet prepared by the pump

laser pulse on the bound part of the PES of methanol cation, CH3OH+, at the non-

migrated configuration is also expected to oscillate along the C-O bond. However,

because the wave packet oscillating in the bound well of CH3OH+ is considered to

be transferred to the quasi-bound well of methanol dication, CH3OH2+, upon the

second ionization by the probe laser pulse, the metastable CH3OH2+ thus prepared

could not be decomposed into CH+
3 and OH+. Because of this trapping of the wave

packet in the quasi bound well of CH3OH2+, a high Ekin component could not be

seen in Figure 4.3(a).

In Figure 4.3(a), the low Ekin component starts appearing at ∆t ∼ 20 fs in the

non-migration pathway. This ultrashort induction period of ∼20 fs represents the

duration of time required for the dissociative component of the wave packet to reach

the internuclear distance at which the PES of CH3OH2+ becomes repulsive, leading

to the decomposition into CH+
3 + OH+.

4.3.3 Wave packet motion on potential energy surfaces

In the present study, ionization is achieved by a few-cycle pump laser pulse whose du-

ration, 6.0(5) fs, is much shorter than any vibrational periods of CH3OH. Therefore,
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the geometrical structure of CH3OH+ generated by the pump laser pulse is estimated

to be close to the geometrical structure of CH3OH in the electronic ground state.

This means that the dissociation dynamics of CH3OH+ prepared by the pump laser

pulse may be close to that of CH3OH+ prepared by one-photon ionization. There-

fore, a previous study of photoelectron spectroscopy of CH3OH [10] can be referred

to when the electronic states of CH3OH+ prepared by a few cycle pump laser pulse

are discussed.

When CH3OH+ is prepared in the electronic ground state by the Franck-Condon

projection, the dissociation into CH+
3 (X̃1A1) and OH (X2Π) does not proceed

because CH3OH+ is prepared in the region below the dissociation limit located at

3.0 eV [10, 11] measured from the vibrational ground state of CH3OH+. When

CH3OH+ is prepared in the vibrationally highly excited states of the first excited

Ã state whose vibrational energy is higher than 1.7 eV [10], the dissociation can

proceed. It was argued in Refs. [12, 13] that CH3OH+ prepared in the second

B̃ and/or third C̃ electronic states decays rapidly into the Ã state via internal

conversion and that the dissociation proceeds on the potential energy surface (PES)

of the Ã state. Therefore, it is highly probable in the present study that the wave

packet is prepared in the vibrationally highly excited state of the Ã state of CH3OH+

by a pump laser pulse.

As for the migrated species CH2OH+
2 , no theoretical calculations have been re-

ported on the shape of the PESs of the electronically excited states, to the best of our

knowledge. In our previous study [5], we obtained theoretically the two dimensional

PES of the electronic ground state of CH3OH+ as a function of the two geometrical
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parameters, R (the C-O bond distance) and θ (the angle between the C-O bond axis

and the line connecting the center of the C-O bond and one hydrogen atom in the

methyl group). As shown in Figure 4.4, there is a saddle point on the PES covering

the non-migrated (CH3OH+) and migrated (CH2OH+
2 ) geometrical configurations,

which can be regarded as a transition state of the hydrogen migration reaction,

separating the well bound along the C-O distance in the non-migrated geometrical

configuration and the well bound along the C-O distance in the migrated configura-

tion. If a wave packet migrating from the non-migrated configuration flows into the

bound well in the electronic ground state in the migrated geometrical configuration,

the motion of the wave packet in the migrated geometrical configuration may be

interpreted using the PES shown in Figure 4 obtained by our quantum chemical

calculation (UB3LYP/aug-cc-pVTZ) [5].

The oscillation period of the C-O stretching vibration at the equilibrium point of

the migrated configuration, CH2OH+
2 , is estimated to be ∼36 fs using this electronic

ground state PES. Because the wave packet entering into the valley in the migrated

configuration is expected to be expressed as a linear combination of vibrationally

excited states in the C-O stretching mode, the oscillation period of the wave packet

is expected to be considerably larger than the oscillation period of 36 fs due to

the anharmonicity in the C-O stretching mode. Therefore, the observed oscillation

period of ∼80 fs is consistent with the theoretical estimate.

It has been known from photoelectron spectroscopy [10] that the Franck-Condon

distribution in the electronic ground state of CH3OH+ covers the vibrational energy

ranging between 0 and 1.2 eV. In the PES obtained in Ref. [5], the height of the
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Figure 4.4: The trajectory of the wave packet migrating into the bound well of
the migrated geometrical configuration of CH2OH+

2 estimated on the basis of the
recorded Ekin distributions of the migration pathway shown in Figure 4.3(b). The
dashed-line part of the trajectory line represents that the wave packet migrates from
the B̃ or higher-lying electronically excited states in the non-migrated geometrical
configuration. The two dimensional PES V (R, θ) is that of the electronic ground
X̃ state of CH3OH+ calculated by Gaussian 09 (UB3LYP/aug-cc-pVTZ) obtained
in Ref. [5]. All the structural parameters other than R and θ are optimized in the
calculation of the PES. The definitions of R and θ are shown in the inset. The black
dot represents the position of the transition state between CH3OH+ and CH2OH+

2 .

59



transition state for the migration reaction on the PES of the electronic ground

state measured from the bottom of the non-migrated well is 1.5 eV, and the recent

theoretical calculations [14] shows that the height of the transition state falls in the

range of 1.05 ∼ 1.29 eV, depending on the levels of the density functional theory

calculations. These theoretical calculations [5, 14] showed that CH3OH+ prepared in

the electronic ground state could not gain sufficient energy to go over the potential

barrier for the hydrogen migration reaction. Therefore, the wave packet flowing into

the potential valley of the migrated configuration is considered to be originated from

the non-migrated CH3OH+ prepared initially in an electronically excited state.

Note that the appearance energy of CH+
2 is 14.0 eV and the higher energy tail

of the photoelectron distribution assignable to the Ã state of CH3OH+ extends

only to about 14.0 eV [10, 11], which is nearly equal to the appearance energy of

CH+
2 , it is less probable that the migration starts from the Ã state to form CH+

2 .

Therefore, it is plausible that the excited states, from which CH2+ can eventually

be generated after the migration, is higher lying electronically excited states such

as the B̃ and C̃ states. It is then possible in the course of the migration that the

wave packet initially prepared in the B̃ and/or C̃ states of CH3OH+ is transferred

into the electronic ground state of migrated CH2OH+
2 via internal conversion in a

similar manner to that proceeding through the conical intersection associated with

the motion of the hydrogen atom in the hydroxyl group of CH3OH [12, 13].

For more precise discussion, one needs to consider the motion of a wave packet on

the PES having higher dimension. However, major dynamical motions that we have

so far found experimentally are (i) the migration of one of the three hydrogen atoms
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in the methyl group of CH3OH+ and (ii) the C-O bond breaking. Thus the inter-

pretation based on the present two-dimensional PES reported above is expected to

provide the essential aspect of the characteristic vibration and bifurcation dynamics

of the wave packet occurring after the hydrogen migration.

4.4 Conclusion

We have probed ultrafast hydrogen migration in CH3OH+ at real time by pump-

probe measurements using few-cycle near-IR laser pulses. From the resultant tempo-

ral evolution of the distributions of the released kinetic energies of the fragment ions,

we have reached the following conclusions: (i) The C-O bond breaking, CH3OH+ →

CH+
3 + OH, proceeds on the PES of the first electronically excited Ã state in the

non-migrated geometrical configuration (CH3OH+), (ii) The hydrogen migration,

CH3OH+ → CH2OH+
2 , starts from CH3OH+ prepared on the PES of the B̃ or the

higher lying electronically excited states and the nuclear wave packet is transferred

through the internal conversion into the bound part of the PES of the electronic

ground state in the migrated geometrical configuration in 25 fs. (iii) The wave

packet flown into the migrated geometrical configuration vibrates at 1.5 cycles in

the bound well and bifurcates at ∼150 fs into the bound component kept in the

bound well to vibrate further and the dissociative component leading the C-O bond

breaking, CH2OH+
2 → CH+

2 + H2O. On the basis of our experimental data, we

have constructed rough landscape images of the two-dimensional PES of the dif-

ferent electronic states on which the migrating nuclear wave packet evolves in the

femtosecond time domain.
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5 Periodical H+
3 emission from CH3OH2+ by pump-

probe coincidence momentum imaging using few-

cycle intense laser pulses

5.1 Introduction

When molecules are irradiated with a femtosecond laser pulse whose pulse duration

is shorter than the periods of molecular vibration, a vibrational wave packet can be

created within molecules, and the motion of such a wave packet has been identified

by a pump-prove technique [1]. In our recent study, we investigated the ultrafast

hydrogen migration in methanol cation, CH3OH+ → CH2OH+
2 , by the pump-probe

coincidence momentum imaging method with few-cycle laser pulses [2]. The vibra-

tional wave packet transferred into the migrated configuration was found to oscillate

along the C-O bond and bifurcate into to one component keeping oscillating and

the other component departing from the molecular region leading to the C-O bond

breaking.

In the present study, H+
3 emission from CH3OH2+ was investigated by the few-

cycle pump-probe coincidence momentum imaging method and the following three

two-body Coulomb explosion pathways from doubly charged methanol were identi-

fied:

H+ ejection Coulomb explosion pathway

CH3OH2+ → CH3O
+ +H+, (5.1)
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H+
2 ejection Coulomb explosion pathway

CH3OH2+ → CH2O
+ +H+

2 , (5.2)

H+
3 ejection Coulomb explosion pathway

CH3OH2+ → CHO+ +H+
3 . (5.3)

In addition to the two body Coulomb explosion pathways, the following two three-

body decomposition pathways,

H+ ejection three-body decomposition pathway

CH3OH2+ → CHO+ +H+ +H2, (5.4)

H+
2 ejection three-body decomposition pathway

CH3OH2+ → CHO+ +H+
2 +H, (5.5)

were extracted from the covariance mapping method. It was found that the ion

yields of the H+ ejection Coulomb explosion pathway (5.1) and the H+
3 ejection

Coulomb explosion pathway (5.3) periodically change and the period was found to

be close to the vibrational period of C-O stretching vibration of CH3OH+.

Because the dissociation energies of CH3OH2+ into these two pathways are known

to be the lowest among all the decomposition pathways, it was considered that, when
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H+
3 and H+ signals increase, CH3OH+

2 is prepared by the pump laser pulse in the

energy region where only these two dissociation pathways are energetically allowed,

while, when H+
3 and H+ signals decrease, it is prepared in the higher energy region

so that it can be decomposed into fragments through the other energetically open

pathways with larger probabilities. The oscillatory profiles of the yields of these two

pathways were interpreted by the motion of a vibrational wave packet prepared on

the potential energy surface (PES) of singly charged CH3OH+ prepared by the pump

laser pulse. This mechanism of the periodical channel closing for the dissociation

pathways having the higher lying threshold was supported by the two abundant

three body decomposition pathway of CH3OH2+, (5.4) and (5.5), whose thresholds

are located above the dissociation energies for the lowest energy pathways (1) and

(3) only by ∼1 eV and 3∼4 eV [3], respectively.

5.2 Experimental setup

The details of our experimental setup were described in the previous report [2].

Briefly, few-cycle laser pulses were generated by a hollow-core fiber compression

technique using an output of a CPA femtosecond Ti:sapphire laser system (800 nm,

5 kHz, 0.6 mJ, 30 fs). The few-cycle laser pulses were introduced into a Michelson

interferometer to generate pump and probe pulses. The optical time delay ∆t be-

tween the pump and probe laser pulses was varied in the range between -20 fs and

500 fs using a piezo-controlled optical stage. The pulse duration was measured to

be 6.0(5) fs. Both the pump and probe laser pulses were focused onto an effusive

molecular beam of methanol in a vacuum chamber by a concave mirror (f = 150
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mm). Both the laser polarization of the pump and that of the probe laser pulses

were set to be parallel to the propagation axis of the molecular beam. The focal

intensity was estimated to be 2.1(2) × 1014W/cm2.

The fragment ions generated from methanol were guided by a static electric field

toward a two-dimensional position sensitive detector (HEX120, RoentDek) in the

velocity map imaging configurations. From the flight time of the fragment ions

and the position on the detector plane where the fragment ions hit, the momentum

vectors of the fragment ions were determined. The two-body Coulomb explosion

pathways of CH3OH2+ were extracted by the CMI method and the released kinetic

energy Ekin were plotted as a function of the time delay ∆t.

5.3 Results and discussion

5.3.1 Extraction of pump-probe signals

Figure 5.1 shows the Ekin distributions of the two-body Coulomb explosion path-

ways, (a)-(c), and the two three-body decomposition pathways, (d) and (e), as a

function of ∆t. These Ekin distributions include the signals generated by the pump

laser pulse only or probe laser pulse only because methanol dication can also be

generated by a single laser pulse. The Ekin distributions Ydiff(Ekin,∆t) generated

from methanol dication, which is sequentially ionized by the pump and probe laser

pulses, were obtained by subtracting the signals generated with the pump laser pulse

Ypump(Ekin) and with the probe laser pulse Yprobe(Ekin) from the Ekin distributions

Ypump−probe(Ekin,∆t) shown in Fig. 2 as
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Figure 5.1: The Ekin distributions of the (a) H
+, (b) H+

2 and (c) H+
3 ejection Coulomb

explosion pathways (5.1)-(5.3), (d) the Ekin distribution of H+ through the H+ ejec-
tion three-body decomposition pathway (5.4) and (d) the Ekin distribution of H+

2

through the H+
2 ejection three-body decomposition pathway (5.5) as a function of

∆t.
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Ydiff(Ekin,∆t) = Ypump−probe(Ekin,∆t)− (Ypump(Ekin) + αYprobe(Ekin)), (5.6)

where α is a correction factor describing a depletion of sample molecules by irradi-

ating the pump laser pulse. As the value of α, α = 0.79(5) was adopted, which was

obtained in Ref. [2] by comparing the total ion yields obtained with the pump laser

pulse only, the probe laser pulse only, and the pump and probe laser pulses.

5.3.2 The Ekin distributions of the dissociation pathways of methanol

dication

Figure 5.2 shows the background-subtracted Ekin distributions in the three Coulomb

explosion pathways, (a)-(c), and the two three-body decomposition pathways, (d)

and (e), as a function of ∆t. There are two types of components in these Ekin dis-

tributions: (i) the component whose peak energy position decreases monotonically

as ∆t increases and (ii) the component keeping the high Ekin value, 4∼5 eV. The

signal intensities of the high Ekin component decrease significantly from those in

Fig. 5.1 in all the decomposition pathways because most of the signals in the high

Ekin components are generated by single laser pulses. The lower energy component

(i) in the H+ ejection pathways, (1) and (4), and that in the H+
2 ejection pathways,

(2) and (5), reflect respectively the dynamics of the H-atom loss pathway,

H-atom loss pathway

CH3OH+ → CH3O
+ +H, (5.7)
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Figure 5.2: The background-subtracted Ekin distributions of the (a) H+, (b) H+
2

and (c) H+
3 ejection Coulomb explosion pathways (5.1)-(5.3), (d) the background-

subtracted Ekin distribution of H+ through the H+ ejection three-body decompo-
sition pathway (5.4) and (d) the background-subtracted Ekin distribution of H+

2

through the H+
2 ejection three-body decomposition pathway (5.5) as a function of

∆t.
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and the dynamics of the H2 loss pathway,

H2 loss pathway

CH3OH+ → CH2O
+ +H2. (5.8)

from CH3OH+ prepared by the pump laser pulses.

When an H-atom, departing from the CH3O
+ moiety in the course of the disso-

ciation (5.7), is ionized by the probe pulse, the Coulomb repulsion energy between

CH3O
+ and H+ in (5.1) and that between CHO+ and H+ in (5.4) are converted into

their translational energies. As the distance between the two fragments in the singly

charged manifold increases during the pump-probe delay time ∆t, the released ki-

netic energy Ekin decreases, which is consistent with the delay time dependence of

the low kinetic energy component in Figs. 5.1 (a) and (d).

Similarly, when H2, departing from the CH2O
+ moiety in the course of the disso-

ciation (5.8), is ionized by the probe pulse, the Coulomb repulsion energy between

CH2O
+ and H+

2 in (5.2) and that between CHO+ and H+
2 in (5.5) are converted into

their translational energies. As the distance between the two fragments in the singly

charged manifold increases during the pump-probe delay time ∆t, the released ki-

netic energy Ekin decreases, which is consistent with the delay time dependence of

the low kinetic energy component in Figs. 5.1(b) and (e).

In the two-body Coulomb explosion pathways (5.1)-(5.3), the high Ekin compo-

nent is commonly seen. These high energy components represent the existence of

stable CH3OH+ prepared by the pump laser pulse. In the H+
3 ejection Coulomb ex-

plosion pathway (5.3), the signal intensity in the high Ekin component periodically
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Figure 5.3: Ion yields of CH3OH+, CH3O
+ and H+

3 ejection Coulomb explosion
pathway as a function of ∆t.

increases with the period of ∼38 fs starting from ∆t = 58 fs as shown in Fig. 5.2

(c), and this periodical structure continues beyond 500 fs.

It was also found that the ion yields of parent ion CH3OH+ and CH3O
+ increases

with the period of ∼38 fs as shown in Fig. 5.3. The peak position of the increase

in the CH3OH+ yield is the same as the H+
3 ejection Coulomb explosion pathway

(5.3), that is, the oscillation in the CH3OH+ yield is in phase with respect to the

oscillation in the H+
3 yield, whereas the CH3O

+ yield takes the local maxima when

the intensity the H+
3 yield takes the local maxima, that is, the oscillation in the

CH3O
+ yield is out of phase by π with respect to the oscillation in the H+

3 yield.

5.3.3 Extraction of the ion yield oscillations

In order to extract the frequency of the ion yield oscillation, the Fourier transfor-

mation was performed on the ion yields of H+
3 (pathway (5.3)), CH3O

+ (pathway

(5.7)), and CH3OH+ in the range of 120 < ∆t < 500 fs after subtracting a contin-
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Figure 5.4: The Fourier-transformed ion yields of (a) CH3OH+, (b) CH3O
+ and (c)

H+
3 in the range of 120 < ∆t < 500 fs after subtracting a continuum component fitted

with an exponential curve. The blue broken curves show the standard deviation
calculated from the number of the signals in each pathway.

uum component fitted with an exponential curve. As shown in Fig. 5.4, in all the

three Fourier transformed (FT) spectra, a peak at ∼26 THz, corresponding to the

period of ∼38 fs, is commonly identified.

In Figs. 5.5 (a) and (b), the ion yields of the pathways (5.11) and (5.2) are

shown as a function of ∆t. The signal intensity becomes maximum at ∆t ∼ 0 fs

because the pump and probe laser pulses constructively interferes and the ionization

probability increases. After the short time zone in the range below ∆t ∼ 10 fs,

where the pump and probe pulses interfere constructively and destructively, the

signal intensities increase in the range of 20 < ∆t < 80 fs, and gradually decrease

after 80 fs. The Fourier transformation was also performed on the ion yields of

H+ (pathway (5.1)) and H+
2 (pathway (5.2)) in their high Ekin components in the

range of 120 < ∆t < 500 fs after subtracting a continuum component fitted with an

exponential curve and the results are shown in Figs. 5.5 (c) and (d).

In the FT spectrum of the ion yield of the H+ ejection pathway (5.1) (Fig.
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Figure 5.5: Ion yields of H+ ejection Coulomb explosion pathway ((a) and (c)) and
H+

2 ejection Coulomb explosion pathway ((b) and (d)) in the their high Ekin compo-
nents (Ekin > 3.5 eV). The ∆t dependence of the ion yields are shown in (a) and (b)
with black curves. Blue broken curves: fitted ion yields with exponential curve from
120 fs to 500 fs. Red dotted curves: residual ion yields after the subtraction of the
fitted ion yields. FT spectra of the residual ion yields in each pathway are shown
in (c) and (d) with black curves. Blue broken curves: standard deviation calculated
from the number of the signals in each pathway.
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5.5(c)), a peak can be identified at ∼26 THz, which is consistent with the frequency

identified in the ion yield of H+
3 ejection pathway, while no significant peaks can

be found in the FT spectrum for the H+
2 ejection pathway in the entire range of

the frequency (Fig. 5.5(d)). The peak positions of the background subtracted ion

yield of H+ are 134, 174, 210,... fs as shown in the red dotted curve in Fig. 5.5 (a).

This oscillation of the ion yield of H+ is found to be in phase with the H+
3 ejection

pathway.

5.3.4 Origin of the ion yield oscillations

It is possible that the periodical changes in the ion yields identified above reflect

the motion of the vibrational wave packet of CH3OH+ created by the pump laser

pulse. Considering that a few cycle laser pulse is employed to create CH3OH+, its

geometrical structure could not be varied so much during the pulse duration of ∼6

fs. Therefore, the vibrational wave packet is prepared in the Franck-Condon region,

that is, it is prepared on a potential energy surface of CH3OH+ at the geometrical

structure close to the equilibrium geometrical structure of CH3OH in the electronic

ground state.

In the photoelectron spectrum of CH3OH [4], the energy spacing of ∼111 meV

identified in the series of peaks in the spectrum was assigned to the C-O stretching

vibrational progression of the electronic ground state of CH3OH+, and, from this

energy spacing, the vibrational wavenumber of the C-O stretching was estimated

to be 894 cm−1, which corresponds to the frequency of 26.8 THz. Because the

frequency of the oscillations in the ion yields identified in the present study, ∼26
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THz, is in good agreement with this C-O stretching frequency, it is highly possible

that the oscillations reflect the C-O stretching motion of the vibrational wave packet

prepared in the electronic ground state of CH3OH+.

From the quantum chemical calculations, the equilibrium C-O internuclear dis-

tance of CH3OH, CH3OH+ and CH3OH2+ were obtained 1.42, 1.37 and 1.19 Å,

respectively [5, 6], indicating that the vibrational wave packet of CH3OH+ prepared

by the pump laser pulse is expected to start moving toward the equilibrium structure,

that is, the C-O bond distance starts shrinking immediately after the preparation

of CH3OH+.

After the vibrational wave packet reaches the shortest C-O bond distance at a

half of the vibrational period, ∼19 fs, it starts to move back to the longer C-O

distance region until it reaches the original position where it was prepared by the

pump pulse. This vibrational motion with the period of ∼38 fs is expected to repeat.

The H+
3 ejection pathway has the minimum ion yields at 38, 78, 114,... fs, which

are close to the multiples of the period, and the maxima at 58, 98, 134,... fs, which

are close to the multiples of the period plus a half of the period. This means that

the ion yield of H+
3 increases every time the probe laser pulse is introduced at the

moment when the oscillating C-O bond distance becomes the shortest.

Because the theoretical estimate of the equilibrium C-O internuclear distance of

CH3OH2+ is shorter than that of CH3OH+ by 0.18 Å [6], the wave packet prepared

in CH3OH2+ by the ionization by the pump laser from CH3OH+ is expected to have

lower energy when the C-O bond distance becomes shorter. Therefore, it is probable

from the discussion above that the ion yield of H+
3 increases when the internal energy
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of CH3OH2+ is lower. For the H+ ejection, the same argument should hold because

the oscillation of the the H+ ion yield in the H+ ejection Coulomb explosion pathway

is in phase with the H+
3 ejection, that is, the ion yield of H+ increases when the

internal energy of CH3OH2+ is lower.

It has been know that the H+ and H+
3 ejection Coulomb explosion pathways have

the lowest threshold energy among all the decomposition pathways of CH3OH2+ [3].

The next lowest decomposition pathway is the H+ ejection pathway (5.4), which has

the threshold energy higher by ∼1 eV than the pathway (5.1) and (5.3). This means

that as long as CH3OH2+ is produced in the energy threshold of the pathway (5.4),

it can only be decomposed through the pathways (5.1) and (5.3).

On the other hand, when CH3OH2+ is prepared in the energy region above the

threshold energy for the pathway (5.4), it can be decomposed into fragments not only

through the pathway (5.1) and (5.3), but also through the pathway (5.4). Judging

from the numbers of events,the H+ ejection pathway (5.4) has the largest ion yield

among all the decomposition pathways (5.1)-(5.5); the ion yield of the high Ekin

component of the H+ ejection pathway (5.4) is around 3 times higher than those of

the pathways (5.1) and (5.3) at ∆t ∼ 500 fs. Furthermore, no oscillations were found

in the ion yield of the pathway (5.4). Therefore, the opening of the pathway (5.4)

may suppress the decomposition through the pathways (5.1) and (5.3), resulting in

the decrease in the yields of H+ and H+
3 .

The ion yield oscillation of the CH3OH+ is in phase with the H+
3 ejection Coulomb

explosion pathway (5.4) and the oscillation of CH3O
+ is out of phase. Because these

oscillation amplitudes have the same order of magnitude, the yield oscillations are
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ascribed to the H-atom loss decomposition pathway (5.7) through which the ion

yield of CH3OH+ decreases while the ion yield of CH3O
+ increases.

According to the photoelectron spectroscopy and the photoelectron-photoion

coincidence study [4, 7], the CH3O
+ has the lowest appearance energy, which is 0.6

eV above the adiabatic ionization energy of CH3OH+, showing that the dissociation

pathway (5.7) has the lowest threshold energy for the dissociation among all the

decomposition processes of CH3OH+. If CH3OH+ is prepared on the electronic

ground state by the pump laser pulse, it can be resonantly excited to the first

electronically excited Ã state by the probe laser pulse whose photon energy is in

the range between 1.3 and 1.9 eV because the energy difference between the vertical

ionization energy to the Ã state and that to the electronic ground state is ∼1.7

eV, which is in the range of the one photon energy. Once CH3OH+ is excited to

the Ã state, its energy exceeds the threshold energies for the other decomposition

pathways such as the H-atom loss pathway (5.7) and the H2 loss pathway (5.8).

Therefore, the periodical increase in the ion yield of CH3O
+ and the periodical

decrease in the ion yield of CH3OH+ at ∆t being the multiples of the period of

∼38 fs can be ascribed to the resonance excitation of CH3OH+ in the electronic

ground state to the Ã state by the pump laser pulse, achieved when the wave packet

oscillating along the C-O bond comes back to the original distance.

5.4 Conclusion

The pump-probe measurements of CH3OH was performed with few-cycle pulses.

It was revealed that the ion yields of the H+ and H+
3 ejection Coulomb explosion
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pathways oscillate in phase with the period of ∼26 THz, which was interpreted

by the wave packet oscillation along the C-O bond in CH3OH+ prepared by the

pump laser pulse and the associated variation of the internal energy of CH3OH2+

gained by the probe laser pulse. When the C-O distance is at the inner turning

point of the C-O stretching vibration in CH3OH+, the ionization achieved by the

probe laser pulse prepares CH3OH2+ in the low energy region, where only H+ and

H+
3 can be generated through the Coulomb explosion, while, when the C-O distance

becomes larger, the ionization prepares CH3OH2+ can decompose into fragments

through other pathways with the larger yields, which suppresses the decomposition

into H+ and H+
3 . The yield oscillation at ∼26 THz was also identified for CH3OH+

and CH3O
+, which was interpreted by the resonant excitation of CH3OH+ from the

electronic ground state to the first electronically excited Ã state at the outer turning

point of the C-O bond stretching vibration, leading to the periodical formation of

CH3O
+ from CH3OH+.

Appendix: Covariance mappong method and coincidence mo-

mentum imaging method

The covariance C(NA(
−→p A), NB(

−→p B)) of two ions, A having the momentum vector

−→p A and B having the momentum vector −→p B, is represented by the formula [8],

C(NA(
−→p A), NB(

−→p B)) = ⟨(NA(
−→p A)− ⟨NA(

−→p A)⟩)(NB(
−→p B)− ⟨NB(

−→p B)⟩)⟩

= ⟨NA(
−→p A)NB(

−→p B)⟩ − ⟨NA(
−→p A)⟩⟨NB(

−→p B)⟩, (5.9)
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where ⟨NA,B(
−→p A,B)⟩, ⟨NA(

−→p A)NB(
−→p B)⟩, ⟨NA(

−→p A)⟩⟨NA(
−→p A)⟩ are defined as

⟨NA,B(
−→p A,B)⟩ =

1

M

M∑
i=0

δ−→p A,B,
−→p (i)

A,B
(5.10)

⟨NA(
−→p A)NB(

−→p B)⟩ =
1

M

M∑
i=0

δ−→p A,−→p (i)
A
δ−→p B,

−→p (i)
B

(5.11)

⟨NA(
−→p A)⟩⟨NA(

−→p A)⟩ =
1

M2

M∑
i,j=0

δ−→p A,−→p (i)
A
δ−→p B,

−→p (j)
B

(5.12)

where −→p (i)
A,B represents the momentum vector of the fragment ion obtained at the i-

th laser shot, andM represents the number of laser shots. The first term in Eq. (5.9)

represents the coincidence events and the second term represents the probability of

detecting both A and B accidentally. The covariance of H+ and CHO+ was regarded

as that of the H+ ejection pathway (5.4) and the covariance of H+
2 and CHO+ was

regarded as that of the H+
2 ejection pathway (5.5).

In the CMI method, the contribution from accidental false coincidence events was

also subtracted in a similar manner as in the covariance mapping method. The dis-

tribution of events in the six dimensional momentum space SCMI(NA(
−→p A), NB(

−→p B))

extracted from CMI measurements can be described using the first term in Eq. (5.9),

⟨NA(
−→p A)NB(

−→p B)⟩, as

SCMI(NA(
−→p A), NB(

−→p B)) =
M∑
i=0

w(−→p (i)
A +−→p (i)

B )

=

∫∫
⟨NA(

−→p A)NB(
−→p B)⟩w(−→p A +−→p B)d

−→p Ad
−→p B(5.13)
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where the function w represents the momentum matching condition as

w =


1 if |px,y| < 4.5× 103 u m/s and |px,y| < 2× 104 u m/s

0 otherwise

. (5.14)

and px, py and pz represent respectively the momentum of the ion along the laser

propagation direction, the direction from the crossing point of the laser and molec-

ular beams to the detector and the propagation direction of the effusive molecular

beam. The tolerance width of the function w along the z direction was set to be

larger than the widths for the other two directions considering the larger momen-

tum distribution width along the z direction than in the other two directions. The

standard deviations σx, σy, and σz of the sum of the momenta of the fragment ions

are 2.1× 103, 2.2× 103 and 9.9× 103 u m/s, respectively.

The distribution of false coincidence events in the six dimensional momentum

space, F (NA(
−→p A), NB(

−→p B)), can be evaluated using the second term in Eq. (5.9)

as

F (NA(
−→p A), NB(

−→p B)) =

∫∫
⟨NA(

−→p A)⟩⟨NB(
−→p B)⟩w(−→p A +−→p B)d

−→p Ad
−→p B

=
1

M

M∑
i,j=0

w(−→p (i)
A +−→p (j)

B ) (5.15)

This means the number of false coincidence events can be estimated by imposing

the momentum matching conditions on the fragment ions generated by different

laser shots. In order to estimate the number of false coincidence events from the
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data obtained by laser pulses having similar laser parameters, the number of the

false coincidence events can be estimated by applying the momentum matching

conditions to the fragment ions generated by a laser pulse and those generated by

the next laser pulse in the high-repetition laser pulses represented as

F ′(NA(
−→p A), NB(

−→p B)) =
M∑
i=0

w(−→p (i)
A +−→p (i+1)

B ) (5.16)
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6 Summary and future perspective

In this study, I found that the ultrafast hydrogen migration in methanol take place

after passing through the few-cycle laser pulses although the migration ratio is poor

compared with the ultrafast hydrogen migration within the laser field, whose pulse

duration is tens of femtosecond [1]. The vibrational wave packet resulting in hy-

drogen migration is prepared by ionizing the molecule with intense laser field. In

the discussion, I assumed that the wave packet keeps initial geometrical structure

of neutral methanol during the preparing process and I concluded that the C-O

breaking should take place in the electronically excited states. This assumption,

called Frank-Condon approximation, has been applied for one photon ionization.

To confirm which electronically excited states hydrogen migration starts from, the

wave packet should be prepared by one photon ionization process and observe pho-

toelectron spectra. For that experiment, high-order harmonics of the intense laser

pulses are desirable pump pulses. The one photon energy can reach to the ionization

energy of hydrocarbon molecules and the time delay can be controlled easily if the

driving pulse of high order harmonics are used for the probe pulse.

The CH+
3 emission pathway from CH3OH+ had been investigated experimentally

and theoretically [2, 3]. The theoretical study proposed that the CH3OH+ on the

second electronically excited states through a conical intersection and the C-O bond

stretches on the first excited state [3]. The strength of nonadiabatic matrix elements

was calculated under the Cs symmetry and the local maximum of nonadiabatic ma-

trix elements was found at ̸ COH=69.8◦ but the conical intersection was not shown.
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At the conical intersection, the molecular structure has higher symmetry than the

neighboring structure. The conical intersection has C2v symmetry, CH2OH+
2 geo-

metrical structure, if the conical intersection appears under the Cs symmetry and

̸ COH=69.8◦. It is considered that the conical intersection strongly related to the

ultrafast hydrogen migration. Besides, the ultrafast H/D atom exchange process,

which was observed in CD3OH in ref. [1], is also related with the conical intersec-

tion because the conical intersection is on the trajectory of the H/D atom exchange

process. It is expected that the CHD+
2 emission from CD3OH+ can be observed by

pump-probe experiment of CD3OH molecule.

The electronic states contributing to the ultrafast hydrogen migration enable us

to design the laser field to promote the hydrogen migration. In diatomic molecules,

the vibrational wave packet is manipulated by the intense laser field thanks to the

rich knowledge of the potential energy surfaces [4].

I also found that the yield of some of fragment ions periodically changes respect to

the time delay. Especially, it is interesting that ion yield of the H+
3 emission Coulomb

explosion pathway, which is slow decomposition pathway, also oscillates. The origin

of oscillation is assigned to the C-O stretching vibration of methanol cation. It is

considered that the internal energy in methanol dication can be changed by the

structure of methanol cation just before the ionization. The fragmentation ratio of

methanol dication depends on the internal energy. As a result, the ion yield of the

H+
3 emission pathway, which has lowest appearance energy in all the fragmentation

pathway of methanol dication, oscillates in time delay.

The assignment of periodical ion yield is based on the vibrational frequency of
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methanol cation determined from the photoelectron spectra of methanol [5]. The

discrepancy between the observed frequency of ion yield and the C-O stretching

mode may due to the low resolution of photoelectron spectra. The C-O stretch-

ing vibration mode is coupled with torsional vibration and the torsional vibration

mode can not be resolved in photoelectron spectra. In the recent experiment with

zero-kinetic energy photoelectron spectroscopy [6], the vibrational energy of C-O

stretching mode in CD3OD is 710 ± 4 cm−1, which is lower than previous data 763

± 30 cm−1 from the photoelectron spectroscopy [7].

If the pump-probe experiment is performed in deuterated methanol, the vi-

brational mode can be assigned certainly because the vibrational energy levels of

CD3OD+ are well known. Besides, partially deuterated methanol CD3OH helps to

know which geometrical structure, CDO+ and COH+, is formed after the emission.

The theoretical study suggests that there are two geometrical structures after the

H+
3 emission. In other molecules, it is expected to observe the periodical ion yield

and it helps to know the sequential excitation process of the molecules in the intense

laser field.
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