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Abstract

Abstract
When atoms are irradiated with extreme ultra-violet light pulses, various types of ionization
processes occur on the attosecond (1 as = 10-18 s) to femtosecond (1 fs = 10-15 s) timescales. In these
ionization processes, electrons are emitted as a result of interactions with many electrons in the atom,
and the investigation of these processes is important for the fundamental understanding of electron
correlations and is also expected to give us valuable insights into the control of chemical reactions. In
this thesis, (i) the population distribution of doubly charged atoms created through a two-photon
double ionization process via an intermediate resonance was investigated by photoelectron
coincidence spectroscopy using high-order harmonics, (ii) signals which might be assigned to the
laser-enabled Auger decay (LEAD) process were observed in the pump-probe measurements using
high-order harmonics and near-infrared (NIR) light pulses, and (iii) a new experimental setup for
pump-probe measurements with high temporal resolution was designed and constructed.
In the first experimental study, coincidence photoelectron spectroscopy of Ar irradiated with
high-order harmonics of NIR light pulses was performed. In this experiment, two-photon double
ionization process via the 3s3p6np (n ~ 25) intermediate resonances of Ar was observed, and this
process showed a selective creation of Ar2+ in the 3s3p5 1P state. It has been known that the population
distribution of Ar2+ deviates from the statistical weight when they are created through a one-photon
threshold direct double ionization process or a three-photon sequential double ionization process.
However, neither of these processes exclusively created the 3s3p5 1P state of Ar2+. The observed
selectivity indicates that the electron configuration of the intermediate resonance affects the electron
configuration of the resultant doubly charged ion, and the simultaneously emitted two electrons tend
to form the singlet state.
In the second experimental study, Ar was irradiated with high-order harmonics and NIR light
pulses, and coincidence photoelectron spectroscopy was performed while changing the time delay of
the NIR light pulses to the high-order harmonics. In the correlation map of the energies of the
simultaneously emitted electrons, there were signals which appeared only when Ar was irradiated with
the NIR light pulses after the high-order harmonics. Considering the energies of the signals, it is highly
possible that the observed signals are from the LEAD process, in which the 23rd harmonic induces
the 3s electron emission and the Auger decay process occurs with the assist of twelve NIR photons.
The existence of the LEAD process has been suggested in 2011, but the signals purely assigned to the
LEAD process has not been reported before.
In order to perform pump-probe measurements using high-order harmonics, which are generated
iv
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as attosecond pulse trains or single attosecond pulses, and NIR light pulses with high temporal
resolution, a new experimental setup was designed and is now under construction. This setup will be
used mainly for the observation of sub-femtosecond processes, which occur before the nuclear
rearrangements, and the effects of the sub-femtosecond processes to the following chemical reactions
will be investigated. The current performance of the setup was confirmed by using a flat-field type
extreme ultra-violet spectrometer and a magnetic-bottle type photoelectron spectrometer.
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1.1. Introduction
Photoionization is a very fundamental process, which is followed by a variety of chemical
reactions such as rearrangements of electron configuration and chemical bond breakings. During and
after the photoionization process, the ejected electrons and the electrons remaining in the atoms and
molecules interact with each other, and these electron correlations strongly affect the ionization
process and the following chemical reactions. Investigation of the behaviors of these electrons helps
us deepen the understanding of the photoionization process and its related processes, and also gives
us important insights into the control of chemical reactions.
The investigations of ionization processes have been accelerated with the advent of intense light
sources in the extreme ultraviolet region [1-3], which induces many kinds of ionization processes such
as the emission of an electron from the inner shell. Free electron lasers are one of these light sources
[3]. Because they can generate high energy photons in 103 electron-volt (keV) region, they are suitable
for the investigation of core ionization processes. High-order harmonic [1,2] of ultrashort laser pulses
is another one of those light sources, whose properties such as the intensity, the wavelength distribution,
and the pulse duration can be changed at will by choosing a proper generation method. Because the
high-order harmonics have the pulse durations of the attosecond (1 as = 10-18 second) to femtosecond
(1 fs = 10-15 second) region, they are suitable for the investigation of the ultrafast electronic processes
before and after the electron emission, which occur on these time scales [4,5].
In this thesis, photoionization processes of rare gas atoms induced by the irradiation of high-order
harmonics were investigated by photoelectron coincidence spectroscopy. Although many
experimental and theoretical studies have been carried out on the photoionization processes of rare
gas atoms, such as double ionization processes [6,7], autoionization processes [8], and the Auger decay
process [9], the effects of electronic behaviors in the processes are still not clarified. There are also
processes whose existence is not experimentally confirmed yet [10,11]. In this thesis, we aimed at
gaining insights into the effects of the interactions among the electrons in the ionization processes and
also at observing processes which are still not explored in detail.
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1.2. High-Order Harmonic Generation from Ultrashort Laser Pulses
High-order harmonics are generated through a non-linear optical effect induced by focusing
intense laser pulses on a gaseous medium [2] or on a solid material [12]. The mechanism of the highorder harmonic generation was explained by a so-called three-step model [1,13] in 1993. The
schematic of this model is shown in Fig. 1-1. According to this model, (i) the Coulomb potential of
the atom is distorted by the applied electronic field, which allows an electron to be emitted to the
continuum by a tunnel ionization, (ii) the electron in the continuum is accelerated away from and then
back towards the parent ion by the oscillating laser field, and finally, (iii) the electron recombines with
the parent ion emitting a photon having the energy Ephoton written as
Ephoton = Ip + Ekin,

(1-1)

where Ip is the ionization potential of the atom and Ekin is the kinetic energy of the electron gained in
the second step. Because Ip of the rare gas atoms increases as the atomic number decreases, the

Figure 1-1 (a) Fundamental pulses used for the high-order harmonic generation and (b) the schematic
of the high-order harmonics generation explained by the three-step mechanism. In the first step, the
Coulomb potential (purple curve) is distorted by the strong laser field, and an electron (yellow sphere)
is emitted by the tunnel ionization. In the second step, the emitted electron is accelerated away from
and back towards the parent ion by the laser field. In the third step, the electron recombines with the
parent ion, and a photon is emitted having the energy hn = Ip + Ekin, where Ip is the ionization potential
of the atom and Ekin is the kinetic energy obtained during the second step. The emitted photons are
called high-order harmonics.
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harmonics generated from He have higher photon energies than the harmonics generated from Ar as
shown in Fig. 1-2 [14].
The maximum value of Ekin is calculated to be 3.17Up [1], where Up is the ponderomotive energy.
Up is defined as Up [eV] = 9.337 ´ 10-5 ´ I [PW/cm2] ´ (l [nm])2, where I and l are the laser intensity
and the wavelength of the laser, respectively. This means that the maximum photon energy, or the
cutoff energy of the generated harmonics Ephoton, cutoff is
Ephoton, cutoff [eV] = Ip [eV] + 2.96 ´ 10-4 ´ I [PW/cm2] ´ (l [nm])2.

(1-2)

Eq. (1-2) suggests that the energy range of the generated harmonic photons varies when the intensity
and the wavelength of the fundamental laser pulses are changed. Therefore, we can generate highorder harmonics in the intended energy region by choosing the appropriate gaseous medium,
fundamental laser intensity, and fundamental laser wavelength.
The high-order harmonic generation technique has been developed dramatically in the last few
decades and is still keeping on evolving. One direction of the development is the generation of the
high-order harmonics with higher photon energies. Because the upper limit of the photon energy of
the generated harmonics is written as Eq. (1-2), the high-order harmonics with higher photon energies
are generated by increasing the intensity of the focused laser pulses. By using intense femtosecond

Figure 1-2 Conversion efficiency of high-order harmonics plotted as a function of harmonic order.
Circles, squares, and triangles correspond to the measured conversion efficiency of harmonics from Ar,
Ne, and He, respectively. Dotted curve, dashed curve, and solid curve correspond to the calculated
conversion efficiency of harmonics from Ar, Ne, and He, respectively. The figure is adopted from ref.
[14].
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laser sources, high-order harmonics even in the water-window region can be generated these days
[15,16]. The water-window region is defined as the energy range between the K-absorption edges of
carbon (284 eV) and oxygen (543 eV), and they are absorbed by carbon while they are transparent to
oxygen. This means that the harmonics in this region can be used for the imaging of the carbon density
under the environment of water, therefore, they are ideal for the imaging of the inner structure of a
living cell with a high contrast [17].
Another direction of the development is the generation of intense high-order harmonics [18-24].
Firstly, the conversion efficiency of the harmonics was improved to 10-5~10-6 by achieving the phase
matching condition in a long interaction region. This was realized by guiding the fundamental laser
pulses through a gas-filled hollow core fiber [18-21] or a quasi-static gas cell [22,23]. Then, Takahashi
et al. [24] proposed that the intensity of the harmonics can be further increased by using a loosely
focusing configuration. With this configuration, the volume of the harmonic generation region is
increased while meeting the phase matching condition, and they succeeded in generating harmonics
as intense as 0.7 µJ. The generated harmonics are intense enough to induce even a non-linear process,
such as the two-photon ionization of He [25].

1.3. Generation of High-Order Harmonics as Single Attosecond Pulses
High-order harmonics are generated every half-cycle of the laser field, and the harmonics are
generated as pulse trains with the conventional generation methods introduced in section 1.2. In 2001,
Hentschel et al. [26] restricted the number of harmonics generated from one fundamental laser pulse
to only one, in other words, they generated high-order harmonics as single attosecond pulses instead
of attosecond pulse trains. Since this first report, many methods to generate single attosecond pulses
have been proposed [5,27-29] as summarized in Table 1-1. Most of these methods are classified into
(i) amplitude gating method, (ii) polarization gating method, and (iii) ionization gating method.
In the conventional amplitude gating method [26,30-32], few femtosecond light pulses with a
stabilized carrier-envelope phase (CEP), which is the offset of the peak of the electric field to the peak
of the pulse envelope, are used as the fundamental pulses. In this way, the laser field has only few
optical cycles, and the generation of the harmonics near the cut-off region is restricted to the central
intense part of the laser field shown in Fig. 1-3(a). By extracting the harmonics in the cut-off region
indicated in Fig. 1-3(b) using a multi-layered mirror or a filter, harmonics can be obtained as single
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Figure 1-3 Harmonic generation as single attosecond pulses by the amplitude gating method. (a)
Electric field of the fundamental light pulse with 5 fs pulse duration and (b) the spectrum of harmonics
generated from the electric field shown in (a). By extracting the yellow square region in (b), single
attosecond pulses are obtained. The figure is adopted from ref. [5].

attosecond pulses. With this method, single attosecond pulses with the pulse duration of as short as 80
attoseconds have been generated [32].
One of the difficult parts of using this method is that the fundamental pulses need to have the
pulse duration of few femtoseconds. Oishi et al. [33] eased this restriction by using pulses synthesized
with 400 and 800 nm light pulses. The square of the synthesized field has a maximum peak at the
pulse center while the intensities of the nearest-neighbor peaks are suppressed, therefore, the
generation of the harmonics in the cut-off region is restricted to the central part of the synthesized
laser field, therefore, few-femtosecond pulses are no longer necessary. This method is called two-color
gating method, and ~200 as pulses were generated from ~10 fs fundamental pulses. Later, Takahashi
et al. [34] showed that high-order harmonics can be generated by a so-called IR two-color gating
method, where 800 and 1300 nm pulses with ~30 fs pulse duration are used. With this long pulse
duration, CEP is not important, and there is no need to stabilize CEP.
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Table 1-1 Generation methods of single attosecond pulses.

*

Method

Fundamental
pulse duration

CEP
locking*

Shortest pulse
duration among refs.

Refs.

Amplitude gating

~5 fs

N

80 ± 5 as [32]

[26,30-32]

Two-color gating

< 10 fs

N

~200 as

[33]

IR two-color gating

30 ~ 40 fs

UN

-

[34]

Polarization gating

~5 fs

N

85 as [35]

[35-39]

Double optical gating (DOG)

~8 fs

UN

67 as [40]

[41-46]

Generalized DOG

~25 fs

UN

148 as [47]

[47,48]

IRGDOG

~25 fs

UN

<500 as (calc.)

[49]

Generalized IRDOG

<60 fs

UN

<600 as (calc.)

[49]

Ionization gating (IG)

5~25 fs

UN

~120 as [50]

[50-52]

IG with short pulses

~5 fs

N

160 as

[53]

N and UN mean CEP locking is necessary and unnecessary, respectively.
In the polarization gating method [35-39], the single-attosecond pulse is generated by focusing a

laser pulse which is synthesized with a right-circularly polarized pulse and a delayed left-circularly
polarized pulse. This laser pulse is linearly polarized in the middle of the pulse while it is circularly
polarized in the sides of the pulse as shown in Fig. 1-4. Because the electron emitted in the first step
of the three-step model cannot return to the parent ion in the circularly polarized field, the generation
of the harmonics is restricted in the central part of the fundamental pulse, therefore the singleattosecond pulse is generated.
The important parameter in the polarization gating method is the gate width DtG defined as [37]
∆𝑡𝐺 ≈ 0.3𝜀𝜏 2 𝑇𝑑 ,

(1-3)

where e, t, and Td are the ellipticity, pulse duration, and the delay between the first and the second
circularly polarized pulses. In the conventional polarization gating method, single attosecond pulses
are generated when DtG is smaller than the half optical cycle, therefore, the pulse duration of the
fundamental laser pulses need to be around 5 fs. In order to enable the single attosecond pulse
generation using pulses with longer pulse durations, double optical gating method (DOG), where the
fundamental pulses are synthesized with pulses with different colors, was invented [41-46]. In this
method, the harmonics are generated only once in one optical cycle, and DtG can be twice as large as
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Figure 1-4 Polarization gating method for the generation of high-order harmonics as single attosecond
pulses. A pulse which is linearly polarized at the center and circularly polarized in the sides is
synthesized from a right-circularly polarized and a left-circularly polarized pulses. By using this pulse,
harmonic generation is restricted in the linearly polarized part of the pulse, and single attosecond pulses
are obtained. The figure is adopted from ref. [37].

that in the conventional polarization gating method. The limitation of the pulse duration was further
eased by using ellipsoidally-polarized pulses (generalized DOG [47,48] or IR generalized DOG [49]),
and it has been theoretically suggested that pulses as long as 60 fs can be used as the fundamental
pulses when they are ellipsoidally-polarized and their wavelengths are in the infrared region
(generalized IR double optical gating method [49]).
In the ionization gating method [50-52], fundamental light pulses are as intense as ~1014 W/cm2,
and most of the atoms for the harmonic generation are ionized in the first half of the intense pulse as
shown in Fig. 1-5. Because high-order harmonics are generated only when there are neutral atoms, the
generation of harmonics in the cut-off region is restricted in the limited part of the pulse. Similar to
the amplitude gating method, single-attosecond pulses are obtained by extracting the harmonics in the
cut-off region using a mirror or a filter. It is not necessary to use few-femtosecond pulses in this method,
but by using few-femtosecond pulses, the extraction of the harmonics in the cut-off region is no longer
necessary, and relatively intense single-attosecond pulses are obtained [53].
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Figure 1-5 Generation of the high-order harmonics as single attosecond pulses by the ionization gating
method. The dashed line is the envelope of the fundamental light pulse, the blue line is the density of
the neutral atoms, and the red line is the intensity of the ninth harmonic. Almost all of the neutral atoms
are depleted in the first half of the fundamental pulse, and harmonic generation is restricted. By
extracting the cut-off harmonics in the similar manner as in the amplitude gating method, single
attosecond pulses are obtained.

1.4. Photoionization Processes of Rare Gas Atoms
Photo-irradiation of atoms induces various types of ionization processes. When the absorbed
photon energy hn surpasses the first ionization potential of an atom A, an electron e- is emitted gaining
the excess photon energy, and an energetically allowed state of A+ is created:
A + h n ® A + + e -.

(1-4)

When the absorbed photon energy coincides with the resonance energy of A, an electron is also emitted
from an electronically excited neutral atom A*:
A + hn ® A* ® A+ + e-.

(1-5)

This process is called an autoionization process. When these two ionization processes, (1-4) and (1-5),
having the common states of A and A+ take place at the same time, these ionization pathways interfere
with each other, and a characteristic asymmetric peak appears in an absorption spectrum. The cross
section of the excitation to A* was derived by Fano [54], and the creation probability of A+ was
calculated based on Fano’s theory [8]. As shown in Fig. 1-6, the peak of A+ creation probability
changes its shape from Lorentzian to an asymmetric one as the decay of the autoionizing resonance
proceeds.
The lifetime of the autoionizing resonance is equal to the inverse of the peak width, and it is
8
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Figure 1-6 Calculated temporal evolution of the creation probability of the singly ionized atom through
the autoionization process or the direct ionization process. t and tr are time after the irradiation of pump
pulse and the lifetime of the autoionizing resonance, respectively. When t < tr, the spectral distribution
is in the Lorentzian shape as shown in the inset 1, and it transforms to a typical shape in Fano resonance
as shown in the inset 2. The figure is adopted from ref. [8].

generally from few tens of attoseconds to few femtoseconds. This means that if the autoionizing
resonances interact with a photon introduced before the ultrafast decay process on these time scales,
the autoionization process is prevented. Gilbertson et al. [55] made use of this for realizing the realtime tracking of the autoionization process. They performed a pump-probe measurement using highorder harmonics and near-infrared (NIR) light pulses with less than 10 fs pulse duration, where the
NIR light pulses ionize the atoms in the autoionizing resonance. Because the autoionization proceeds
only before the depletion of the autoionizing states by the NIR light pulses, the signals from the
autoionization process varies depending on the time delay of the NIR pulses i.e. the remaining
autoionizing states, and they successfully tracked the autoionization process by measuring the timedelay dependence of the intensity of the signals assigned to the autoionization process.

−
When the photon energy exceeds the second ionization potential, two electrons, e−
1 and e2 , are

emitted simultaneously sharing the excess photon energy:

−
A + hn ® A2+ + e−
1 + e2 .

(1-6)

This process is called a direct double ionization process. The dominant mechanisms of the direct
double ionization process are the knockout mechanism and the shake-off mechanism [6]. In the
knockout mechanism, one electron gains energy from a photon, and the electron interacts with another
electron while it is escaping from the atom. As a result, these electrons are emitted to the same side of
the remaining ionic core as shown in Fig. 1-7. This mechanism is dominant when the photon energy
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Figure 1-7 Knockout mechanism and shake-off mechanism of direct double ionization process. In the
knockout mechanism, one electron absorbs a photon and escapes from the atom. On its way out, the
electron collides with another electron, and this electron also escapes from the atom. In the shake-off
mechanism, one electron is emitted gaining high kinetic energy, and the secondary electron emission
is induced by the sudden change of its environment.

is relatively low because the firstly emitted electron can move slow enough to interact with the second
electron [56,57]. In the shake-off mechanism, one electron is suddenly removed by gaining energy
from a high-energy photon generally on the order of 100 eV or more [56,57], and the sudden change
of the atomic field induces a second electron emission in the opposite direction to the first electron as
shown in Fig. 1-7.
Månsson et al. [58] investigated the contribution of these mechanisms in the ionization of Xe
irradiated with high-order harmonics and NIR light pulses by a pump-probe photoelectron coincidence
measurement. When they changed the time delay between the harmonics and the NIR pulses, the
intensity of the peak assigned to the direct double ionization induced by one harmonic photon and one
NIR photon oscillated as shown in Fig. 1-8. Because the delay of the oscillation of the intensity of the
peak assigned to the direct double ionization to the oscillation of the intensity of the peak assigned to
the single ionization creating Xe+ (5p5) is closer to the one calculated for the shake-off mechanism
rather than the one calculated for the knockout mechanism, their result indicated that the shake-off
mechanism contributes more in this process although they emphasized the necessity of further
theoretical investigations.
The spin state of the electron pair emitted in the direct double ionization process has also been
investigated [56,57,59-63]. The electron correlation is indispensable in the direct double ionization
process, and it has been theoretically suggested that this electron correlation affects the spin state of
the emitted electron pair in the one-photon direct double ionization of atoms with one electron in the
outermost orbital: excited He (1s2s) [56,57,59,60], ground-state Li (1s22s) [61,62], and excited Be
(1s22s2p) [63]. All of these studies showed a preferred emission of two electrons forming the singlet
10
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Figure 1-8 Oscillations of the intensity of the peak assigned to the direct double ionization induced by
high-order harmonics and near-infrared pulses (black dots) and the intensity of the peak assigned to the
single ionization induced by high-order harmonics and near-infrared pulses (blue dots). The oscillation
of the peak assigned to the double ionization was shifted from the oscillation of the peak assigned to
the single ionization by 55 ± 61 as. The figure is adopted from ref. [56].

state. More details of these theoretical studies will be described in Chapter 2.
Although the preference of the singlet electron pair emission has not been experimentally
observed, the preference is expected to appear as the deviation of the population distribution of the
resultant doubly charged states from the statistical weight. For example, when the ions are created in
the 3P state and in the 1P state by a direct double ionization of an atom in the ground 1S state, the
population distribution is expected to be 3P : 1P = 3 : 1 according to the statistical weight [64]. However,
if the singlet electron pair emission is preferred, the fraction of the ions in the 1P state increases because
of the conservation of the total spin angular momentum. In other words, the spin state of the emitted
electron pair can be indirectly investigated by measuring the spin state of the created doubly charged
ions as long as the spin state of the initial state is known.
Double ionization also proceeds in two steps by absorbing more than one photon:
A + hn ® A + + e−
1,

A+ + hn ® A2+ + e−
2.

(1-7)
(1-8)

This process is called a sequential double ionization process. Different from the direct double
ionization process, there is no correlation between the emitted electrons in the sequential double
ionization process because they are emitted one-by-one. The emitted electrons in the sequential double
ionization of atom A described in Eqs. (1-7) and (1-8) are expected to have the fixed energies, E(e#$ )
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and E(e$
% ), calculated as follows:
E(e#$ ) = hn - E(A+),
2+
+
E(e$
% ) = hn - [E(A ) - E(A )],

(1-9)
(1-10)

where E(A+) and E(A2+) are the ionization potential of A+ and A2+ from the neutral ground state,
respectively. As a result, when a correlation map of the energies of the electrons emitted in this process
is plotted taking the energy of one electron E1 as the x-axis and taking the energy of the other electron
E2 as the y-axis, the correlation map is expected to show spots peaking at (E1, E2) = (E(e#$ ), E(e$
% ))
$
and (E(e$
% ), E(e# )).

However, a theoretical study showed that this is not true when the ionization is induced by the
light pulses with a several hundred attosecond pulse duration. Fig. 1-9 shows calculated correlation
maps of the energies of the electrons emitted in the sequential double ionization process of He. In Fig.
1-9, there are signals between the two spots assigned to the normal sequential double ionization
process, and their intensity increased as the pulse duration decreased from 450 as to 150 as [7]. This
increase could not be explained by the Fourier broadening of the spectrum of the pulse, therefore, this

Figure 1-9 Calculated correlation maps of the energies of the electrons emitted in the sequential double
ionization of He (a-c) and photoelectron spectra obtained by integrating the signals observed in (a-c)
in the direction of E1 axis (d-f). The duration of the pulses in ionization processes are 450 as (a,d), 225
as (b,e), and 150 as (c,f). The spots observed in (a-c) are assigned to the electron emission through
‘normal’ sequential double ionization process, where two electrons are not correlated. As the pulse
duration decreased, the anomalous component indicated by the arrow in (d) increased. The figure is
adopted from ref. [7].
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theoretical result suggests that the supposedly independent electrons in the sequential double
ionization are no longer independent when the pulse duration is on the order of several hundred
attoseconds [7,65-67].
In order to explain the emergence of the additional signals in the correlation maps, three types of
correlations in the sequential double ionization process were suggested [7,66]: (i) correlations induced
by the Coulomb repulsion between the electrons in the initial state of the atom, (ii) correlations induced
when the second electron is emitted while it is still influenced by the polarization of the ion induced
by the first electron emission, and (iii) correlations between the electrons both in the continuum.
Although Ishikawa et al. [7] concluded that the origin of the observed additional signal is mostly (ii)
and secondly (iii), Barna et al. [65] suggested that the contribution from (i) is more important. Since
high-order harmonics with several hundred attosecond pulse duration are now available, experimental
studies of sequential double ionization processes induced by very short attosecond pulses may emerge
sooner or later, and they are expected to provide useful information for understanding the mechanism
of the breakdown of the independent particle model in the sequential double ionization process.
Emission of an inner-shell or core electron can induce the Auger decay process. In the basic type
of Auger decay process, the created hole in the inner-shell or core orbital is filled by an electron relaxed
from another orbital, and another electron is emitted at the same time (Fig. 1-10 (a)) thanks to the
correlations among the electrons in the atom. The time evolution of the Auger decay process has been
investigated by a pump-probe measurement using attosecond high-order harmonics and few
femtosecond infrared light pulses. In the case of the Auger decay process of Kr, the lifetime of the
hole created in the 3d orbital was measured to be 7.9+1.0
−0.9 fs [68].

In addition to this basic type of Auger decay process, there are three types of relatively minor
Auger decay processes (Fig. 1-10) as reviewed in ref. [9]: (i) the double Auger decay process [69-71],
where two electrons are emitted after the hole is filled, (ii) the triple Auger decay process [69], where
three electrons are emitted after the hole is filled, and (iii) the collective Auger decay process [72],
where two holes are created and one electron is emitted while these holes are filled. These processes
are generally initiated by creating a hole in an atom by a high-energy photon from free electron lasers,
and they are identified by performing a multi-electron coincidence measurement.
Many of the investigations of the Auger decay processes of rare gas atoms have been performed
by using free electron lasers because the first electron needs to be emitted from a deep enough orbital
to induce the Auger decay process. For example, the Auger decay process does not occur when an
electron in the second outermost orbital of Ar is removed by the irradiation of a photon with the energy
of ~30 eV, and a radiative relaxation of an electron from the outermost orbital proceeds instead. This
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is because the energy released in the relaxation of the outermost electron is not enough to induce the
secondary electron emission. However, it has been suggested in 2011 that the Auger decay can proceed
when there is an additional laser field [10,11]. This process is called a laser-enabled Auger decay
(LEAD) process. In the LEAD process, the additional laser field compensates the energy deficiency
for the secondary electron emission. Because this process is sensitive to the position of the hole, it has
been theoretically suggested that the LEAD process can be applied to the observation of the ultrafast
charge migration process within a molecule [73]. However, the existence of the LEAD process has
been only indicated as the increase of the doubly charged ion yield. With photoelectron coincidence
spectroscopy, the existence of the LEAD process can be proven more directly, and more insights into
the LEAD process can be obtained. More details will be introduced in Chapter 3.

Figure 1-10 Schematic of Auger decay processes. (a) In the basic Auger decay process, one hole is
created and one electron is emitted when the hole is filled with an electron. In the other minor Auger
decay processes, (b) two electrons are emitted, (c) three electrons are emitted, and (d) one electron is
emitted while two holes are filled.
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1.5. Present Studies
As described in section 1.4, there are many types of photoionization processes, and high-order
harmonics are very useful in the investigation of these processes. Although the photoionization
processes have been investigated for a long time, there are still a number of phenomena related to the
photoionization processes which remain to be clarified. For example, it has been theoretically
suggested that the electron correlation induces a preferential emission of the singlet electron pair in
the direct double ionization process of a few-electron atom having one electron in the outermost orbital
[56,57,59-63], but the experimental observation of the preferential emission has not been realized
neither in the ionization of a few-electron atom nor in the ionization of a many-electron atom. The
preference of the singlet electron pair emission is expected to appear as the deviation of the population
distribution of the resultant doubly charged ions from the statistical weight, therefore, the spin state of
the emitted electron pair can be investigated by measuring the population distribution. Such a
measurement might also reveal other causes which affect the population distribution.
Coincidence measurement of the electrons emitted in the recently suggested LEAD process
[10,11] is expected to give us more information on the LEAD process. For example, the signals from
the LEAD process can be distinguished from those of the other ionization processes, and the existence
of this process can be proven more directly than from the ion yields. With this measurement, the
contribution of the LEAD process to the double ionization can also be investigated. It is important to
know the contribution of the LEAD process when we consider the application of this process to the
observation of the ultrafast charge migration process [73].
In this thesis, we experimentally investigated the population distribution of the doubly charged
ions created by the direct double ionization of excited rare gas atoms having one electron in the
outermost orbital, and we also tried to experimentally observe the LEAD process. In both of the
investigations, high-order harmonics generated by the loosely focusing configuration were used for
the ionization, and we performed photoelectron coincidence measurements.
The single attosecond pulses described in section 1.3 are expected to be useful for the
investigation of the breakdown of the independent particle model in the sequential double ionization
process and also for the investigation of the effect of the electronic behaviors in the early stage of the
chemical reactions, such as the ultrafast charge migration process, to the following reactions. In order
to perform experiments using single attosecond pulses in addition to experiments using attosecond
pulse trains, we are constructing an experimental setup for the pump-probe measurement with a hightemporal resolution.
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The overviews of the works performed in this thesis are provided below.

State selective two-photon double ionization of rare gas atoms
In order to clarify the causes which induce the deviation of the population distribution from the
statistical weights in direct double ionization processes, we prepared the excited rare gas atoms having
one electron in the outermost orbital by the irradiation of high-order harmonics, and the direct double
ionization of these atoms was induced by another harmonic photon. The excited rare gas atoms are
prepared in the autoionizing states, but the double photoionization of these atoms proceeded instead
of the autoionization process because the pulse duration of the harmonics was much shorter than the
lifetime of the autoionizing resonances. Coincidence photoelectron spectroscopy revealed that this
type of double ionization process selectively creates only one state of the doubly charged atom.
Although the deviation of the population distribution has been reported in threshold direct double
ionization processes of rare gas atoms in the neutral ground state [74] and in a sequential double
ionization process of Ar atom via an intermediate state [75-78], none of these processes showed this
kind of selectivity. We considered what are implied in the observed selectivity focusing on the electron
configuration and the spin state in this process. This work is described in Chapter 2.

Observation of laser-enabled Auger decay process by coincidence photoelectron spectroscopy
A preliminary experiment of the observation of the LEAD process was performed by irradiating Ar
atoms with high-order harmonics of near-infrared light pulses to remove an inner-valence electron and
with a delayed infrared light pulses to induce the LEAD process. We tried to extract the signals only
from the LEAD process in the correlation map of the energies of the coincidently detected electrons.
This work is described in Chapter 3.

Development of pump-probe experimental setup for observation of ultrafast phenomena with
high-temporal resolution
We are constructing a new experimental setup designed for the pump-probe measurement of ultrafast
phenomena with attosecond temporal accuracy. The setup consists of a high-order harmonic
generation part, optics for pump-probe measurements, a photoelectron spectrometer, and an extreme
ultraviolet spectrometer. Because the pump-probe measurements with high temporal resolution are
very sensitive to the unwanted mechanical vibrations introduced to the optics, chambers were designed
to suppress the vibrations. The design and the current status of the setup are described in Chapter 4.
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Chapter 2
State Selective Two-Photon Double Ionization of Rare
Gas Atoms

Simultaneous two-electron emission processes of Ar induced by high-order harmonics of near-infrared
femtosecond laser pulses were investigated by coincidence photoelectron spectroscopy. Two-photon
double ionization processes via the 3s3p6np (n ~ 25) intermediate resonances of Ar were observed,
which selectively created the 3s3p5 1P state of Ar2+. The similar double ionization processes were also
observed in Kr. The selective creation indicates that the core electron configuration of the doubly
ionized state tends to be the same as that of the intermediate state and that the emitted two electrons
tend to form the singlet state. Parts of this chapter is published in ref. [1].

2.1. Introduction
In one-photon single ionization processes of rare gas atoms, it has been known that the resultant
energetically allowed singly charged states are populated according to their statistical weight [2]:
When one outermost np electron is emitted, the population distribution of the resultant 2P1/2 and 2P3/2
levels is 2P1/2 : 2P3/2 = 1 : 2 (Fig. 2-1(a),1(b)). However, in the case of one-photon double ionization
processes (Fig. 2-1(c),1(d)), it has been reported that the population distribution can deviate from the
statistical weight of 1S0 : 1D2 : 3P2,1,0 = 1 : 5 : 9 [3-5], and the deviation has also been observed in a
multi-photon sequential double ionization process [6-8]. The origin of these deviations in the double
photoionization of atoms has been an attractive issue in recent decades [3-15].
In this section, previously reported deviations of the population distribution in double
photoionization processes and their mechanisms are introduced. Then I describe a possibility of the
deviation in another double photoionization process, and introduce our work.
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Figure 2-1 (a,c) Schematics of one-photon ionization processes and (b,d) energy distributions of
photoelectrons expected from their statistical weights. In the one-photon single ionization process of
rare gas atoms (a,b), np electron emission creates singly charged ion in the 2P1/2 and 2P3/2 levels, and
the population distribution is 2P1/2 : 2P3/2 = 1 : 2. In the one-photon double ionization process of rare
gas atoms (c,d), emission of two np electrons creates doubly charged ion in the 1S, 1D, and 3P states,
and the population distribution is 1S : 1D : 3P = 1 : 5 : 9. However, the population distribution in the
double ionization process does not necessarily follow the statistical weight. See the text for more detail.
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2.1.1. Previous Studies of Population Distribution in Double Ionization
2.1.1.1. Threshold Direct Double Ionization
In a threshold direct double ionization process, a simultaneous two-electron emission is induced
by one photon whose energy is close to the energy of the resultant doubly charged state from the
neutral ground state. It has been known that this process follows the extended Wannier’s law, and the
total angular momentum L, spin S, and parity p of the emitted electron pair tend to be all odd or all
even.
The extended Wannier’s law has been originally derived for the electron impact ionization of a
singly charged positive atom [16]. In 1970s, the cross section of the electron impact ionization was
actively investigated. Wannier showed that the Wannier ridge, where the two electrons leave the parent
ion to the opposite directions having the same kinetic energies (Fig. 2-2), is important in the threshold
electron impact ionization process. He derived that the cross section s of the ionization is written as

s µ E m,

(2-1)

where E is the excess photon energy, and m is 1.127 when the emitted electron pair is forming the 1Se
state [17]. Later on, it has been shown that the m value is 3.881 when the emitted electron pair is in
the 3S or 1Pe states [18]. This means that s is smaller for the emission of the electron pair in the 3S or
1 e

P states rather than the emission of the electron pair in the 1Se state. This smaller s is caused by the

existence of the nodes in the two-electron wave functions when they are in the 3S or 1Pe states [19].
Stauffer focused on the fact that s becomes smaller when the wave function of the emitted electron
pair has nodes, and showed that the two-electron wave function has no nodes at the Wannier ridge

Figure 2-2 Positions of an atom and emitted electrons at the Wannier ridge. In a threshold ionization
process, the electrons are emitted in the opposite directions having the same kinetic energies.
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when L, S, and p are all odd or all even [16]. Because the Wannier ridge is important in the threshold
electron impact ionization process, s is large when L, S, and p are all odd or all even. This propensity
is called the extended Wannier’s law.
It has been known that the electron impact ionization process is similar to the direct double
photoionization process when the dominant mechanism is the knockout mechanism, in which one
electron gains the photon energy and the electron knocks out another electron as it escapes from the
atom [10,12]. Because the knockout mechanism is dominant when the excess photon energy is small,
this mechanism is expected to be dominant in the threshold direct double ionization process, and the
process is expected to show a similar propensity to the one shown in the electron impact ionization
process.
The applicability of the extended Wannier’s law to the threshold direct double ionization process
has been theoretically investigated by Huetz et al. [20]. They described the positions of the electrons
by using angles q1, j1, q12, and YB. The definitions of the angles q1, j1 and q12 are depicted in Fig. 23, and YB is defined as the angle between the (O, e1, e2) and (O, e1, z) planes. Using these angles, they
derived the triple differential cross section,
d3 𝜎
=𝑔
d𝐸1 dΩ
𝑚𝑀𝑀

𝑖

𝐿

𝐿𝑖 𝑀𝑖 𝐿𝑀 𝑙𝑚 𝑎𝐿𝑆π 𝐸 𝑚𝐿𝑆𝜋 𝐵𝐿𝑀𝑆𝜋 𝜃12 , 𝜑1 , 𝜃1 , ΨB

2

𝐺 180° − 𝜃12 ,

(2-2)

where E1 is the energy of e1 in Fig. 2-3, and W is the collective solid angle relating to q1, j1, q12, and
YB. g is 1 when the photon is linearly polarized and 0.5 when the photon is unpolarized.

Figure 2-3 Definitions of angles q1, j1, and q12 for describing the positions of the electrons escaping
from the parent ion at the point of origin (O).
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𝐿𝑖 𝑀𝑖 𝐿𝑀 𝑙𝑚 is a vector coupling coefficient, aLSp is a constant defined for each state of the escaping
electron pair, E is the excess photon energy, and BLMSp is the angular factor of the two-electron wave
function for each state. mLSp is defined as

𝑚𝐿𝑆𝜋 = 0.5𝑛 − 0.75 − 0.25𝑞𝐿𝑆𝜋 ,

(2-3)

where n = 1.056 is the threshold exponent and qLSp is the number of nodes in the function BLMSp at q12
= 180°. The function G(180° - q12) is written as

𝐺 180° − 𝜃12 = exp −4 ln 2 180° − 𝜃12

2

𝜃0 𝐸 0.25

2

,

(2-4)

where q0 is proposed to be either 103 deg eV-0.25 [21] or 91 deg eV-0.25 [22,23] when the ion is doubly
charged. When we define a function Ii,j(E) as
𝐼𝑖,𝑗 𝐸 =

0

180°

cos𝑖 0.5𝜃12 sin𝑗 0.5𝜃12 𝐺 180° − 𝜃12 d𝜃12 ,

(2-5)

the energy-dependent double ionization cross section s(E) of each state of the emitted electron pair is
derived by integrating Eq. (2-2) as
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𝐼 𝐸 𝑎𝐿𝑆𝜋 2 𝐸 𝑛−1
3 3,1
32
𝐼1,3 𝐸 𝑎𝐿𝑆𝜋 2 𝐸 𝑛−0.5
3
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𝐼 𝐸 𝑎𝐿𝑆𝜋 2 𝐸 𝑛−1
3 3,5
128
𝐼 𝐸 𝑎𝐿𝑆𝜋 2 𝐸 𝑛−1.5
3 5,3

for 1𝑃 𝑜

for 3𝑃 𝑜

for 1𝐷𝑜

for 3𝐷𝑜

.

(2-6)

The calculated s(E) using Eqs. (2-6) are plotted in Fig. 2-4. q0 was set to be 91 deg eV-0.25 [22,23] in
the calculation. Assuming that the values of aLSp are similar among 3Po, 1Do, 1Po, and 3Do states, Fig.
2-4 indicates that the emission of the electron pair in the 3Po state is dominant. This means that the
extended Wannier’s law is also applicable to the threshold direct double ionization process, but the
law is more like a weak propensity rule than a strong selectivity rule because the emissions of the
electron pair which does not have all odd or all even L, S, and p are not negligibly small.
This propensity of the emitted electron pair induces the deviation of the population distribution
of the resultant doubly charged ions. The L, S, and p of the pair of electrons emitted in the creation of
doubly charged ion in each state is derived from the conservation rules of L, S, and p under the LS
scheme:
Lini + Lphoton = Lion + Le-e,

(2-7)

Sini + Sphoton = Sion + Se-e,

(2-8)

(−1)𝜋ini × (−1)𝜋photon = (−1)𝜋ion × (−1)𝜋e−e ,

(2-9)

where the subscripts, ini, photon, ion, and e-e mean the initial atom, absorbed photon, created doubly
charged ion, and the emitted electron pair, respectively. Because the rare gases are initially in the 1Se
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Figure 2-4 Calculated excess photon energy dependence of the cross section divided by the constant,
aLSp2. q0 was set to be 91 deg eV -0.25 [22,23]. The red, purple, yellow, and green curves correspond to
the emissions of the electron pairs in the 3Po, 1Do, 1Po, and 3Do states, respectively.

state and L, S, and (-1)p of a photon are 1, 0, and -1, respectively, the states of the emitted electrons
are derived as listed in Table 2-1.
Table 2-1

Derivation of states of emitted electron pair.

Atom, X

State of X2+

State of electron pair

He

1 e

1 o

Other rare gases

3 e

P

3 o 3

1

De

1 o 1

S

1 e

S

P

P , Do
P , D o, 1F o

1 o

P

As shown in Table 2-1, only in the creation of X2+ in the 3Pe state, the emitted electron pair is in the
3 o

P state, where L, S, and p are all odd. Therefore, the relative yield of X2+ in the 3Pe state becomes

larger than expected from the statistical weight according to the extended Wannier’s law.
The deviation of the population distribution of the doubly charged ions was experimentally
confirmed by Hall et al. [3]. They induced the one-photon threshold double ionization of rare gas
atoms by a synchrotron radiation source, and coincidently detected the emitted two electrons having
the energy close to zero. When they measured the photon-energy-dependence of the signal intensity,
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the creation of the 3Pe state of doubly charged ion was preferred in the double ionization of Ar, Kr, and
Xe as expected from the extended Wannier’s law (Fig. 2-5). For example in the case of Ar shown in
Fig. 2-5(a), the relative peak intensity was 3P : 1D : 1S » 110 : 17 : 1 although the relative intensity
expected from the statistical weight is 3P : 1D : 1S = 9 : 5 : 1.
It was also experimentally confirmed by Eland et al. that the extended Wannier’s law cannot be
applied when the excess photon energy is about 5 eV or more [5]. When they induced one-photon
double ionization of Xe, Kr, and Ar using a photon with energy up to 51 eV and measured the
distribution of the total energy of the emitted electrons, they found that the population distributions
are close to the statistical weight. Furthermore, when the contribution from the autoionization process
was taken into account, the yield of the 3P state of doubly charged ion was even smaller than expected
from the statistical weight in their study.

Figure 2-5 Photon energy dependence of the coincidence signal yields. (a) Ar, (b) Kr, and (c) Xe were
doubly ionized by one photon, and the emitted electrons having close-to-zero energies were detected.
The data are adopted from ref. [3].

2.1.1.2. Spin States of Simultaneously Emitted Electron Pairs
The population distribution of the created doubly ionized states is expected to deviate from the
statistical distribution also when there is a preference in the spin state of the electron pairs
simultaneously emitted in a one-photon direct double ionization process. The preference in the spin
state of the emitted electron pair has been theoretically investigated for the one-photon double
ionization of excited He (1s2s) [9-12], ground-state Li (1s22s) [13,14], and excited Be (1s22s2p) [15].
The investigations were performed by the R-matrix method [9,13], the convergent close-coupling
method [10,14], the time-dependent close-coupling method [11,13,14], the exterior complex scaling
method [15], and a method in which the knockout process was treated quasiclassically and the shake-
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off process was treated quantum mechanically [12]. These studies consistently showed that the emitted
electron pair tends to be in the singlet state. For example, in the double photoionization of the ground
state of Li, the cross section of the singlet electron pair emission was calculated to be 2.7 times larger
than that of the triplet electron pair emission at the excess energy of 5 eV when the statistical weight
factors are included [13] as shown in Fig. 2-6.
This tendency emerges qualitatively because the electrons having parallel spins cannot get closer
to each other according to Pauli’s exclusion principle, and the interaction between them are smaller
compared to the antiparallel electron pair [9,12]. Because the interaction between the parallel electrons
are smaller, the cross section of the triplet electron pair emission, which includes the parallel electron
pair emission, is smaller than that of the singlet electron pair emission.

Figure 2-6 Calculated excess energy dependences of the cross sections of singlet electron pair
emissions (above) and those of triplet electron pair emissions (bottom). Red dots and black dots
correspond to the ionizations of ground-state Li and excited He, respectively. The figure is adopted
from ref. [13].
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Although the preferred emission of the singlet electron pair in a one-photon double ionization
process has not been experimentally observed to the best of our knowledge, the preference has been
experimentally observed in the electron impact ionization processes of excited He [24,25] and alkalimetal atoms [26,27]. As mentioned in section 2.1.1.1, the electron impact ionization is similar to the
one-photon double ionization when the excess photon energy is small. In these works, the ionization
rate when the polarizations of the atoms and the electrons were antiparallel (N¯) and the one when
the polarizations were parallel (N) were measured. Then, the spin asymmetry A was calculated as
𝑁↑↓ − 𝑁↑↑
1
𝐴=
×
,
(2-10)
𝑃𝑒 𝑃𝑎 𝑁↑↓ + 𝑁↑↑

where Pe and Pa are the polarizations of the electron beam and the atomic beam, respectively. Because
the spin part of the two-electron wave function in the singlet state is written as
1
𝜙=
𝛼 1 𝛽 2 −𝛽 1 𝛼 2 ,
2

(2-11)

and the two-electron wave function in the triplet state is written with the combination of
𝜙𝑚𝑠=0 =
and

𝜙𝑚𝑠=+1 = 𝛼 1 𝛼 2 ,
1

2

𝛼 1 𝛽 2 +𝛽 1 𝛼 2 ,

𝜙𝑚𝑠=−1 = 𝛽 1 𝛽 2 ,

the ionization rates, N¯ and N, are written as

𝑁↑↓ ∝ 𝜎𝑠 + 𝜎𝑡

and

𝑁↑↑ ∝ 𝜎𝑡 + 𝜎𝑡 ,

(2-12)
(2-13)

(2-14)
(2-15)
(2-16)

where ss and st are the singlet and the triplet components of the total ionization cross section,
respectively. Therefore, Eq. (2-10) is rewritten as
𝜎 − 𝜎𝑡
𝐴= 𝑠
.
𝜎𝑠 + 3𝜎𝑡

(2-17)

Eq. (2-17) indicates that A = 1 for the pure singlet ionization, A = -1/3 for the pure triplet ionization,
and A = +1/3 when the singlet and the triplet ionization cross sections are the same i.e. ss = 3st. Figure
2-7 shows the incidence electron energy dependence of the asymmetry, and A is larger than +1/3 when
the incident energy is lower than ~15 eV for He and ~20 eV for Li, which means that the creation of
the singlet electron pair was preferred in these lower energy regions.
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Figure 2-7 Incident energy dependence of the asymmetry (AI) of the electron pair created in an electron
impact ionization. Black dots are the AI of excited He measured in [25], and white dots are the AI of Li
measured in [27]. Filled curve is the theoretically calculated AI of excited He, and the dashed curve is
the theoretically calculated AI of Li [42]. The figure is adopted from ref. [25].

2.1.1.3. Three-Photon Sequential Double Ionization
The deviation of the population distribution has been also reported in a three-photon sequential
double ionization process of Ar induced by an intense extreme ultraviolet free-electron laser [68,28,29]. This process takes three steps to form Ar2+ as shown in Fig. 2-8. In the first step, Ar is singly
ionized and Ar+ in the 3p5 2P1/2, 3/2 level is created:
Ar(3p6, 1S) + hn ® Ar+(3p5, 2P1/2, 3/2) + e-.

(2-18)

In the second step, Ar+ is resonantly excited to the 3p43d 2D3/2, 5/2 level of Ar+*:
Ar+(3p5, 2P1/2, 3/2) + hn ® Ar+*(3p43d, 2D3/2, 5/2),

(2-19)

and finally, the third photon singly ionizes Ar+*:
Ar+*(3p43d, 2D3/2, 5/2) + hn ® Ar2+(3p4, 3P or 1D or 1S) + e-.
Hikosaka et al. [6] reported that the population distribution of the created Ar

(2-20)
2+

states varied as

the photon energy changed from 21.0 to 21.4 eV as shown in Fig. 2-9. The mechanism of the variation
was explained as follows: The precursors of Ar2+ in the 3P and 1S states are Ar+* in the 2D 3/2, 5/2

30

Chapter 2
State Selective Two-Photon Double Ionization of Rare Gas Atoms

Figure 2-8 Schematic of the three-photon sequential double ionization process of Ar. Ar+ in the 3s23p5
2
P3/2,1/2 levels are resonantly ionized by the absorption of additional two photons via the intermediate
resonances of Ar+. It was found that the population distribution in the resultant 3s23p4 3P, 1D, and 1S
states of Ar2+ is significantly influenced by the choice of the intermediate resonance of Ar+. See the text
for more detail.

Figure 2-9 Photon energy dependence of the population distribution of Ar2+ created through the threephoton sequential double ionization. Depending on the photon energy, Ar+* in the 2P1/2,3/2 levels or
2
D3/2,5/2 levels are created. Because the precursor of Ar2+ in the 3P and 1S states are Ar +* in the 2D3/2, 5/2
levels, and the precursors of Ar2+ in the 1D state are Ar+* in the 2P1/2, 3/2 levels, the population
distribution of Ar2+ varies depending on the photon energy. The figure is adopted from ref. [43].
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levels, whereas the precursors of Ar2+ in the 1D state are Ar+* in the 2P1/2, 3/2 levels. Because the
resonance energies of the transitions 2P1/2 ® 2D3/2, 2P3/2 ® 2D5/2, 2P1/2 ® 2P3/2, and 2P1/2 ® 2P1/2 are
21.251, 21.367, 21.447, and 21.498 eV, the cross sections of the creation of Ar2+ in the 3P and 1S states
increase when the photon energy is around 21.31 eV, and that of the creation of Ar2+ in the 1D state
increases when the photon energy is around 21.47 eV.
Miyauchi et al. [7] also observed the variation of the population distribution when they changed
the photon energy from 21.4 to 24.6 eV, and they theoretically showed that the mixing ratio of the 3p4
core configuration of the intermediate Ar+* (3p43d) is an important factor in deciding the resultant
Ar2+ state.
The three-photon sequential double ionization of Ar has been also investigated by angle-resolved
photoelectron spectroscopy [8,28]. The experimentally observed angular distribution of the electrons
emitted in the double ionization process was reproduced by the theoretically calculated angular
distribution only when the resonant excitation to the 3p3n1l1n2l2 autoionizing state of Ar+ is considered,
which indicates that the third step of the ionization proceeds as:
Ar+*(3p43d, 2D3/2, 5/2) + hn ® Ar+**(3p3n1l1n2l2) ® Ar2+(3p4, 3P or 1D or 1S) + e-,

(2-21)

instead of Eq. (2-20).
Although there is no correlation between the emitted electrons in the three-photon sequential
double ionization process because the electrons are emitted one-by-one, these studies showed that the
electron configuration of the resonantly created intermediate state largely affects the population
distribution of the resultant doubly ionized states.

2.1.2. Purpose of This Study
As described in section 2.1.1, the deviations of the population distribution of the resultant doubly
ionized states from the statistical weight have been reported in simultaneous two-electron emission
processes and in a sequential double ionization process via an intermediate state (Fig. 2-10). However,
the population distribution has not been investigated in a simultaneous two-electron emission process
via an intermediate state. In such an ionization process, the correlation between the emitted electrons
might induce a deviation of the population distribution, and the distribution might also be affected by
the electron configuration of the intermediate state.
In the present study, we induced resonantly enhanced two-photon double photoionization
processes of Ar and Kr by using high-order harmonics of near-infrared laser pulses, and we
investigated the population distributions of Ar2+ and Kr2+. They were found to be largely deviated from
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Figure 2-10 (a) Simultaneous two-electron emission process, (b) sequential two-electron emission
process via an intermediate state, and (c) simultaneous two-electron emission process via an
intermediate state. The deviations of the population distribution of Ar2+ from the statistical weights
have been reported in (a) and (b), but there have been no reports on the population distribution in (c).

the statistical distributions, indeed, only one of the energetically allowed states was prepared
exclusively. On the basis of this finding, we examine the role of the intermediate resonant states of Ar
and Kr in determining the population distribution of the resultant Ar2+ and Kr2+.

2.2. Experimental Setup
The experimental setup consists of a high-order harmonic generation part, a harmonic order
selection part, a flat-field type extreme ultra-violet (EUV) spectrometer, and a magnetic-bottle type
photoelectron spectrometer. The schematic of the setup is shown in Fig. 2-11, and the detailed
descriptions of the setup are provided in the following sections.

2.2.1. High-Order Harmonic Generation
High-order harmonics were generated by focusing Ti:sapphire laser pulses (~10 mJ, ~40 fs, 1
kHz, 795 nm) by a quartz lens (f = 2 m) into a 15 mm-long gas cell with a hole (1.5 mm f) filled with
an Ar gas as shown in Fig. 2-12. The Ar gas was introduced into the gas cell through a pulsed valve
operated synchronously with the laser pulses.
The spectrum of the generated high-order harmonics was observed by a flat-field type EUV
spectrometer [30-32]. The harmonics entered the spectrometer through a narrow slit, and the
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Figure 2-11 Schematic of the experimental setup. The laser pulses are focused into a gas cell filled
with Ar gas to generate high-order harmonics. By moving in the movable Si mirror, the generated
harmonics are led to a flat-field type EUV spectrometer and the harmonics spectrum is observed. When
the movable Si mirror is moved out of the optical path, the orders of the harmonics are selected by Si
mirrors, an Al filter, and SiC/Mg multi-layered mirrors. The selected harmonics are focused on sample
gas by a SiC/Mg concave mirror. The energies of the emitted electrons are measured by a magneticbottle type photoelectron spectrometer.

harmonics were focused by a concave grating onto a multi-channel plate (MCP) detector with a
phosphor screen. The image on the phosphor screen was observed by a CCD camera (Andor
technology inc.). Because the reflection angle depends on the wavelength of the light pulses, the
harmonics are focused on a different position of the detector, therefore, the wavelength of each
harmonic can be confirmed from the focused position on the detector. One example of the observed
harmonic spectrum is shown in Fig. 2-13. It was confirmed from Fig. 2-13 that the high-order
harmonics up to the 29th were generated.
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Figure 2-12 (a) Schematic of the gas cell and (b) picture of the gas cell. The gas cell has a T-shaped
hole, and the gas is introduced into the hole as shown in (a). The infrared light pulses are focused into
the gas cell, and high-order harmonics are generated.

Figure 2-13 Harmonic spectrum observed by using the flat-field type EUV spectrometer. Generation
of up to the 29th harmonics were confirmed.

The total intensity of the generated harmonics was measured by a calibrated photodiode
(AXU100G, Opto Diode Co.), which was set in front of the EUV spectrometer, and the intensity was
~4 nJ/pulse. Because the intensity of the 23rd harmonic is ~25 % of the total harmonic intensity (Fig.
2-13), the intensity of the 23rd harmonic is ~1 nJ/pulse.
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2.2.2. Selection of Harmonics
The generated harmonics passed through two apertures of 6 mm and 3 mm diameters, which
block the outer part of the co-propagating fundamental laser beam having the divergence angle larger
than that of the harmonics. The harmonics were reflected by two Si mirrors at the Brewster’s angle of
the fundamental light pulses (~15º) in order to further reduce the intensity of the residual fundamental
light pulses. The intensities of the residual fundamental light pulses and the 9th and lower-order
harmonics became negligibly small after they passed through an Al filter whose thickness is 200 nm.
Fig. 2-14 shows the calculated transmittance of the Al filter [33]. The transmittance is smaller than
~10-6 for the fundamental light and the low-order harmonics in the wavelength range longer than 88
nm, while it is larger than 0.6 for the 13th and higher-order harmonics. The 23rd and 25th harmonics
were selected by using two SiC/Mg multi-layered mirrors (NTT-AT Co.), having the reflectivities of
3, 5, 49, 19, and 3 % at the incident angle of ~2º for the 19th, 21st, 23rd, 25th, and 27th harmonics,
respectively.

Figure 2-14 Transmittance of an Al filter with the thickness of 200 nm. With this filter, the intensities
of the 9th and lower-order harmonics are reduced. The data is from ref. [33].

2.2.3. Photoelectron

Spectroscopy

by

Magnetic-Bottle

Type

Photoelectron

Spectrometer
The selected harmonics propagated ~10 mm below the interaction region in a magnetic-bottle
type photoelectron spectrometer (FOM, Netherland) [34] as shown in Fig. 2-15, and were backfocused onto the interaction region by a SiC/Mg multi-layered concave mirror (f = 150 mm, NTT-AT
Co.) at the incident angle of ~2º. The total intensity of the harmonics at the interaction region was
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Figure 2-15 Schematic around the interaction region in the magnetic-bottle type photoelectron
spectrometer. The high-order harmonics are introduced ~10 mm below the interaction region and they
are focused by a SiC/Mg multi-layered concave mirror to the interaction region. The incident angle is
~2º. The tip of the needle is placed ~2 mm above the interaction region, and the gas sample is introduced
through the needle. The TOF axis is orthogonal to the sheet plane.

estimated to be in the range of 107-108 W/cm2 by taking into account the reflectivities of the mirrors
and the transmittance of the filter. The polarization direction of the harmonics was parallel to the timeof-flight (TOF) axis. A sample gas was continuously introduced through a needle whose inner diameter
is 70 µm f. The tip of the nozzle needle was placed ~2 mm above the interaction region, and the
focused harmonics crossed the sample atomic beam.
The photoelectrons emitted from the sample gas in the interaction region were introduced into
the TOF tube through an aperture (2 mm f). The magnetic fields of 1 T and 2 mT are appplied on the
interaction region and the drift tube, respectively, which creates a bottle-shaped magnetic field as
shown in Fig. 2-16. The electrons move helically in the magnetic field towards an MCP detector
(PHOTONIS) placed at the end of the drift tube. Because the relation between the initial angle (qi)
and the final angle (qf) of the electrons with respect to the TOF axis is written by using the magnetic
field at the interaction region (Bi) and the magnetic field in the drift region (Bf) as [34]
sin 𝜃𝑓
𝐵𝑓 1 2
=
,
sin 𝜃𝑖
𝐵𝑖

(2-22)

the electrons emitted with qi smaller than 90° has qf smaller than 2.56°. This means that even the
electrons emitted almost perpendicular to the TOF axis are parallelized in the magnetic field, and
therefore can reach the MCP detector. In other words, the magnetic-bottle type photoelectron
spectrometer shows a large electron collection angle of 2p steradians.
The signals were recorded by a data acquisition board (TDC8HP, RoentDek GmbH), and when
two electrons were detected for one shot of harmonics, they were regarded as simultaneously emitted
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Figure 2-16 Schematic of the magnetic fields created in the magnetic-bottle type photoelectron
spectrometer. Bi and Bf are the magnetic fields applied in the interaction region and the drift tube region,
respectively. The electrons emitted in the interaction region move helically towards the MCP detector.
The initial angle of the electron qi is reduced to the final angle qf, and the spectrometer shows a high
electron collection efficiency. The figure is adopted from ref. [34].

electrons. The signal count rate was kept below 0.3 counts/pulse in order to sufficiently reduce the
number of false coincidence events.
The energy axis of the recorded photoelectron spectra was calibrated by the photoelectron peaks
originating from the 5p electron emissions from Xe induced by the 9th to 13th harmonics and by the
21st to 25th harmonics, such that the energy difference between the 5s25p5 2P3/2 and 2P1/2 levels of Xe+
becomes close to 1.3064 eV [35]. The calibrated photoelectron spectrum of Xe is shown in Fig. 2-17.
The uncertainties in the calibrated electron kinetic energies were estimated to be ±4 %. The full widths
at half-maximum of these peaks in the photoelectron spectra were ~0.7 eV, which can be regarded as
the energy resolution of the recorded photoelectron spectra. From the photoelectron spectrum of Xe,
it was confirmed that up to the 27th harmonics were selected by the Si and SiC/Mg mirrors, and the
intensities of the 23rd and 25th harmonics became two orders of magnitude larger than those of the
rest of the harmonics when the Al filter was inserted. The photon energy of the ith harmonic (hni) was
estimated by calculating
hni = Ee(5p, i) + E(Xe+, 5s25p5),

(2-23)

where Ee(5p, i) is the observed energy of the 5p electron emitted in the single ionization induced by
the ith harmonic, and E(Xe+, 5s25p5) is the energy of the created Xe+ (5s25p5) from the neutral ground
state.
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Figure 2-17 Photoelectron spectra of Xe irradiated with high-order harmonics generated in Condition
1. See the text for the definition of Condition 1. The measurement was performed without inserting the
Al filter. (a) The time-of-flight of the emitted electrons were measured, and (b) the time-of-flight was
converted to photoelectron energy such that the energy difference between the photoelectron peaks
assigned to the creation of the 5s25p5 2P3/2 and 2P1/2 levels of Xe+ becomes close to 1.3064 eV [35]. The
peaks used for the calibration of the energy axis are indicated with green lines.

The photoelectron measurements of Ar were performed with the harmonics generated in two
different conditions using the same experimental setup. In one condition, the Ar gas pressure at the
harmonics-generation chamber was 2

10-2 Pa and the fundamental pulse energy was 10.3 mJ

(Condition 1), while in the other condition, the Ar gas pressure at the harmonics-generation chamber
was 6

10-2 Pa and the fundamental pulse energy was 11.3 mJ (Condition 2). In each condition, the

distance between the gratings in the pulse compressor was adjusted so that the total intensities of the
harmonics were maximized. The signals were accumulated for 3.3 hours in Condition 1 and for 8.3
hours in Condition 2. The coincidence photoelectron measurement of the double ionization of Kr was
performed using the harmonics generated in Condition 1, and the accumulation time was 0.5 hours.
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2.3. Results and Discussion

2.3.1. Relative Intensities of Harmonics
Figure 2-18 shows the observed photoelectron spectra of Ar. The 23rd and 25th harmonics
induced one-photon single ionization of Ar through which one 3p electron is emitted, and two peaks
originating from these processes were observed in the photoelectron spectra in the region between 18
and 25 eV in both cases when the harmonics were generated in Condition 1 (Fig. 2-18(c)) and in
Condition 2 (Fig. 2-18(d)). The spin-orbit splitting of the 3s23p5 2P3/2,1/2 levels was not resolved
because the energy separation of 0.18 eV [35] was smaller than the energy resolution (~0.7 eV) of the
measurements. The peak at 20.3 eV in Condition 1 (Fig. 2-18(c)) and the peak at 19.8 eV in Condition
2 (Fig. 2-18(d)) were assigned to the emission of a 3p electron induced by the 23rd harmonic, and the
peak at 23.3 eV in Condition 1 and the peak at 22.8 eV in Condition 2 were assigned to the emission

Figure 2-18 Photoelectron spectra of Ar observed (a,b) in the energy region of 0 to 30 eV and (c,d) in
the energy region of 18 to 25 eV. The lower energy peak in (c) and (d) are assigned to the 3p electron
emission induced by the 23rd harmonic, and the higher energy peak in (c) and (d) are assigned to the
3p electron emission induced by the 25th harmonic. The peaks observed around 15 eV in (a) and (b)
are the ringing signals of the peaks observed in (c) and (d). The photoelectron spectra in (c) and (d) are
adopted from ref. [1].
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of a 3p electron induced by the 25th harmonic. The peak energies in Condition 2 were smaller by ~0.5
eV than those in Condition 1 because the fundamental laser pulses were more positively chirped in
Condition 2 than in Condition 1, and consequently, the harmonics were red-shifted. Although the
photoelectron spectra in the energy region lower than 18 eV showed peaks assigned to the 3p electron
emissions induced by the 11th to 21st harmonics and the 3s electron emissions induced by the 19th to
25th harmonics (Figs. 2-18(a) and 18(b)), they were about two orders of magnitude less intense than
the peaks observed in Figs. 2-18(c) and 18(d).
The relative integrated intensity of the photoelectron peak associated with the creation of the
3s23p5 2P state of Ar+ by the 23rd harmonic to the corresponding peak produced by the 25th harmonic
was 1.1 in Condition 1 while it was 0.16 in Condition 2. Because the relative cross section of the 3p
electron emission induced by the 23rd harmonic to the 3p electron emission induced by the 25th
harmonic is ~1.8 [36] as shown in Fig. 2-19, the relative intensities of the 23rd harmonic to the 25th
harmonic were estimated to be 0.6 in Condition 1 and 0.09 in Condition 2.

Figure 2-19 Photon energy ( w) dependences of the cross sections ( s) of the single photoionization of
Ar in which Ar+ is created in the 2P1/2 level (left) and in the 2P3/2 level (right). The figures are adopted
from ref. [36].

2.3.2. Two-Photon Double Ionization Process
Correlation maps of the energies of the slower electrons (Eslow) and the faster electrons (Efast) are
plotted for Condition 1, in which the intensities of the 23rd and 25th harmonics are comparable (Fig.
2-20(a)), and for Condition 2, in which the intensity of the 25th harmonic dominates (Fig. 2-20(b)).
Fig. 2-20(a) exhibits two lines whose slope is -1.0, and Fig. 2-20(b) exhibits one line whose slope is
-1.0. These lines indicate that the excess photon energies for double ionizations are distributed
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Figure 2-20 (a,b) Correlation maps of the energies of the slower and faster electrons emitted from Ar
and (c,d) the distributions of the total energies of the coincidently detected faster and slower electrons.
(a) and (c) are obtained when Ar is irradiated with harmonics generated in Condition 1. (b) and (d) are
obtained when Ar is irradiated with harmonics generated in Condition 2. Coincidence signals were not
detected in (a) and (b) when the energies of the slower and faster electrons are close because the data
acquisition board could not separate the time-of-flight of these signals. The peaks observed in (c) and
(d) correspond to the lines with the slope of -1.0 observed in (a) and (b), respectively. The figure is
adopted from ref. [1].

between two emitted electrons, therefore the two electrons are emitted simultaneously. The excess
photon energies in these processes appear as the peaks in the distribution of the total kinetic energies
of the slower and faster electrons detected in coincidence (Figs. 20(c) and 20(d)). Figure 2-20(c) shows
that the excess photon energies are 4.48 and 7.42 eV in Condition 1, and Fig. 2-20(d) shows that the
excess photon energy was 6.94 eV in Condition 2.
The distributions of the total kinetic energies in Figs. 2-20(c) and 20(d) look very similar to the
photoelectron spectra in Figs. 2-18(c) and 18(d), respectively. The similarity indicates that the 23rd
harmonic contributes to the simultaneous two-electron emission process with the excess energy of
4.48 eV observed in Condition 1 (Process I), and the 25th harmonic contributes to the processes with
the excess energy of 7.42 eV in Condition 1 and 6.94 eV in Condition 2 (Process II). These processes
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are multi-photon processes because the double ionization threshold energy of Ar (43.39 eV [35]) is
higher than the photon energies of the 23rd and 25th harmonics. Because the energy difference
between the two peaks observed in Fig. 2-20(c) corresponded to the energy difference between the
23rd and 25th harmonics, the additional photon energy should be common in these processes. The
energy of the additional photon is expected to be in resonance with the energy of an excited state of
Ar because a multi-photon process can be realized only when there is resonance enhancement at the
weak intensities of the harmonics (107-108 W/cm2), which is four orders of magnitude weaker than the
intensities in the previous studies on the two-photon non-resonant double ionization processes of Ar
[37,38].
The sum of the energy of the additional photon in resonance with an excited state of Ar, Eres and
the photon energy of the high order harmonic is equal to the sum of the energy of the resultant state
of Ar2+, E(Ar2+) and the total kinetic energy of the two electrons E2e (= Eslow and Efast) ejected upon
the double ionization, that is,
Eres + hn (23rd) = E(Ar2+) + E2e(I)

(2-24)

holds for Process I, where hn (23th) denotes the photon energy of the 23rd harmonic, and
Eres + hn (25th) = E(Ar2+) + E2e(II)

(2-25)

holds for Process II, where hn (25th) denotes the photon energy of the 25th harmonic. It was found
that these two equations are fulfilled when Eres corresponds to the photon energy of the 19th harmonic
(29.2 eV in Condition 1 and 29.5 eV in Condition 2) with which Ar2+ is prepared either in the 3s3p5
1

P state or in the 3s23p33d 5D state of Ar2+ (Table 2-2).
Table 2-2
Ar2+ state
1

5

P (3s3p5)

D (3s23p33d)

Derivation of Eres for each double ionization process of Ar.

E(Ar2+) (eV)a

Condition

hn (eV)b

E2e (eV)

Eres (eV)c

61.25

1

36.1

4.48

29.6

39.1

7.42

29.6

2

38.6

6.94

29.6

1

36.1

4.48

29.7

39.1

7.42

29.7

38.6

6.94

29.7

61.35

2
a

Reference [35].
Energies derived from Fig. 2-18 assuming that the first ionization potential of Ar is 15.8 eV [35]. The photon
energies of 36.1 and 39.1 eV correspond respectively to the photon energies of the 23rd and 25th harmonics
generated in Condition 1, and the photon energy of 38.6 eV corresponds to the photon energy of the 25th
harmonic generated in Condition 2.
c
Derived from Eqs. (2-24) and (2-25).
b
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It was also found that the photon energy of the 19th harmonic coincides with the 3s3p6np (n ~
25) Rydberg states of Ar, which converge to the 3s3p6 2S1/2 level of Ar+ (29.24 eV) [35], therefore, the
19th harmonic can contribute to the ionization process even though its intensity is much weaker than
the intensities of the 23rd and 25th harmonics, and the two-photon process is realized.
The 3s3p6np Rydberg states of Ar are considered to be in the 1P states so that it is accessed from
the ground 1S state of Ar by one-photon absorption. The mixing with other configurations is known to
be negligible [39]. As for Ar2+, as long as the total spin angular momentum in the double ionization
process is conserved, the 5D state of Ar2+ could not be created. Therefore, as shown in Fig. 2-21, it is
highly probable that the double ionization is resonantly enhanced and proceeds as
Ar(3s23p6, 1S) + hn (19th) → Ar*(3s3p6np, 1P),
6

1

2+

5 1

(2-26)
-

Ar*(3s3p np, P) + hn (23rd or 25th) → Ar (3s3p , P) + 2e .

(2-27)

Although the total photon energies of 19th + 23rd and 19th + 25th harmonics are sufficiently high
for the creation of the other lower lying states of Ar2+ (See Fig. 2-21), no other lines with a slope of
-1.0 can be identified in the higher energy region of the correlation maps shown in Figs. 2-26(a) and
26(b) in Appendix. As explained in section 2.1, some deviations from the statistical population

Figure 2-21 Schematic of the two-photon double ionization process of Ar. The 19th harmonic excites
Ar to the Rydberg states, and the 23rd or 25th harmonic induces a simultaneous two electron emission
to create the 3s3p5 1P1 level of Ar2+. The energies from the ground state of Ar to the 3s23p4 3P2, 1D2, 1S0
levels and the 3s3p5 3P2, 1P1 levels of Ar2+ and the 3s3p6 2S1/2 level of Ar+ are shown in the unit of eV.
Part of the figure is adopted from ref. [1].
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distribution of the resultant electronic states of doubly charged atoms upon the double photoionization
have been reported before [3-8,20,28,29]. Unlike these reported processes, the observed process
showed the exclusive preparation of doubly charged atoms in only one single electronic state.

2.3.3. Anomalous Selectivity
In the ionization of the excited Ar (3s3p6np (n ~ 25)) to Ar2+ (3s3p5), one np and one of the 3p
electrons are emitted (Fig. 2-22). On the other hand, in the ionization of the excited Ar to Ar2+ (3s23p4),
one of the 3p electrons relaxes to the 3s orbital in addition to the emissions of the np and 3p electrons.
The selective creation of Ar2+ (3s3p5) suggests that the double ionization proceeds with the minimum
changes in the electron configuration from that of the resonance intermediate state. The changes in the
electron configuration in the single photoionization process is discussed by using Dyson norm [40],
which is defined as the overlap integral between the wave functions of the initial and singly ionized
states. It has been known that the Dyson norm becomes large when the core electron configuration is
kept during the ionization. Because the single ionization probability is proportional to the Dyson norm,

Figure 2-22 Electron configurations of the intermediate Ar* (3s3p6np) and Ar2+ (3s3p5 or 3s23p4). In
the creation of Ar2+ (3s3p5), one np and one of the 3p electrons are emitted. On the other hand, in the
creation of Ar2+ (3s23p4), one of the 3p electrons relaxes to the hole in the 3s orbital in addition to the
emission of the np and 3p electrons.
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the dominant ionization process has the minimum electron configuration changes. Our observation
indicates that this propensity of the minimum configuration change in single ionization processes can
also be applied to the double ionization from the 3s3p6np (n ~ 25) excited Ar.
Within the LS scheme, the total spin angular momentum of Ar is conserved through the double
ionization process as
Sint = Sion + Se-e,

(2-28)

where Sint, Sion, and Se-e are the spin angular momenta of the intermediate excited state, the doubly
ionized state, and the electron pair, respectively. Because both the intermediate excited Ar and the
created Ar2+ are in the singlet states, which means Sint = Sion = 0, the emitted electron pair should be in
the singlet state, that is, Se-e = 0.
The observed two-electron emissions are achieved by the one-photon excitation of the excited
Ar (3s3p6np), in which one electron is promoted to the outermost orbital (Fig. 2-23). One-photon
double ionizations of atoms having this type of configuration such as excited He (1s2s) [9-12], groundstate Li (1s22s) [13,14], and excited Be (1s22s2p) [15] have been theoretically studied as described in
section 2.1.1.2. In these studies, the cross section of the emission of a triplet electron pair is always

Figure 2-23 Electron configurations of the excited He (1s2s), ground-state Li (1s22s), excited Be
(1s22s2p), and excited Ar (3s3p6np). The spin states of the electron pairs emitted in the one-photon
double ionization of He*, Li, and Be* have been theoretically investigated, and all of these studies
showed a preference in the singlet electron pair emission. In our work, we experimentally observed a
selective emission of the singlet electron pair from Ar*.
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smaller than the cross section of the emission of a singlet electron pair, and this propensity for the
emission of the singlet pair was interpreted by the Pauli’s exclusion principle explaining the smaller
correlation between the electrons in a triplet pair. Our observation showed that the singlet electron pair
emission occurs exclusively in the one-photon double ionization of the excited Ar (3s3p6np). It seems
that the emitted electron pair tends to be in the singlet state in the one-photon double ionization of
atoms having the configuration in which one electron is in the outermost orbital (Fig. 2-23).

2.3.4. Double Ionization of Kr
In a similar manner introduced above for the double ionization of Ar, we investigated the double
ionization of Kr induced by the irradiation of the high-order harmonics of near-infrared laser pulses
generated in Condition 1. In Condition 1, the intensities of the 23rd and 25th harmonics were
comparable, and two lines exhibiting a slope of -1.0 are observed in the correlation map below 15 eV
as shown in Fig. 2-24(a). No other lines were observed in the higher energy region. The sum of the
energies of the simultaneously emitted electrons were 7.57 eV and 10.58 eV as seen in Fig. 2-24 (b),
which indicate that the excess energy is 7.57 eV when the 23rd harmonic contributes to the
simultaneous two-electron emission process (Process I’) and the excess energy is 10.58 eV when the
25th harmonic contributes to the emission process (Process II’).
From the energy conservation, in a similar manner as in the case of Ar,
Eres + hn (23rd) = E(Kr2+) + E2e(I’)

(2-29)

Eres + hn (25th) = E(Kr2+) + E2e(II’)

(2-30)

holds for Process I’, and

holds for Process II’. The photon energies, hn (23rd) and hn (25th), are those derived from the
photoelectron spectrum of Ar in Fig. 2-18(c). It was found that these two equations are approximately
fulfilled (i) when Eres corresponds to the photon energy of the 9th harmonic (14.1 eV in Condition 1)
and the 4s24p4 1S state of Kr2+ is prepared or (ii) when Eres corresponds to the photon energy of the
17th harmonic (26.6 eV in Condition 1) and the 4s4p5 1P state or the 4s24p34d 5D state of Kr2+ is
prepared (Table 2-3).
It is also found that (i) the photon energy of the 9th harmonic coincides with the 4s24p5nd (n ~
20) Rydberg states of Kr and (ii) the photon energy of the 17th harmonic coincides with the 4s4p6np
(n ~ 7) Rydberg states of Kr converging to the 4s4p6 2S1/2 state of Kr+ (27.5 eV) [35].
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Table 2-3
Kr2+ state
1

5

S (4s24p4)
2

3

D (4s 4p 4d)
1

5

P (4s4p )

Derivation of Eres for each double ionization process of Kr.
E(Kr2+) (eV)a

hn (eV)b

E2e (eV)

Eres (eV)c

42.46

36.1

7.57

13.9

39.1

10.58

13.9

36.1

7.57

27.0

39.1

10.58

27.0

36.1

7.57

27.4

39.1

10.58

27.4

55.54
55.95

a

Reference [35].
Energies derived from Fig. 2-18 assuming that the first ionization potential of Ar is 15.8 eV [35].
The photon energies of 36.1 and 39.1 eV correspond respectively to the photon energies of the
23rd and 25th harmonics generated in Condition 1.
c
Derived from Eqs. (2-29) and (2-30).
b

Figure 2-24 (a) Correlation map of the energies of the two electrons ejected from Kr and (b) the total
energy distribution of the correlated electrons. The spectrum was observed by the irradiation of the
harmonics generated in Condition 1. Similar to the correlation maps of the energies of the electrons
emitted in the two-photon double ionization of Ar, two diagonal-line shaped structures were observed
in (a). The figure is adopted from ref. [1].
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However, in the current experimental conditions, the intensity of the 9th harmonic at the
interaction point is estimated to be smaller than the intensity of the 17th harmonic by one order of
magnitude. Therefore, it is more probable that the resonance enhancement is achieved by the 17th
harmonic. In addition, as long as the LS scheme is assumed, the preparation of the 4s24p34d 5D state
of Kr2+ is less likely because of the conservation of the total spin angular momentum under the LS
scheme [41].
Therefore, as shown in Fig. 2-25, it is probable that the double ionization of Kr is resonantly
enhanced and proceeds as
Kr(4s24p6, 1S) + hn (17th) → Kr*(4s4p6np, 1P),
6

1

2+

5 1

(2-31)
-

Kr*(4s4p np, P) + hn (23rd or 25th) → Kr (4s4p , P) + 2e .

(2-32)

It should be noted that Eres = 27.4 eV, obtained from Eq. (2-29) or equivalently from Eq. (2-30),
is larger than the photon energy of the 17th harmonic (26.6 eV) by 0.8 eV. Therefore, the resonance is
considered to be achieved by the high-energy tail of the 17th harmonic, and the selective preparation
of the doubly charged atomic state is realized in Kr by the resonantly enhanced two-photon double
ionization in the same way as in Ar.

Figure 2-25 Two-photon double ionization process of Kr. The 17th harmonic excites Kr to the Rydberg
states, and the 23rd or 25th harmonic induces a simultaneous two electron emission to create the 4s4p5
1
P1 level of Kr2+. The energies from the ground state of Kr to the 4s24p4 3P2, 1D2, 1S0 levels and the
4s4p5 3P2, 1P1 levels of Kr2+ and the 4s4p6 2S1/2 level of Kr+ are shown in the unit of eV. Part of the
figure is adopted from ref. [1].
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2.4. Summary
The coincidence photoelectron measurements revealed the selective creation of the 3s3p5 1P state
of Ar2+ through a resonantly enhanced two-photon double ionization of Ar via the 3s3p6np (n ~ 25)
Rydberg states. In addition, a similar propensity was suggested in the two-photon double ionization of
Kr, in which the 4s4p5 1P state of Kr2+ was selectively prepared through a resonantly enhanced twophoton double ionization of Kr via the 4s4p6np (n ~ 15) Rydberg states. In the observed processes, it
was suggested that the core electron configuration did not change when the excited neutral Ar and Kr
are doubly ionized, and all the emitted electron pairs are in the singlet state. Our observation suggested
that the one-photon double ionization of an excited rare gas atom with the msmp6np electron
configuration shows a unique selectivity, and the process can be an attractive target for theoretical
studies of the electron correlations in a many electron system. If the mechanism of the observed
selectivity is clarified, it is expected that we can obtain useful insights into the control of resultant
ionic states in photo-ionization processes.

2.5. Appendix

2.5.1. Correlation Maps of Ar in Higher Energy Region
The correlation maps of the slower electrons whose energy Eslow is below 21 eV and the faster
electrons whose energy Efast is below 30 eV are plotted in Fig. 2-26. Figures 2-26(a) and 26(b) were
obtained in Condition 1 and Condition 2, respectively. Figure 2-26(a) exhibits vertical distributions at
Efast = 14.0, 15.7, 20.4 and 23.3 eV. The two vertical lines observed at 20.4 and 23.3 eV are assigned
to false coincidence events between a slower electron and a 3p electron emitted after the single
ionization by the 23rd and 25th harmonics. The two vertical lines at 14.0 and 15.7 eV are assigned to
the ringing signals appearing ~36 µs after the false coincidence signals. In a similar manner, in Fig. 226(b), the two vertical lines at 19.9 and 22.9 eV are the false coincidence signals, and the two vertical
lines at 13.8 and 15.6 eV are their ringing signals.
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Figure 2-26 Correlation maps of the energies of the electrons emitted from Ar irradiated with the highorder harmonics generated in (a) Condition 1 and (b) Condition 2. The figure is adopted from ref. [1].
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Chapter 3
Observation of Laser-Enabled Auger Decay Process by
Coincidence Photoelectron Spectroscopy

When an electron in the second outermost 3s orbital is emitted from Ar by photoionization, the Auger
decay process does not normally occur. However, it has been recently suggested that the Auger decay
proceeds when there is an additional laser field. This process is called a laser-enabled Auger decay
(LEAD). In this work, Ar was irradiated with near-infrared (NIR) light pulses and their high-order
harmonics, and photoelectron coincidence measurements were performed changing the time delay
between the NIR pulses and the harmonics. A secondary electron emission after the emission of the
3s electron was observed only when Ar was irradiated with the NIR pulses after the irradiation of the
harmonics. The observed process might be assigned to the LEAD process. Parts of this chapter is
published in ref. [1].

3.1. Introduction
After the emission of an inner-valence electron in an atom by the irradiation of extreme ultraviolet light pulses, various types of relaxation processes, such as the Auger decay, proceed on the
attosecond to femtosecond time scales. If we modify the energy of the secondary emitted electrons by
additional short pulsed near-infrared (NIR) laser pulses and observe the time-delay dependence of the
sideband peaks, the decay processes can be tracked in real-time [2]. However, this method could not
be applied to decay processes emitting no secondary electron.
When an ns electron is emitted from the second outermost orbital in rare gas atoms, the created
hole in the ns orbital is filled by an np electron from the outermost orbital (Fig. 3-1). Because the
released energy by this hole-filling process is not large enough for another np electron to overcome
the double ionization threshold energy, a radiative decay process instead of a secondary electron
emission process occurs on the nanosecond time scale, that is, the Auger decay process is energetically
forbidden. However, in recent studies [3,4], it was suggested from the time-delay dependence of Ar2+
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Figure 3-1 Schematic of the laser-enabled Auger decay process in rare gas atoms. An ns electron in the
second outermost orbital is emitted by the absorption of an extreme ultra-violet photon. The created
hole is filled by one of the np electrons in the outermost orbital, and another np electron is emitted by
gaining the energy released in the relaxation of the np electron and the energy from the additional laser
field. The secondary electron emission does not proceed when there is no additional laser field. The
figure is adopted from ref. [1].

yield that the forbidden Auger decay process becomes an allowed process when there is an additional
laser field. In these studies, Ar atoms were irradiated with high-order harmonics and the delayed
additional NIR light pulses, and the photons from the additional laser field compensated energy
deficiency for an np electron to be emitted as shown in Fig. 3-1. This process is called a laser-enabled
Auger decay (LEAD) process [3,4], and it is expected to occur on the femtosecond time scale.
By forcing a secondary electron emission in a decay process, the decay dynamics after the hole
creation by high-order harmonic pulses can be investigated. When a hole is created in a molecule, the
hole is expected to migrate within the molecule, and a theoretical study showed that the cross section
of the LEAD process is sensitively affected by the position of the hole [5], which means that the hole
migration process can be investigated by making use of the LEAD process. However, the direct
observation of the secondary electron emission through this process has not yet been reported for
atoms nor molecules. This is probably because the cross section of the ns electron emission is too
small and/or there are other competing double ionization processes. For example, the NIR assisted
shake-off process and the non-sequential double ionization process induced by the combination of
NIR light pulses and harmonics may bury the signal from the laser-enabled secondary electron
emission which occurs after the ns electron emission.
In the present study, we performed photoelectron coincidence measurements of Ar irradiated with
high-order harmonics and NIR light pulses, and tried to observe the signals purely from the LEAD
process. In the following subsections, the previous works on the LEAD process are introduced, and
experimental scheme of the observation of the signal purely from the LEAD process is described.
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3.1.1. Previous Studies on Laser-Enabled Auger Decay Process
3.1.1.1. First Suggestion of the Existence of Laser-Enabled Auger Decay Process
Ranitovic et al. [3] irradiated Ar atoms with high-order harmonics having the energies of around
42 eV together with time-delayed intense near-infrared (NIR) light pulses, and they recorded the timedelay dependence of the ion yields using a cold target recoil ion momentum spectrometer. Figure 32(a) shows the observed Ar2+ and Ar2+/Ar+ yields. The Ar2+/Ar+ yield was 0.3 % when the NIR pulses
came more than 50 fs before the harmonics, and the yield increased as the time delay decreased. The
yield took the maximum value of 4 % when the NIR pulses temporally overlapped with the harmonics,
and it decreased to 3 % when the NIR pulses came after the harmonics.
There are five possible double ionization processes which contribute to the creation of Ar2+ when
the NIR pulses and the harmonics temporally overlap or when the NIR pulses come after the harmonics
(Fig. 3-2(b)): (a) NIR assisted shake-off process, where the simultaneous absorption of the NIR pulses
and the harmonics induces one electron emission followed by the second emission of an electron

Figure 3-2 (a) Time-delay dependence of Ar2+ yield and Ar2+/Ar+ yield observed by Ranitovic et al. [3]
and (b) possible ionization pathways. The Ar2+/Ar+ yield increased when the harmonics and the infrared
(IR) pulses temporally overlapped. The LEAD process is expected to contribute to the observed
increase of the Ar2+/Ar + yield. See the text for more detail. The figure is adopted from ref. [3].
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having a low electron energy, (b) NIR assisted shake-up process, where the harmonics induce one
electron emission followed by an excitation of another electron, and the excited electron is emitted by
the absorption of the NIR pulses, (c) knockout ionization, where one electron absorbs the harmonics
and the NIR pulses, and the electron interacts with another electron while it leaves the parent ionic
core resulting in a simultaneous two electron emission, (d) double excitation of Ar induced by the
harmonics followed by double ionization induced by the NIR pulses, and (e) the laser-enabled Auger
decay process.
The maximum contribution of the processes (a), (b), and (c) to the Ar2+/Ar+ yield at the time
delay of zero is estimated by multiplying the 3s or 3p photoelectron yield having the energy above the
double ionization threshold (Pt) by the total shake-off and shake-up probability after the removal of
3s or 3p electron (Ps). Ranitovic et al. [3] obtained the energy distribution of the electrons emitted by
above-threshold ionization, dP(E)/dE, by solving the time-dependent Schrödinger integral equation
using the split-operator method, and Pt was calculated to be 30 % by integrating dP(E)/dE over the
region where E is larger than the double ionization threshold energy. They calculated Ps by using the
sudden approximation, and Ps was 4 % at the maximum. Therefore, the maximum contribution of the
processes (a), (b), and (c) to the observed Ar2+/Ar+ yield is 1.2 %. Because the observed Ar2+/Ar+ yield
was 4 % at the time delay of zero, this result indicates a significant contribution from the processes
(d) and/or (e).
The doubly excited state created by the irradiation of the harmonics in the process (d) autoionizes
on the femtosecond time scale, which reduces the Ar2+/Ar+ yield. This decrease of the yield is observed
when the NIR pulses come more than ~20 fs after the harmonics, which indicates the contribution of
the process (d). However, the exact calculation of the contribution from the process (d) is theoretically
difficult and Ranitovic et al. did not perform the calculation.
The contribution from the laser-enabled Auger decay process (e) was estimated by calculating
the laser-intensity dependent Auger decay rate [3,4]. The outline of their calculation is provided in the
following. The wave functions of the 3s3p6 2S state of Ar+, the resulting 3s23p4 1S or 1D state of Ar2+,
and the secondary emitted electron in the Auger decay are defined to be Yh(N - 1), Yc(N - 2), and ya,
respectively. Their corresponding Hamiltonians are Hh(N - 1), Hc(N - 2), and ha, respectively. ha(t) is
written as
ℎ𝑎 𝑡 = −

∇2
+ 𝑉𝑒𝑓𝑓 𝑟 − 𝑧𝐸 𝑡 ,
2

(3-1)

where Veff(r) is the model potential [6] of the atomic ions, and z is the electron coordinate parallel to
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the polarization direction of the NIR. When F(r) is written as

𝐹 𝒓 = Ψ𝑐 𝑁 − 2 𝑉𝑟𝑒𝑠 𝜏 Ψℎ 𝑁 − 1 ,

(3-2)

where Vres(t) = Hc(N - 2) + ha(t) – Hh(N - 1), the time evolution of the Auger electron wave function,

ya, can be written as

𝜓𝑎 𝒓, 𝑡 = −𝑖

𝑡

−∞

𝑒−𝑖

𝑡
𝜏 ℎ𝑎

𝑒

𝑡′ 𝑑𝑡′ −𝑖 𝐸ℎ −𝐸𝑐 𝜏

𝐹 𝒓 𝑑𝜏 ,

(3-3)

where Eh and Ec are the total energies of Yh(N - 1) and Yc(N - 2), respectively. Eq. (3-3) expresses
that the secondary electron is emitted at time t and the wave function propagates until time t in the
Hamiltonian of ha. By defining a radial function f(r) as
𝑓 𝑟 =

0

∞

𝑅3𝑠 𝑟1

𝑟<
𝑟2>

𝑅3𝑝 𝑟1 𝑅3𝑝 𝑟 𝑟21 𝑑𝑟1 ,

(3-4)

where r< and r> represents the smaller and larger one of the r and r1, respectively, and Rnl(r) is the
radial wave function. F(r) is rewritten by using f(r) and the spherical surface harmonics Ylm(!) as
𝐹 𝒓 =−

for the creation of the 1S state of Ar2+, and
𝐹 𝒓 =−

1

3

𝑓 𝑟 𝑌00 (𝒓),

2
𝑓 𝑟 𝑌2𝑀 (𝒓),
15

(3-5)

(3-6)

for the creation of the 1D state of Ar2+. Substituting Eq. (3-5) or (3-6) in Eq. (3-3), ya was numerically
calculated, and when a temporal window function " #$

%

&%

was added to the equation (3-3), '( at

temporal infinity is expressed in the form of
𝜓𝑎 𝒓, 𝑡 → ∞ =

𝐶(𝜀)𝜓𝜀 𝒓 𝑑𝜀,

(3-7)

where ') ! is the atomic continuum wave function without a laser field. Because the distribution
of the emitted electron energy dP(e)/de is the square of C(e) in Eq. (3-7), the LEAD rate (Ra) is
𝑅𝑎 =

2𝜋
𝑇

0

∞

𝐶 𝜀

2

𝑑𝜀.

(3-8)

The calculated result of the NIR-intensity dependence of Ra for Ar is shown in Fig. 3-3, which is
adopted from ref. [3].
The dashed black line in Fig. 3-3 indicates the rate of the radiative decay. Although the radiative
decay is dominant when the NIR laser intensity is less than 5 ´ 1012 W/cm2, the Auger decay rate
becomes comparable to the radiative decay rate when the NIR laser intensity is around 1013 W/cm2,
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Figure 3-3 IR laser intensity dependence of Auger decay rate when Ar2+ are created in the 1S state (red
line), 1D(M=0) state (green line), 1D(|M|=1) state (blue line), and 1D(|M|=2) state (pink line) calculated
by Ranitovic et al. [3]. The dashed black line indicates the radiative decay rate. The figure is adopted
from ref. [3].

and it becomes even larger as the intensity of the NIR pulses increases. Instead of calculating how
much the LEAD process contributes to the observed Ar2+/Ar+ yield ratio, Ranitovic et al. showed that
the LEAD process becomes comparable to the radiative decay process, which means that the LEAD
process should contribute to the creation of Ar2+.

3.1.1.2. Application of Laser-Enabled Auger Decay process
The LEAD process can also proceed when the additional energy necessary for the secondary
electron emission is given by the absorption of one extreme-ultraviolet (EUV) photon, not by multiple
NIR photons. This process is called a single-photon LEAD (sp-LEAD) process, whose existence has
been theoretically suggested [5].
In the sp-LEAD process, absorption of the second EUV photon induces the relaxation of an outervalence electron to the inner-valence hole and the emission of another outer-valence electron. In this
process, the situations of two electrons are changed by the absorption of one photon. This type of
change in the electron configuration cannot be described by one single-electron dipole operator, and
the configuration interaction must be taken into consideration. This makes the sp-LEAD process
different from the LEAD process induced by the multi-photon absorption, where the decay can be
described by more than one single-electron dipole operators. Because the cross section of the sp-
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LEAD process is expected to be strongly affected by the configuration mixing, the sp-LEAD process
might be useful for tracking a process in which the configuration mixing plays an important role.
One of such processes is the ultrafast hole migration process within a molecule [7], which occurs
on the sub-femtosecond to few-femtosecond time scales. Because the rearrangements of the nuclear
position occur on the several tens of femtosecond time scale, this process is solely induced by the
configuration mixing. Therefore, it might be possible to temporally track this process by measuring
the temporal evolution of the cross section of the sp-LEAD process.
The application of the sp-LEAD process to the observation of the hole migration process has
been theoretically simulated by Cooper and Averbukh [5]. They chose glycine as the target, and they
considered the situation where the electron is suddenly removed from the 11A' molecular orbital
resulting in the oscillation between the 11A'- and 12A'-ionized states. They calculated the temporal
evolution of the survival probability of the initial ionic state, which has a hole on a certain position of
the molecule. When the hole migrates away from the initial position, the survival probability decreases,
and when the hole comes back to the initial position, the survival probability increases. This means
that the survival probability reflects the position of the hole in the molecule. The temporal evolution
of the cross section of the sp-LEAD process was also calculated, and Fig. 3-4 shows that the temporal
modulation of the cross section of the sp-LEAD is synchronized with the oscillation of the survival
probability, in other words, the oscillation of the hole position. This result indicates that the ultrafast

Figure 3-4 (a) Temporal evolutions of the survival probability and (b) the cross section of the sp-LEAD
process in glycine induced by the sudden removal of an electron from the 11A' molecular orbital. The
figure is adopted from ref. [5].
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hole migration process can be tracked by measuring the time-delay dependence of the signals
generated as a result of the sp-LEAD process, such as the yield of the doubly charged ions or the yield
of the secondary emitted electrons.

3.1.2. Purpose and the Experimental Scheme in This Work
In this work, we tried to observe the LEAD process of Ar by coincidence photoelectron
spectroscopy. Ar has six electrons in the outermost 3p orbital and two electrons in the second
outermost 3s orbital. The first step of the LEAD process, in which one of the 3s electrons is removed,
can be induced by around 23rd harmonics, and the emitted 3s electron has the energy E1st described
as
E1st = hnHH – E(Ar+, 3s3p6),

(3-9)

where hnHH is the photon energy of the harmonic, and E(Ar+, 3s3p6) = 29.2 eV [8] is the energy of the
created 3s3p6 2S state of Ar+ from the ground state of Ar (Fig. 3-5). When one of the 3p electrons
relaxes to fill the 3s hole in the 3s3p6 2S state of Ar+, energy a is released, and another one of the 3p
electrons is emitted by gaining the released energy a and the energy of the NIR photons hnNIR. The
energy of the electron emitted in this process E2nd is written as (Fig. 3-5)

Figure 3-5 Schematic of the LEAD process in Ar. When Ar absorbs an extreme-ultraviolet photon, the
3s3p6 2S state of Ar+ is created emitting an electron having the energy which corresponds to the energy
difference between the absorbed photon and the energy of the created Ar+. When Ar+ absorbs multiple
NIR photons, the 3s23p4 1S and 1D states of Ar2+ are created emitting an electron. This energy
corresponds to the energy difference between the resultant Ar2+ and the sum of the total energy of the
absorbed NIR photons and the energy of Ar+ in the 3s3p6 2S state from the neutral ground state.
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E2nd = n ´ hnNIR + a – (E(Ar2+, 3s23p4) – E(Ar+, 3s23p5)),
2+

2

(3-10)

4

where n is the number of absorbed NIR photons, E(Ar , 3s 3p ) is the energy of the created Ar2+
(3s23p4), E(Ar+, 3s23p5) is the energy of the intermediate Ar+ (3s23p5). Because a is the energy
difference between Ar+ (3s3p6) and Ar+ (3s23p5), Eq. (3-10) is rewritten as
E2nd = n ´ hnNIR – (E(Ar2+, 3s23p4) – E(Ar+, 3s3p6)),
2+

2

4

+

6

(3-11)
1

1

where E(Ar , 3s 3p ) – E(Ar , 3s3p ) = 15.89 eV and 18.27 eV when the D and the S states are
created, respectively. Because hnNIR = 1.56 eV when the wavelength of the NIR pulse is 795 nm, n
should be larger than ten in order to induce the LEAD process.
As described in section 3.1.1.1, when Ar is irradiated with high-order harmonics and NIR pulses,
(a) NIR assisted shake-off process, (b) NIR assisted shake-up process, (c) knockout ionization, and
(d) double excitation of Ar by the harmonics followed by double ionization by the NIR pulses are
expected to occur in addition to the LEAD process. The LEAD process can be distinguished from the
processes (a)-(d) by a pump-probe photoelectron coincidence spectroscopy as follows: Because the
process (a) is induced when the harmonics and the NIR pulses are temporally overlapped, the
contribution of (a) to the double ionization of Ar is eliminated when the NIR pulses comes after the
harmonics although the LEAD process still occurs. The process (b) is induced when Ar is
simultaneously irradiated with the harmonics and the NIR pulses or when the NIR pulses comes after
the harmonics. This means that the photoelectron signals from the process (b) might overlap with the
signals from the LEAD process when the energy of the electron emitted in the shake-up process
coincides with E1st in the LEAD process. This can occur when the 3s23p43d 4D state of Ar+* is created
in the shake-up process induced by the Nth harmonic for the following reason: The energy of the
emitted 3p electron E3p in the creation of the 3s23p43d 4D state of Ar+* is
E3p = hnHH, N – E(Ar+*, 3s23p43d, 4D),

(3-12)
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where hnHH, N is the photon energy of the Nth harmonic. E3p is close to E1st when the 3s3p D state of
Ar+ is created by the (N-2)th harmonic in the LEAD process written as
E1st = hnHH, N-2 – E(Ar+, 3s3p6, 2D)
+

2

4

(3-13)
4

+

6 2

because the energy difference of 2.95 eV between E(Ar *, 3s 3p 3d, D) and E(Ar , 3s3p , D) is close
to the energy difference of ~3.1 eV between hnHH, N and hnHH, N-2. However, the conservation rule of
the total spin angular momentum forbids the creation of the 3s23p43d 4D state of Ar+ from the 1S
ground state of Ar, therefore, it is expected that there are no coincidence signals from the process (b)
which overlaps with the coincidence signals from the LEAD process. In the processes (c) and (d), two
electrons are simultaneously emitted, and these processes appear as lines with a slope of -1.0 in the
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correlation map of the energies of the emitted electrons, whereas the signal from the LEAD process is
expected to appear as a spot in the correlation map. This means that the signals from the processes (c)
and (d) can be distinguished from the LEAD process by the shape of the signals in the correlation map.
Therefore, it is possible to distinguish the coincidence signals of the LEAD process from the signals
assigned to the other double ionization processes as long as the NIR pulses do not temporally overlap
with the harmonics.

3.2. Experimental Setup
Figure 3-6 shows the schematic of the experimental setup. The setup is almost the same as the
one used in Chapter 2, but in this experiment, the Ti:sapphire laser pulses (1 kHz, ~9 mJ, ~40 fs, ~795
nm) were split into two by a beam splitter with 95 % transmittance, in order to use the 95 % of the
beam for the generation of the high-order harmonics and the 5 % of the beam as the additional NIR
laser field.
The transmitted 95 % of the beam was focused by a plano-convex lens (f = 2 m) into a 15 mmlong gas cell filled with an Ar gaseous medium in order to generate high-order harmonics. The
generated harmonics were reflected by two Si mirrors at the Brewster’s angle of the fundamental light
pulses, and led through an Al filter (200 nm thickness) so that the intensities of the lower order
harmonics and the fundamental light pulses become negligibly small. The harmonics were then
reflected by two SiC/Mg multi-layered mirrors which have the highest reflectivity (~50 %) at around
36 eV, and mainly the 21st, 23rd, and 25th harmonics were selected.
The size of the reflected 5 % NIR pulses were reduced ~3.6 times from the original size by using
two lenses (f = 2.5 and 0.7 m) in order not to cut the outer part of the beam by a holed mirror in the
downstream. The intensity of the beam was reduced by neutral density filters so that the multi-photon
ionization process induced by only the NIR pulses becomes not dominant. The NIR pulses were
reflected by a retroreflector on an x-axis stage (TSDS-401S, Sigmakoki) and a piezo linear stage (P621.1CD, PI), and the pulses were combined with the harmonics by using a mirror with a hole (2mm

f) in the center. The time delay of the NIR pulses to the harmonics was varied by using the piezo
linear stage.
The harmonics and the NIR light pulses were back-focused on an Ar gas sample at the interaction
region in a magnetic-bottle type photoelectron spectrometer (FOM, Netherland) [9], using a SiC/Mg
multi-layered plano-concave mirror (f = 150 mm). The emitted electrons were detected by a
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Figure 3-6 Schematic of the experimental setup. The 95 % of the laser pulses were used for the
generation of the high-order harmonics, and the 5 % of the laser pulses were led to the delay line. The
harmonics and the delayed NIR pulses were recombined with a holed mirror. The combined beam was
focused on the sample gas, and the energies of the emitted electrons were measured by a magneticbottle type photoelectron spectrometer.

microchannel plate detector (PHOTONIS) and processed by a data acquisition board (TDC8HP,
RoentDek) in order to extract the coincidently detected two electrons in each laser shot, and then, the
correlation maps of the kinetic energies of the emitted electrons were constructed.
The measurement was performed while alternately changing the time delay between −200 fs
(NIR pulses before harmonics) and +50 fs (NIR pulses after harmonics) every 3 seconds. The total
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accumulation time was 365 minutes. Each photoelectron signal was recorded with the information of
the time delay, and the obtained signals were sorted into data sets for −200 fs and +50 fs after the
measurement.

3.3. Results and Discussions
Figure 3-7 shows the photoelectron spectrum of Ar irradiated only with the NIR pulses. The
observed peaks are assigned to the emissions of 3p electrons by multi-photon single ionization
processes. The number of NIR photons absorbed and the total photon energies derived from the
observed photoelectron peaks are shown in Table 3-1. With the intensity of the NIR pulses used in the
measurement of Fig. 3-7, false coincidence signals did not appear in the correlation map of the energies
of the faster and slower electrons. Therefore, the pump-probe experiments were performed without
changing the intensity of the NIR pulses from the one used in the observation of Fig. 3-7.

Figure 3-7 Photoelectron spectrum of Ar irradiated with only the NIR pulses. The observed peaks are
assigned to the above threshold ionization induced by ten to thirteen photons.

Table 3-1

Number of absorbed NIR photons and total photon energy.

Number of NIR photons

Total photon energy* (eV)

10

16.15(1)

11

17.40(5)

12

19.1(1)

13

20.5(2)

*

Calculated assuming that the first ionization potential of Ar is 15.8 eV [8].
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Figure 3-8 shows the energy distribution of the faster electrons observed when the time delays
are −200 fs (NIR pulses come 200 fs before the harmonics) and +50 fs (NIR pulses come 50 fs after
the harmonics) in the energy region from 0 to 11.5 eV. The photoelectron spectrum at +50 fs was
similar to the one at −200 fs. The observed peaks are assigned to the 3p electron emissions induced
by the 11th to 17th harmonics and the 3s electron emissions induced by the 21st to 25th harmonics.
The 3s electron emission is the first step of the LEAD process, and the second electron emitted in the
LEAD process is expected to be detected in coincidence with the 3s electrons observed in Fig. 3-8.
The correlation maps of the faster and slower electrons for the time delays of −200 fs and +50 fs
are shown in Figs. 3-9(a) and 9(b), respectively, along with the energy distribution of the faster
electrons (Fig. 3-9(c)). Both in the cases when the time delays are −200 fs and +50 fs, two diagonalline shaped structures are observed. These are assigned to the selective creations of the 3s3p5 1P state
of Ar2+ through the simultaneous two-electron emission processes induced by 19th + 23rd harmonics
and 19th + 25th harmonics via an intermediate state [10], and these signals do not depend on the
presence of the NIR field.

Figure 3-8 Distribution of the energy of the faster electron observed when Ar is irradiated with the NIR
pulses before the harmonics (black) and when Ar is irradiated with the NIR pulses after the harmonics
(red). The observed peaks are assigned to the 3p electron emissions induced by the 11th to 17th
harmonics and the 3s electron emissions induced by the 21st to 25th harmonics.
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In order to extract the signals from the secondary electron emission processes after the 3s electron
emissions by the 21st, 23rd, and 25th harmonics, the coincidence electron signals with the faster
electron kinetic energy of 3.4 to 4.1, 6.4 to 7.1, and 9.2 to 10.2 eV in Figs. 3-9(a) and 9(b) were picked
out, and the kinetic energy distributions of the slower electrons for both time delays were plotted in
Fig. 3-10. Although the energy distributions at −200 fs and +50 fs are similar when the faster electron
is the 3s electron emitted by the 21st or 25th harmonics (Figs. 3-10(a), 10(b), 10(e), and 10(f)), when

Figure 3-9 Correlation maps of the energies of the slower and faster electrons when the time delay is
(a) -200 fs and (b) +50 fs along with (c) the energy distribution of the faster electrons. The white boxes
in (a) and (b) indicate the areas where the faster electrons are the 3s electrons emitted by the absorption
of the 23rd harmonic. The figure is adopted from ref. [1].
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Figure 3-10 Energy distributions of the slower electrons detected in coincidence with 3s electrons
emitted by (a,b) the 21st, (c,d) the 23rd, and (e,f) the 25th harmonics. (a), (c), and (e) are observed
when the time delay is -200 fs, and (b), (d), and (f) are observed when the time delay is +50 fs. (c) and
(d) are adopted from ref. [1].

the faster electron is the 3s electron emitted by the 23rd harmonic, a peak appeared at 3.5 ± 0.1 eV in
the kinetic energy distributions of the slower electron at the time delay of +50 fs (Fig. 3-10(d)), while
not at the time delay of -200 fs (Fig. 3-10(c)).
In order to confirm that the peak at 3.5 eV observed in Fig. 3-10(d) is not a noise accidentally
detected in the middle of the measurement, the accumulated signals were separated into the signals
observed in the first half of the accumulation time and the signals observed in the last half of the
accumulation time. As shown in Fig. 3-11, both of the spectra observed in the first half and in the last
half of the accumulation time showed a peak at 3.5 eV when the time delay is +50 fs. This means that
the observed peak at 3.5 eV is not a noise, and the peak is assigned to the secondary electron emission
after the 3s electron emission by the 23rd harmonic, which was enabled by the presence of the NIR
pulses.
Table 3-2 shows the expected energies of the secondary electrons emitted in the creation of Ar2+
(3s23p4) from Ar+ (3s3p6) with the assist of the absorption of NIR photons, which are derived by using
the observed total NIR photon energies listed in Table 3-1. The observed peak energy of 3.5 eV is
close to the expected energy of the secondary electron emitted in the ionization of Ar+ (3s3p6) to the
3s23p4 1D state of Ar2+ with the assist of twelve NIR photons (Fig. 3-12, Table 3-2). In this process,
one of the 3p electrons relaxes to the 3s orbital, and another 3p electron is emitted, therefore, there is
a possibility that the observed signals are from the LEAD process.
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Figure 3-11 Energy distribution of the slower electrons detected in coincidence with the 3s electrons
emitted by the 23rd harmonic. (a) and (b) are observed in the first half of the accumulation time, and
(c) and (d) are observed in the last half of the accumulation time. (a) and (c) are observed when the
time delay is -200 fs, and (b) and (d) are observed when the time delay is +50 fs.

Table 3-2 Expected secondary electron energies in the creation of Ar2+ (3s23p4) from Ar+ (3s3p6).*
Number of
NIR photons

Ar2+ (3s23p4) states
1

D

1

S

10

0.260(1)

-

11

1.51(5)

-

12

3.2(1)

0.8(1)

13

4.6(2)

2.2(2)

*The energies are in the unit of eV.

Table 3-2 also shows the other expected secondary electron energies in the NIR assisted ionization
processes creating the 3s23p4 1D and 1S states of Ar2+ from Ar+ (3s3p6). The creation of the 3s23p4 3P
state of Ar2+ is not expected considering the conservation of the angular momentum and parity [3,4].
When the 3s electron is emitted by the 23rd harmonic, the secondary electrons emitted in the creation
processes of Ar2+ in the 1D state by ten and eleven NIR photons and the secondary electrons emitted
in the creation process of Ar2+ in the 1S state by twelve NIR photons may be overlapped with the
diagonal-line shaped structure from the two-photon direct double ionization process observed in Fig.
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Figure 3-12 Schematic of the secondary electron emission process in the LEAD process. The 3s23p4
1
D state of Ar2+ is created by the absorption of more than ten NIR photons, and the 3s23p4 1S state of
Ar2+ is created by the absorption of more than twelve NIR photons. The figure is adopted from ref. [1].

3-9(b). The creation of Ar2+ (3s23p4) from Ar+ (3s3p6) with the absorption of thirteen or more NIR
photons may not be observed because the intensity of the NIR pulses was not high enough to induce
these processes.
When the 3s electron is emitted by the 21st harmonic, the secondary electrons with the energies
listed in Table 3-2 were not resolved because the signals overlapped with the diagonal-line shaped
structure. The reason why the secondary electrons listed in Table 3-2 were not observed when 3s
electron is emitted by the 25th harmonic might be because the intensity of the 25th harmonic was not
intense, and the number of emitted 3s electrons was so small that not enough number of coincidence
signals from the LEAD process were accumulated.
The difference between the observed secondary electron energy of 3.5 eV and the expected
electron energy of 3.2 eV for the LEAD process creating the 3s23p4 1D state of Ar2+ may attribute to
the broadening of the NIR photon energy distribution and/or the screening effect induced by the firstly
emitted electron, which could reduce the energy defect and increase the energy of the secondary
emitted electron [4].
The screening effect in the LEAD process of Ar has been theoretically suggested by Tong et al.
[4]. When the secondary electron emission is induced while the firstly emitted electron still exists
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close to the parent ion, the energy defect becomes smaller than when the first electron is far from the
parent ion, which increases the LEAD rate and the energy of the secondary emitted electron. This is
called the screening effect. They used a Debye screening potential in the calculation of the energy
defect by the density functional theory with self-interaction-correction method. The Debye screening
potential is defined as
𝑉 𝑟 =−

𝑍 −𝑟 𝜆𝑑
𝑒
,
𝑟

(3-14)

where Z is the atomic number and ld is the Debye length defined as
𝜆𝑑 =

3𝑣5 𝑡3
,
2

(3-15)

where v is the velocity of the firstly emitted electron and t is the time after the first electron emission.
The calculated ld dependence of the energy defect is shown in Table 3-3.
Table 3-3

ld dependence of energy defect in the LEAD process of Ar.

ld (a.u.)

Energy defect* (eV)

Reduced defect (eV)

(without screening)

14.1

-

500

13.2

0.9

200

11.8

2.3

100

9.4

4.7

*

Data adopted from ref. [4].

When the energy of the firstly emitted electron is 6.8 eV, t is calculated to be 2.37, 1.29, and 0.81 fs
when ld is 500, 200, and 100 a.u., respectively. Because t in our measurement is +50 fs, the reduced
defect is expected to be smaller than 0.9 eV from Table 3-3, which is consistent with the observed
secondary emitted electron energy of 0.3 eV.
Although the accumulation time was not long, the experimental result suggested the observation
of the LEAD process induced by the 23rd harmonic and twelve NIR photons.

3.4. Conclusion
When Ar atoms were irradiated with NIR light pulses after the high-order harmonics, secondary
electron emission after the 3s electron emission was observed in the photoelectron coincidence
spectrum. From the observed electron energies, it was suggested that the observed process might be
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assigned to the LEAD process induced by the 23rd harmonic and twelve NIR photons. In order to
confirm whether the observed process is the LEAD process, the photoelectron coincidence
measurements will be performed with a longer accumulation time, and the time delay will be scanned
to temporally follow the process.
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Development of Pump-Probe Experimental Setup for
Observation of Ultrafast Phenomena with HighTemporal Resolution
A new experimental setup for pump-probe measurements using high-order harmonics and nearinfrared (NIR) light pulses was designed and it is now under construction. With this setup, high-order
harmonics will be generated as attosecond pulse trains or single attosecond pulses, and various types
of phenomena, such as the laser-enabled Auger decay process in an atom and a charge migration
process in a molecule, can be investigated. In order to achieve a high temporal resolution in pumpprobe measurements, the beam path was made shorter than the former setup, and the chambers were
designed such that the mechanical vibrations are isolated from the optics. With the current setup, highorder harmonics were generated as attosecond pulse trains, and the harmonic spectrum was observed
by a flat-field type extreme ultra-violet spectrometer. Pump-probe measurements of Ar irradiated with
high-order harmonics and NIR light pulses were also performed.

4.1. Introduction
Pump-probe measurements enable us to perform a real-time tracking of chemical reactions which
occur on the sub-picosecond timescale [1]. In these measurements, the pump pulse triggers the
chemical reaction, and the probe pulse is introduced with a certain time delay to induce another
reaction such as photoionization or photoabsorption. By measuring the time-delay dependence of the
signals from the process induced by the probe pulse, the chemical reaction induced by the pump pulse
is tracked in real time. The pulse durations of the pump and probe pulses need to be shorter than the
time scale of the target chemical reaction, therefore, high-order harmonics having attosecond pulse
duration are ideal for the investigation of ultrafast processes which take place on the femtosecond to
attosecond time scales.
High-order harmonics are generated either as attosecond pulse trains [2] or single attosecond
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pulses [3]. When the harmonics are generated as attosecond pulse trains, several attosecond pulses
having discrete energies are generated from each fundamental laser pulse. Attosecond pulse trains are
useful for example when the target process has several competing processes and it is necessary to
distinguish one process from the others by the energy of the emitted electrons. The laser-enabled Auger
decay (LEAD) process [4,5] is one of such processes, which is described in Chapter 3. Several
competing ionization processes are induced in addition to the LEAD process, and the LEAD process
can be distinguished from the other processes by measuring the energies of the electrons emitted by
absorbing the harmonics generated as attosecond pulse trains. Because the energies of the harmonics
are discrete, the signals from the LEAD process are not energetically blurred. On the other hand, when
the harmonics are generated as single attosecond pulses, the energy of the photons is continuous and
only one attosecond pulse is generated from one fundamental laser pulse. Single attosecond pulses are
useful for probing ultrafast processes such as the charge migration process in a molecule shown in Fig.
4-1 [6-9], which occurs on the few femtosecond or sub-femtosecond timescale. Because the attosecond
pulses are temporally well separated, the ultrafast process would not be temporally blurred.
In order to perform pump-probe experiments for a long accumulation time with high temporal
accuracy, it is necessary to stabilize the time delay. The time delay instabilities are induced by the
mechanical vibrations and the thermal shift of the optics, and these instabilities need to be suppressed
both actively and passively. In the active stabilization method [10-15], the delay shift is derived from
the interference pattern of the two beams introduced in the pump and probe lines, and the path length

Figure 4-1 Simulated charge migration process within Gly-Gly-NH-CH3. The hole density is indicated
as green spheres. The hole position migrates from one side to the other side of the molecule in ~6 fs.
The figure is adopted from ref. [6].
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of the delay line is automatically adjusted such that the time delay is stabilized. In the passive delay
stabilization method [13,14,16], the turbo-molecular pumps connected to the vacuum chamber is
separated from the optical table so that the mechanical vibrations are not introduced to the optics from
the pumps and/or the temperature of the board on the optical table is stabilized by cooling the board.
In the present work, a setup for pump-probe experiments using high-order harmonics and nearinfrared light pulses is designed, and we are currently constructing the setup. The high-order
harmonics can be generated either as attosecond pulse trains or single attosecond pulses, and we can
choose the appropriate attosecond pulses for targeted processes. Before we install the active
stabilization system, we designed and constructed vacuum chambers whose vibration from the turbomolecular pump is isolated from the bread board inside the chamber. The current performance of the
setup was checked by observing the harmonic spectrum generated as attosecond pulse trains using a
flat-field type extreme ultra-violet spectrometer and by observing photoelectron spectra of Ar using a
magnetic-bottle type photoelectron spectrometer.

4.2. Experimental setup
Figure 4-2 shows the schematic of the setup. All part of the setup is in vacuum, and all of the
chambers are on aluminum frames, which are placed like bridges over the optical tables supported by
pillars standing on the floor beside the tables. In this way, the mechanical vibrations of the chambers
induced by the turbo-molecular pumps connected to the chambers do not directly penetrate to the
optical tables and the optics inside the chambers, therefore the vibration of the optics is significantly
suppressed. The near-infrared (NIR) light pulses from a femtosecond Ti:sapphire laser system are
separated into two by a beam splitter in the first square chamber. The penetrated beam is used for the
harmonic generation, and the generated harmonics are focused by a toroidal mirror. The reflected NIR
pulses are focused by a concave mirror, and they are combined with the harmonics by a holed mirror
in the second square chamber. Currently, a magnetic-bottle type photoelectron spectrometer is
connected next to the second square chamber, and a flat-field type extreme ultra-violet (EUV)
spectrometer is connected at the end of the setup. Different from the former setup in Chapters 2 and 3,
photoelectron coincidence measurements are performed by the photoelectron spectrometer and at the
same time, the harmonic spectra are observed by the EUV spectrometer. It is also possible to perform
transient absorption measurements with the EUV spectrometer, and other experiments such as ionphotoelectron coincidence measurements can be performed by changing the spectrometer. The details
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of the setup are provided in the followings.

Figure 4-2 Schematic of the setup for pump-probe experiments. The near-infrared light pulses are split
into two in the first square chamber. One beam is used for the generation of high-order harmonics and
the other beam is combined with the harmonics in the second square chamber. Pump-probe experiments
are performed with a magnetic-bottle type photoelectron spectrometer, and the harmonic spectra are
observed with a flat-field type extreme ultra-violet spectrometer. See the text for detail.
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4.2.1. Ti:sapphire Laser System
Ti:sapphire oscillator (RAINBOW, Femtolasers) is pumped by a Nd:YVO4 cw 532 nm laser
(Verdi, Coherent) and it generates 78 MHz, ~150 mW pulses. The pulses are led into an Offner type
grating stretcher [17], and the pulse duration becomes ~100 ps. The spectral intensity and the phase
of the stretched pulses are modified by an ultrafast pulse shaper (Dazzler, FASTLITE), and the pulse
intensity is amplified by a regenerative amplifier and a 2-pass amplifier, which are amplified by a
pump 532 nm laser (5 kHz, 30 W, ETNA, Thales laser). The pulses are finally compressed by a Treacy
type grating compressor [18], and the output pulses (~800 nm, 5 kHz, 30 fs) are led into the pumpprobe setup.

4.2.2. Passive Delay Stabilization
As shown in Fig. 4-3, the breadboard inside the square chamber is held by four poles standing on
the optical table, and the breadboard is strengthened by a sharp-sign-shaped reinforced frame. The
poles are covered with highly flexible welding bellows, which are connected to the vacuum chamber.
The chamber is held by a bridge-like frame held by pillars standing beside the table in order not to
touch the optical table. The turbo-molecular pump is connected to the vacuum chamber with a
vibration absorption damper (VIC International) and held on the frame using vibration isolation
rubbers (Fig. 4-4). In this way, the vibration of the turbo-molecular pump which penetrate to the optical
table and the breadboard inside the chamber is significantly suppressed.

4.2.3. Beam Separation
The laser pulses guided from the femtosecond Ti:sapphire laser system (1.69 W) is introduced
into the first square chamber by a periscope through a Brewster window (Fig. 4-5). Between the
mirrors of the periscope, a beam splitter with 0.7 % reflectivity is set, and the reflected beam is led to
a monitor of a beam pointing stabilization system (Aligna, TEM Messtechnik) passing through neutral
density filters. The monitored shift of the beam pointing is automatically compensated by two mirrors
put before the periscope, and in this way, the direction of the beam introduced to the chamber becomes
always the same.
Figure 4-6 shows the inside of the first square chamber. The beam enters from one of the ports,
and it hits a beam splitter with a 5 % reflectivity. The light pulses which penetrated through the beam
splitter are reflected by two Ag coated flat mirrors on a manually moved delay stage (TSDS-601C,
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Figure 4-3 Design of the square chamber for passive delay stabilization. (a) The breadboard inside the
chamber is on the reinforced frame held by the four poles standing on the optical table, (b) the poles
are covered with bellows, and (c) the bellows are connected to the vacuum chamber held by a frame.

Sigmakoki), and led to a concave mirror (f = 450 mm) with three Ag coated flat mirrors. The concave
mirror focuses the beam into a gas cell in the next chamber in order to generate high-order harmonics.
The mirror mount of the concave mirror is motorized by piezo linear actuators (Picomotor, Newport)
and it is fixed on a motorized x-axis stage for the adjustment of the position of the concave mirror
after drawing a vacuum on the chamber. In this way, the focal position of the beam is finely adjusted
in order to achieve the best high-order harmonic generation condition.
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Figure 4-4 Picture around the turbo-molecular pump connected to the square vacuum chamber with a
vibration absorption damper. Vibration isolation rubbers are inserted between the pump and the frame.

Figure 4-5 Picture around the entrance of the near-infrared light pulses into the first square vacuum
chamber. The light pulses are introduced to the chamber by a periscope through a Brewster window.
0.7 % of the pulses are led to the monitor for the beam stabilization after passing through neutral density
filters. He-Ne laser light for the alignment of the optics is also introduced to the chamber.
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Figure 4-6 Inside of the first square chamber. NIR pulses are split by a beam splitter, and the penetrated
beam is focused by a concave mirror into the harmonic-generation chamber. The reflected beam is
directly led to the second square chamber. See the text for detail.

The other beam reflected by the beam splitter is led to the chamber for the beam recombination.
The intensity of the beam is adjusted by changing the opening size of the aperture which is motorized
by using a vacuum compatible rotation stage (AG-PR100V6, Newport). See Fig. 4-7 for the design of
the motorized aperture. A motorized flipping mount (MFF101/M, Thorlabs), to which a ground-glass
plate is mounted, is used as a shutter to cut the beam for the measurements performed using only highorder harmonics.
In order to make the alignment of the optics easier, apertures are placed and a He-Ne laser is
introduced from the back of the beam splitter as shown in Fig. 4-6.
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Figure 4-7 Picture of the motorized aperture. The nob of the aperture is held by sticks connected to the
rotation stage. By rotating the stage, the opening size of the aperture is changed and the intensity of the
NIR beam is adjusted.

4.2.4. High-Order Harmonic Generation
The beam focused by the concave mirror in the first square chamber is led to the next chamber
for the high-order harmonic generation. As shown in Fig. 4-8, the chamber has a double-layered
structure, which consists of an ICF 253 chamber and an inner chamber whose inner diameter is 78
mm. This inner chamber has 3 mm f holes, and the focusing beam goes through the hole to enter the
inner chamber. A 1/8 inch SUS tube with 500 µm holes, which is filled with a gaseous medium is
placed inside the inner chamber, and the beam is focused into this gas cell. The outer ICF 253 chamber
is vacuumed with a turbo-molecular pump (Turbo-V 250, Varian) connected to the side of the chamber,
and the inner chamber is vacuumed with a dry pump (OnTool Booster 150, Pfeiffer vacuum) placed
on the floor, which is connected to the bottom of the chamber using ICF 203 bellows, an ICF 152 tube,
and an NW 50 connector through a hole piercing through the optical table (Fig. 4-9). Between the ICF
253 chamber and the chamber in the downstream, a Cu gasket with 8 mm f hole is inserted. In this
way, these chambers are differentially pumped to keep the chamber evacuated even if a high pressured
gaseous medium is introduced to the gas cell.
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Figure 4-8 Schematic of the chamber for high-order harmonic generation. The ICF 253 chamber has a
thinner chamber inside. NIR pulses are introduced to the chamber and focused into the gas cell set
inside the inner chamber.

Figure 4-9 Picture of the bottom side of the harmonic generation chamber. The inner chamber is
vacuumed by a dry pump. In order to prevent the penetration of the vibration of the dry pump, the pump
is placed on a vibration isolation rubber.
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The gas cell is connected to a tube (inner diam. 8 mm f) welded to an ICF 70 flange as shown in
Fig. 4-10. On the other side of the flange, a Teflon tube is connected as shown in Fig. 4-11, through
which a gaseous medium is continuously introduced. The ICF 70 flange is connected to a rotation

Figure 4-10 Picture of the tube used for introducing the gaseous medium to the gas cell. The tube is
welded to the ICF 70 flange, which is connected to the Teflon tube. The gaseous medium is introduced
through the Teflon tube, and the gas cell connected to the other side of the tube is filled with the gaseous
medium.

Figure 4-11 Picture of the high-order harmonic generation chamber. The gaseous medium is introduced
through the Teflon tube, and the position of the gas cell inside the chamber is adjusted by using the
rotation stage and the xyz-axis manipulator. The outer chamber is vacuumed by the turbo-molecular
pump.
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stage (VRS-070-H, Shinkukogaku) and an xyz-axis manipulator (KMV-70 ST100, Shinkukogaku).
By using the rotation stage and the manipulator, the position of the gas cell is finely adjusted to achieve
a better harmonic generation condition while checking the position of the gas cell from the windows
on the side of the chamber indicated in Fig. 4-11 and also checking the harmonic spectrum observed
by the flat-field type EUV spectrometer placed at the end of the setup (Fig. 4-2).
The generated harmonics go through an Al filter with a thickness of 200 nm, which is mounted
on a holder connected to a linear motion feedthrough. By inserting the filter, the intensities of the
fundamental laser pulses and the harmonics with the energy of less than 15 eV become negligibly
small.

4.2.5. Focusing of Harmonics with Toroidal Mirror
The high-order harmonics are focused by a gold coated toroidal mirror with a focus length of
1217.7 mm (Shimadzu). The incidence angle is 85 degrees. The merdional radius of curvature is 14000
mm and the saggital radius of curvature is 105.95 mm so that the beam is focused as a round spot. The
toroidal mirror is placed on a motorized 5-axis kinematic stage (8081M-UHV, New Focus), a manually
operated rotation stage (KSPS-606M, Sigmakoki), and an xy-axis linear stage (TSDS-602S,
Sigmakoki) as shown in Fig. 4-12. The position of the mirror is adjusted such that the harmonics are
properly focused without astigmatism.

Figure 4-12 Toroidal mirror on a motorized 5-axis kinematic stage, a rotation stage, and an xy-axis
linear stage. The high-order harmonics are focused by the toroidal mirror, and the focal position and
the shape of the focal spot are adjusted by these stages.
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The high-order harmonics are focused by a toroidal mirror instead of a back-focusing concave
mirror used in Chapters 2 and 3 so that the harmonics pass through the first interaction chamber and
are characterized by the spectrometer placed downstream. In the current setup, the harmonics are
focused in the photoelectron spectrometer and the harmonic spectrum is monitored by the EUV
spectrometer at the same time.

4.2.6. Beam Recombination and Delay Line
The inside of the second square chamber is shown in Fig. 4-13. The focusing harmonics enters
the second square chamber, and they go through a hole drilled on an Ag coated flat mirror to the

Figure 4-13 Inside of the second square chamber. The time delay of the NIR pulses are varied by
moving the delay stage, and the NIR pulses are focused by the concave mirror. The NIR pulses and the
focusing high-order harmonics are combined by using the holed mirror, and they are directed to the
spectrometers connected downstream.
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spectrometers connected next to the chamber. The holed mirror is used for the combination of the
harmonics and the delayed NIR light pulses. The thickness of the holed mirror is 1 mm, and a 1.6 mm

f hole is drilled perpendicularly to the surface of the mirror. The mirror is mounted on a motorized
mirror mount, which stands on a manually-operated z-axis stage (TSDS-403, Sigmakoki) on a
motorized x-axis stage (LTAHSPPV6, Newport). By using these stages, the position of the holed
mirror is adjusted such that the harmonics go through the hole properly. If the combination of the
harmonics and the NIR pulses is not necessary, the holed mirror can be moved out of the optical path
by the x-axis stage.
The NIR pulses also enters this chamber from the first square chamber. The NIR pulses are
reflected by a retroreflector, and are led to a concave mirror (f = 900 mm). The focusing NIR pulses
are combined with the harmonics by the holed mirror, and they are led to the spectrometers. In order
to make the NIR pulses and the harmonics both spatially and temporally overlapped, the combined
beam is led to the outside of the chamber by a mirror mounted on a motorized flipping mount
(MFF101/M, Thorlabs) during the adjustment of the optics. The schematic of the setup placed outside
of the chamber is shown in Fig. 4-2. A part of the beam is led to a charge coupled device (CCD) camera
(DMK 21BU04 IMAGINGSOURCE) and another part of the beam is led to a miniature fiber optic
spectrometer (USB2000, Ocean Optics). The positions of the concave mirror and the holed mirror are
adjusted such that the NIR pulses are spatially overlapped with the harmonics by moving the
motorized mirror mounts while checking the focal spots observed by the CCD camera. The temporal
overlapping of the NIR pulses and the harmonics is checked by observing the spectral interference of
these pulses by the miniature fiber optic spectrometer. The delay time is changed by moving the
retroreflector on two motorized stages. For the coarse adjustment, the x-axis stage (TSDS-601S,
Sigmakoki) is moved by a piezo linear actuator (Picomotor, Newport), and for the fine adjustment, the
x-axis piezo stage (P-752, Physik Instrumente) is moved. When the pulses are temporally overlapped,
the spectral interference pattern becomes less spiky, and the focal beam spot observed by the camera
starts to blink.

4.2.7. Magnetic-Bottle Type Photoelectron Spectrometer
A magnetic-bottle type photoelectron spectrometer (FOM, Netherland) [19] is connected after
the second square chamber. The focused beams interact with gas sample introduced into the
photoelectron spectrometer through a syringe whose inner diameter is 70 µm f. Magnetic fields of 1
T and 2 mT are applied on the interaction region and the drift tube, respectively, and the photoelectrons
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are detected with a high collection efficiency. The photoelectron signals are recorded with a data
acquisition board (TDC8HP, RoentDek GmbH). The detail of the spectrometer is described in section
2.2.3.
The calibration of the energy axis of the photoelectron spectrum was performed by using the
photoelectron spectrum of Xe such that the photoelectron peaks assigned to the creation of the 5s25p5
2

P3/2 and 2P1/2 levels of Xe+ are separated by 1.3064 eV [20].

4.2.8. Flat-Field Type Extreme Ultra-Violet Spectrometer
A flat-field type EUV spectrometer is set at the end of the setup. This allows us to monitor the
variation of the intensity or the wavelength of the generated harmonics while performing
photoelectron spectroscopy. It is also possible to perform transient absorption spectroscopy with the
EUV spectrometer.
Figure 4-14 shows the external view and the schematic of the flat-field type EUV spectrometer.
The beam enters the spectrometer through a slit, which is 25 µm wide and 4 mm long. This slit
improves the spectral resolution. The beam is then reflected by an Au coated flat-field toroidal grating
(Jobin Yvon) and the beam is focused on an MCP detector with a phosphor screen (PHOTONIS). The
image on the phosphor screen is captured by a CCD camera (Imaging Source).
The relation among the incidence angle (a), the reflection angle (b), and the wavelength of the
beam (l) is written as

sin 𝛼 + sin 𝛽 = 𝑁𝑚𝜆,

(4-1)

Figure 4-14 (a) Picture of the flat-field type extreme ultra-violet spectrometer and (b) the schematic of
the spectrometer. The light pulses are introduced through the slit, and reflected by the flat-field toroidal
grating, which shows a different reflection angle depending on the wavelength of the light pulses. The
spectrum which appears on the MCP phosphor screen is captured by the CCD camera.
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where N is the groove number of the grating, which is 450 gr/mm for this spectrometer, and m is the
order of diffraction. The perpendicular distance between the grating and the focal point l is written as
𝑙 = 𝐿 × tan 𝜋 2 + 𝛽 ,

(4-2)

where L is the parallel distance between the grating and the MCP detector, which is 305.96 mm.
Because b depends on l (Eq. (4-1)), and it decides l (Eq. (4-2)), l of each harmonic is calculated by
measuring the position of the focus as follows:
𝜆=

1
× sin 𝛼 + sin tan−1 𝑙 𝐿
𝑁𝑚

−𝜋 2 ,

(4-3)

which is derived from Eqs. (4-1) and (4-2).

a and l were calibrated by using the bright light spectrum of He observed by temporarily
connecting a He filled discharge tube to the spectrometer. The procedure of the calibration is as
follows: Firstly, a ruler was attached to the phosphor screen as shown in Fig. 4-15(a), and the image
was integrated in the blue squared region indicated in Fig. 4-15(a) in order to know the position of the
tick marks on the ruler (Fig. 4-15(b)). Figure 4-16 shows the relation between the position on the
phosphor screen in the unit of pixel (lp) and the position indicated by the ruler (lr), which is derived

Figure 4-15 (a) Image of the phosphor screen captured by the CCD camera. A ruler is attached on the
phosphor screen. The numbers in the image (a) show the positions on the ruler in the unit of mm. The
image is integrated in the blue squared region, and (b) is the obtained spectrum. The peak positions
correspond to the tick marks on the ruler.
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from the position of the peaks in Fig. 4-15(b). From the least square fitting of Fig. 4-16, the conversion
equation of the position of the image is obtained as

𝑙𝑟 (mm) = 77.104 6 − 0.017522 6 × 𝑙𝑝 (pixel).

(4-4)

Figure 4-16 Conversion of the unit of the horizontal position from pixel to mm. The red dots
correspond to the peak positions in Fig. 4-15(b). The blue line is the fitted line.

Figure 4-17 Image on the phosphor screen captured by the CCD camera. The voltages on the MCP and
on the phosphor screen were 1400 V and 3400 V, respectively. Bright lines were observed when the
light from the He-filled discharge tube was introduced into the flat-field type EUV spectrometer. The
orange box indicates the area integrated to obtain the bright light spectrum of He.
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Figure 4-18 Observed bright light spectra of He. The blue line was observed when the voltages on the
MCP and on the phosphor screen were 1300 V and 3400 V, respectively, and the red line was observed
when they were 1400 V and 3400 V, respectively. The assignment of each peak is indicated in the
figure.

Secondly, the image on the phosphor screen was obtained when the discharge of He was induced.
Fig. 4-17 shows the observed image on the phosphor screen. The bright light spectrum of He was
obtained by integrating the area indicated by the orange box in Fig. 4-17. Figure 4-18 shows the spectra
obtained when the voltages on the MCP and on the phosphor screen were 1300 V and 3400 V,
respectively (blue line), and when they were 1400 V and 3400 V, respectively (red line). As indicated
in Fig. 4-18, He I and He II lines were observed.
By defining loffset as

Eq. (4-3) is rewritten as
𝜆=

𝑙offset = 𝑙 − 𝑙𝑟 ,
1
× sin 𝛼 + sin tan−1 𝑙offset + 𝑙𝑟
𝑁𝑚

(4-5)
𝐿

−𝜋 2 .

(4-6)

By using Eq. (4-6), l was calculated for each peak observed in Fig. 4-18, and we looked for a and
loffset with which the experimentally obtained value of l matches well with the expected value of l.
From the least square fitting, we found that the experimental value of l matches with the expected
value of l on the order of 0.1 nm when a is 69.908˚ and loffset is 69.656 mm (Table 4-1). Because a is
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not far from the original value of 70.57˚ and loffset seems reasonable when l is roughly measured, the
obtained a and loffset seem to be appropriate. The spectra obtained with this spectrometer are calibrated
using these a and loffset.
Table 4-1 Wavelength of the bright lines of He.
Transition

l (mm, expected)*

l (mm, experimental)

He I (1s2p ® 1s2)

58.43344

53.412

He I (1s3p ® 1s2)

53.70293

53.718

He I (1s4p ® 1s2)

52.22131

52.245

He I (1s5p ® 1s2)

51.56168

51.565

He II (2p ® 1s)

30.37822

30.430

He II (3p ® 1s)

25.63170

25.640

He II (4p ® 1s)

24.30266

24.302

He II (5p ® 1s)

23.73308

23.700

*

From ref. [20]. Weighted mean values for He II lines.

4.3. Measurements
With the current experimental setup, high-order harmonics were generated and the generated
harmonic spectra were observed by the EUV spectrometer. In order to check if the harmonics and the
NIR pulses are temporally and spatially overlapped, photoelectron spectra of Ar irradiated with
harmonics and NIR pulses were recorded. The details are described in the following sections.

4.3.1. High-Order Harmonic Spectrum
Figure 4-19 shows the observed high-order harmonics spectra. Figure 4-19(a) was observed when
the Al filter was not inserted in the beam path, and Fig. 4-19(b) shows the integrated spectrum of Fig.
4-19(a). The 13th to 29th harmonics were observed in Fig. 4-19(b), which indicates that these
harmonics were focused on the photoelectron spectrometer. When the Al filter was inserted, the
spectra changed as shown in Figs. 4-19(c) and 19(d), and the relative intensities of the lower-order
harmonics were reduced compared to the intensities of the 23rd and 25th harmonics.
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Figure 4-19 High-order harmonic spectra as the images on the phosphor screen observed (a) when the
Al filter is not inserted and (c) when the Al filter is inserted. (b) and (d) were obtained by vertically
integrating (a) and (c), respectively.

4.3.2. Photoelectron Spectrum
Ar gas was introduced in the interaction region of the magnetic-bottle type photoelectron
spectrometer, and it was irradiated with the high-order harmonics and the delayed NIR light pulses.
The energies of the emitted electrons were recorded while applying a retardation field of -8.5 V on
the drift tube in order to achieve a higher energy resolution in the higher photoelectron energy range.
The photoelectron spectrum observed in the photoelectron energy range of 14 to 30 eV is shown in
Fig. 4-20. Photoelectron peaks assigned to the emissions of the 3p electrons induced by the 21st to
27th harmonics were observed. Between these peaks, side band peaks appeared at around the time
delay of zero, which are assigned to the 3p electron emission induced by the absorptions of the Nth
harmonic (N = 21, 23, and 25) and one NIR photon and the 3p electron emission induced by the
absorption of the (N+2)th harmonic and the emission of one NIR photon (Fig. 4-21). As shown in Fig.
4-22, the intensities of the sideband peaks reach the maximum when the time delay is zero. This means
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that the high-order harmonics and the NIR pulses are spatially overlapped, and they are also temporally
overlapped when the time delay is around zero.

Figure 4-20 Time-delay dependence of the photoelectron spectrum of Ar irradiated with high-order
harmonics and NIR pulses. 3p electron emissions induced by the 21st to 27th harmonics are observed.
The positions of these signals induced by the Nth harmonics are indicated with “3p-1 by Nth” in the
figure. Between these peaks, time-delay dependent signals were observed. “SB N-(N+2)” indicates that
the signal is assigned to the 3p electron emission induced by the absorption of Nth harmonic and one
NIR photon and the emission induced by the absorption of (N+2)th harmonic and the emission of one
NIR photon.

Figure 4-21 Schematic of the energy diagram when sideband peaks appear in the photoelectron
spectrum. The energy of the electron emitted by the absorption of the Nth harmonic and one NIR photon
is the same as the energy of the electron emitted by the absorption of the (N+2)th harmonic and the
emission of one NIR photon.
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Figure 4-22 Time-delay dependence of the intensity of the sideband peaks observed in Fig. 4-20. The
intensity reaches maximum when the time delay is around zero. This means that the harmonics and the
NIR pulses are spatially and temporally overlapped.

4.4. Summary
The experimental setup for performing pump-probe measurements using high-order harmonics
and NIR pulses were designed and constructed. With the current setup, high-order harmonics were
generated as attosecond pulse trains, and the 13th to 29th harmonics were observed by the flat-field
type EUV spectrometer. In the photoelectron spectrum of Ar irradiated with high-order harmonics and
NIR pulses, side band peaks appeared, which suggests that the harmonics and the NIR pulses are
spatially and temporally overlapped. By using this setup, the laser-enabled Auger decay (LEAD)
process is expected to be observed with a shorter accumulation time compared to the setup used in
Chapter 3 because the repetition rate in this setup is five times higher than in the former setup, and
also the time evolution of the LEAD process can be observed with a high temporal resolution. In the
near future, high-order harmonics are generated as single attosecond pulses after stabilizing the carrier
envelope phase of the fundamental laser light, and the active stabilization system will be installed.
After realizing these, the ultrafast electronic processes which occur on the sub-femtosecond time scale
will be observed, and their effects to the following chemical reactions will be investigated.
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In this thesis, we irradiated rare gas atoms with ultrashort high-order harmonics generated from
femtosecond laser light pulses and investigated the induced photoionization processes focusing on the
behaviors of electrons by photoelectron coincidence spectroscopy. The electronic behaviors are
important in various photo-induced processes, and our investigations would help us deepen the
understanding of these processes.
In Chapter 2, the observation of the two-photon double ionization processes of Ar and Kr via
intermediate resonance was described. It was revealed that these processes show the selective creation
of doubly charged ions in the nsnp5 1P state [1]. This selectivity indicated that the core electron
configuration is preserved in the ionization process, and the electron pair emitted from an atom having
one electron in the outermost orbital tend to form the singlet state. The preference of the singlet
electron pair emission from such atoms has been theoretically reported for few-electron atoms [2-8],
but none of these atoms showed selective emission of the singlet electron pair. The exclusive emission
of the singlet electron pair from the excited Ar and Kr might be attributed to the electron correlations
among many electrons inside the atoms, but currently, there are no theoretical explanations for the
observed selectivity. Our finding is expected to stimulate the theoretical investigations of the electron
correlations inside the atoms.
The observed tendency of the singlet electron pair emission can be utilized for probing the
temporal evolution of the spin state. For example, Ar* (3s3p6np) is firstly created in the 1P state by
the resonant excitation, but as time passes, some of them are changed to the 3P state. When the singlet
electron pair is emitted from Ar* in the 3P state, the resultant Ar2+ is in the triplet state because of the
conservation of the total spin angular momentum. Therefore, the spin variation process of Ar* can be
followed in real time by inducing one-photon double ionization process of Ar* with various time delay
and examining the spin state of the created Ar2+.
I also believe that the investigation of the mechanism of the observed selective creation of only
one state of Ar2+ and Kr2+ would give us important insights into the control of chemical reactions. If
the mechanism of the observed selectivity is revealed by combining theoretical works, it would be
possible to apply the knowledge to the more complicating systems such as molecules and to predict
or control their chemical reactions.
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In Chapter 3, the detection of the photoelectrons which may be emitted in the laser-enabled Auger
decay (LEAD) process was described. These processes were observed when Ar was irradiated with
high-order harmonics and near-infrared (NIR) light pulses [9]. It can be said that this observation is
the first step towards the experimental proof of the existence of the LEAD process. In order to confirm
that the observed signals are from the LEAD process, it is necessary to perform the measurements for
a longer time with a high time delay stability. Because the LEAD process is very sensitive to the
situation of the hole, which will be filled by another electron in the LEAD process, the LEAD process
is expected to be applied as a probe of the hole migration process within a molecule. In addition, the
energy of the emitted electrons varies depending on the time delay of the NIR pulses after the
harmonics, that is, the energy of the emitted electrons are sensitive to the distance between the firstly
emitted electron and the secondly emitted electron [10]. Therefore, the electron escaping process can
be also probed by the LEAD process. The LEAD process is a very prospective process which can be
applied to the probe of various processes.
In Chapter 4, a new experimental setup for pump-probe measurements and its performance were
described. With the current setup, high-order harmonics are generated as attosecond pulse trains, and
pump-probe measurements using the harmonics and NIR light pulses can be conducted. For example,
the LEAD process can be investigated using the current setup. Because the repetition rate is five times
higher than the setup used in Chapter 3 and the delay line is passively stabilized, it is expected to be
easier to observe and accumulate the signals from the LEAD process with this setup than using the
former setup.
The active delay stabilization system will soon be installed and the high-order harmonics will be
generated as single attosecond pulses in the very near future. Then, it becomes possible to perform
pump-probe measurements of sub-femtosecond processes with attosecond temporal resolution. For
example, after a molecule is photoionized, the created hole is expected to migrate within the molecule
on the few femtoseconds to attosecond timescales before the nuclei start to move. If we observe this
ultrafast hole migration process and the chemical reactions that occur afterwards, we can investigate
the effect of the ultrafast process to the following chemical reactions. This is expected to help us
consider how to control the chemical reactions, and therefore it would give a major impact to a wide
area of science.
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