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Multiphoton ionization of atoms by extreme ultraviolet free electron laser
seeded with high-order harmonics of Ti:Sapphire laser
and amplification of backward fluorescence in laser induced filaments
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Abstract



Chapter 1
Chapter 1 is a general introduction of the generation of the intense pulses in the EUV
wavelength region, and the nonlinear optical phenomena in the intense laser field, such

as a femtosecond laser induced filament.

Chapter 2

Intense coherent EUV pulses were generated by seeding the SCSS test accelerator at the
RIKEN Harima Branch by the 13th order harmonics of Ti:Sapphire laser pulses. The
13th order harmonic pulses were introduced into a couple of undulators, so that they
overlapped with electron bunches both temporally and spatially. The arrival timing
drift between the 13th high-order harmonic pulses and the electron bunches was moni-
tored by using the electro-optic spectral decoding technique, and the drift was fed back
to a trigger delay circuit of the Ti:Sapphire laser system. By correcting the drift, the

seeded FEL pulses were produced continuously for long hours.

Chapter 3

Recent advances in FEL technologies in the EUV and X-ray wavelength regions have
afforded us opportunities to investigate phenomena occurring when atoms and mole-
cules are irradiated with intense light pulses in the EUV and X-ray wavelength regions.
Among the recent achievements in the development of EUV-FELs, the generation of
full-coherent EUV-FEL pulses by injecting a high-order harmonic of a Ti:Sapphire laser

into the FEL is noteworthy, as was demonstrated by Togashi et al. using the SCSS test



accelerator at the RIKEN Harima Branch. In the present study, as a first step in the
application of the seeded EUV-FEL pulses to the investigation of responses of atoms
and molecules to intense and full-coherent EUV light, we investigate a multiphoton

ionization process of He.

Chapter 4

A femtosecond laser-induced filament in air was investigated by detecting the C°I1, -
B[, (0, 0) fluorescence of N,.  The intensity of the backward fluorescence increased
exponentially as a function of the filament length, showing the amplification of the
spontaneous emission.  The vibrational and rotational temperatures of N, in the C state
determined by spectroscopic analyses were found to take respectively almost the same
values of 2800(200) K and 450(100) K in the wide laser intensity range between 0.5 and
6 mJ/pulse, which can be regarded as evidence of the clamping of the laser field inten-

sity in the filament.
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1. Introduction

In an intense laser field generated by focusing femtosecond Ti:Sapphire laser pulses in
the near infrared (NIR) wavelength region, atoms and molecules show nonlinear re-
sponses to the laser field intensity in their ionization and light induced chemical pro-
cesses. Multiphoton ionization, tunnel ionization, above threshold ionization, Cou-
lomb explosion, and the hydrogen migration leading to the formation of Hs" from hy-
drocarbon molecules [1-3] have been reported as nonlinear optical phenomena occur-
ring in the intense NIR laser field. On the other hand, in the extreme ultraviolet
(EUV) wavelength region, the electrons of atoms and molecule are excited to the au-
to-ionizing states or the super-excited states by one photon absorption, because the
photon energy of EUV light is one order of magnitude larger than that of NIR light,
breaking and formation of chemical bonds could occur after the photo-excitation of

21+

molecules. For example, Xe“"" can be formed by irradiating with femtosecond laser

pulses at 4 = 13 nm generated by using free-electron laser (FEL) [4]. The formation
of multiply charged Xe atoms, Xe™ (n < 21), shows that as many as 57 photons are
absorbed by a Xe atom within the temporal pulse width (10 fs). In the NIR wave-
length region, nonlinear optical processes producing such highly charged atomic ions
have not been reported. When | started my PhD course, it was time such FEL facili-
ties were being developed in Japan, Europe, and United States, and the intense laser
pulses in the EUV and the Soft X-ray wavelength region were becoming available.
Because | was interested in responses of atoms and molecules to an intense laser field

in the EUV wavelength region, | decided to use SPring-8 Compact self-amplified
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spontaneous emission (SASE) Source (SCSS) test accelerator at RIKEN Harima
Branch, which is the FEL light source in Japan that became available in those days.

It is true that the SASE-FEL is a powerful light source with which we could
investigate nonlinear optical phenomena of atoms and molecules in the EUV and soft
X-ray wavelength regions. However, the temporal and spectral profiles of the SA-
SE-FEL pulses exhibit uncontrollable spike-like structures originated from the SA-
SE-FEL light amplification scheme, that is, the temporal coherence of the SASE-FEL
pulses are poor. When we investigate nonlinear optical phenomena in an intense laser
field, such as multiphoton ionization and tunneling ionization, the temporal coherence
within a single pulse needs to be assured. If shot-to-shot fluctuations of the temporal
and spectral profiles are large, interpretation of the experimental results becomes very
difficult. Therefore, in order to investigate nonlinear optical phenomena, we put a
highest priority on the improvement of the temporal coherence of the SASE-FEL puls-
es.

In Chapters 2 and 3 of the present thesis | describe (i) the generation of
full-coherent FEL pulses in the EUV wavelength region by seeding the FEL by the
13th-order harmonic of Ti:Sapphire laser and (ii) the first observation of a two-photon
ionization process of He atoms using the high-order harmonic seeded FEL pulses.

While making an effort in improving the temporal coherent of FEL pulses, |
became also interested in incoherent spontaneous emission from a femtosecond laser
induced filament. When intense femtosecond laser pulses are focused into the trans-

parent media, the pulses propagates by keeping their high intensity and small beam di-
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ameter over a long distance [5].  This self-guided propagation of the laser pulse called
a femtosecond laser induced filament is achieved by a balance between the self-focusing
and the plasma defocusing. Because of this balance, the laser field intensity in the
filament is kept almost constant, and this phenomenon is called as intensity clamping [6,
7]. The filament has been regarded as an attractive phenomenon by a variety of its ap-
plications such as generation of white light, few-cycle pulses [8, 9], and the third har-
monic [10]. The fluorescence emission from electronically excited molecular ions in
the filament was also reported [11, 12]. It has been reported [13] that the fluorescence
emitting from the femtosecond laser induced filament in the direction opposite to the
laser propagation direction increases exponentially as the length of the filament in-
creases. This suggests that a femtosecond laser induced filament can be a gain medium
for lasing.

In Chapter 4 of this present thesis, | show that a femtosecond laser induced
filament can be a gain medium for lasing, and investigate that the intensity and spec-
trum of the fluorescence emitted from the filament when the input laser pulse energy is
in the range between 0.5 mJ and 6.0 mJ. The spatial distribution of the population of
the excited N in the filament was observed, and the fluorescence intensity was simu-
lated with a model calculation based on the one dimensional amplification model for the
amplified spontaneous emission. | confirmed that the population inversion placed
along the filament is the origin of the optical gain, and the maximum laser field intensi-
ty was kept constant with the range of the input pulse energy between 0.5 mJ to 6 mJ,

which is consistent with the intensity clamping phenomena characteristic of femtosec-
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ond laser induced parents.

In the following sections, | briefly explain how I conducted the research project
about the development of the coherent FEL in Chapter 2, the multiphoton ionization of
atoms in an intense EUV laser field in Chapter 3, and the research project about the

femtosecond laser induced filament in Chapter 4.

2. Intense light source in EUV wavelength region
lonization of atoms and molecules can be characterized by Keldysh parameter y which
is the ratio between the oscillating period of the laser field and the tunneling time of the
electron passing through the potential which is formed by the interaction between the
laser field and the Coulomb potential of atoms and molecules [14]. The Keldysh pa-
rameter can also be represented as

v =1p/2Up, (1)
where Ip denotes the ionization potential, and Up denotes the pondermotive energy.

The relationship between the wavelength of the input laser pulses and the laser
intensity when » = 0.1, 1.0, and 10 are shown in Fig. 1. When the wavelength is 800
nm, the intensity of 1x10™ W/cm? is high enough to satisfy y~ 1 for a hydrogen mole-
cule in the ground state. However, the intensity of 1.5x10* Wj/cm? is needed to
achieve y~ 1 for the laser pulses of the wavelength at 61.5 nm. Such a high intensity
in the EUV wavelength region could not be achieved by the synchrotron radiation or the

high-order harmonics of Ti:Sapphire laser [15, 16].
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Figure 1. The relationship between the wavelength of the input laser pulses and the
laser intensity when the Keldysh parameter is 0.1, 1.0, and 10 [17].

FEL is a promising light source with which we could achieve such a high in-
tensity in the EUV wavelength region. The FEL pulses are generated by strong inter-
action between relativistic electron bunches and a periodic magnetic field. The spon-
taneous radiation occurs when electrons accelerated to near the speed of light pass
through the periodic magnetic field called an undulator. The wavelength A of the
spontaneous radiation is described as,

A=21,(1+K?)/2y?, (2)
where A, denotes the length of magnetic period composed the undulator, K =

6



eB,A,/2mtm,c is called the undulator parameter, B, denotes the peak intensity of the
magnetic field in the undulator, e is the electron charge. Depending on the relative
phase between the spontaneous radiation and the electron bunch, the electron bunch is
accelerated and decelerated. Through this interaction, a longitudinal structure of the
electron bunch, which is called micro-bunched electrons, is formed. The mi-
cro-bunched electrons radiate at the resonant wavelength A, and the radiation intensity
increases exponentially during passing through the undulator.

The FELs in EUV wavelength region had not been achieved until the SA-
SE-FELs were developed [18, 19]. High density electron bunches with small emit-
tance and small energy spread being introduced into an undulator with high K-parameter
enables us to achieve the high enough gain to generate intense FEL pulses. In this case,
the spontaneous radiations generated at the entrance of the undulator are then amplified
through the interaction between electron bunch and the periodical magnetic field.

The spontaneous radiation leading to generate the SASE-FEL pulses is origi-
nated from the fluctuation of the longitudinal distribution of the electron bunch, and the
pulse-to-pulse intensity fluctuations are uncontrollable. During the propagation of the
electron magnetic field through the long undulator together with the electron bunch, its
intensity is amplified exponentially by the interaction with an electron bunch. As a
consequence the SASE-FEL pulses have random spike-like temporal and spectral
structures, and the temporal width and the central wavelength of SASE-FEL pulses are
difficult to define. When the SASE-FEL pulses are used as the light source for the ex-
citation and the ionization of atoms and molecules, the analysis of the experimental re-

7



sults should be difficult. The wavelength dependence and the laser field intensity de-
pendence of the two-photon ionization cross section of He at 4 = 53.4, 58.4, 56.0 and
61.4 nm were reported by Sato et al. [20], and the strong coupling between the interme-
diate 1snp resonance state and the 1s® ground state was taken into account. However,
there is a limitation to take the coupling into account, because the spectra of the SA-
SE-FEL pulses fluctuated due to the poor temporal coherence. The improvement of
the temporal coherence of the SASE-FEL pulses is important for the more precise anal-
ysis of the experimental results.

One of the solutions to improve the temporal coherence of the SASE-FEL
pulses is the self-seeding. In the self-seeding scheme, a narrow spectral range of the
SASE-FEL pulses are selected by a diffractive optics and the selected SASE-FEL pulses
are amplified in undulators. The self-seeding method was adopted in the X-ray wave-
length religion at the Linac Coherent Light Source (LCLS) [21]. The other solution is
the direct seeding, which is the technique to seed the external coherent pulses in the
FELs. The coherent seeding pulses are injected into the undulator with the electron
bunches, and the seeding pulses induces an initial modulation in the electron bunches,
and amplified during passing through the undulator, resulting in the generation of the
temporally coherent FEL pulses.

The first demonstration of the direct seeding of the second and the third order

harmonics of Ti:Sapphire laser pulses in FEL was performed by DiMauro et al. [22].
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Figure 2. The spectra of (a) the background SASE FEL and (b) the FEL pulse seeded
with high order harmonics of Ti:Sapphire laser pulses [24].

Later, the fifth harmonic of Ti: Sapphire laser in the VUV wavelength region (~160 nm)
was successfully seeded to FEL at SCSS test accelerator [23]. In 2011, the amplifica-
tion of the 13th harmonic of Ti:Sapphire laser was achieved in the EUV wavelength re-
gion by Togashi and Sato et al. [24, 25]. However, since the difference of the arrival
time between the electron bunch and 13th order harmonic were fluctuated, it was diffi-

cult to generate the seeded FEL pulses for a long time.

3. Free-electron laser seeded by high-order harmonics of Ti:Sapphire laser
In the previous study reported by Togashi et al., the temporal overlap was measured by

using a streak camera.  Since the 13th harmonic and electron bunch was interrupted to



introduce into the undulator during the measurement of the arrival time, we could not
know that the temporal overlap was still realized during the amplification of the 13th
harmonic. The arrival timing difference between the electron bunch and the 13th har-
monic, which was originated from the variation of the temperature in our experimental
environment, reached in the range between 30 and 40 ps within 8 hours.

In order to overcome this problem, a real-time arrival time monitor was re-
quired for the application of the high order harmonics. In this thesis, a real-time mon-
itor for the measurement of the arrival time difference between the electron bunch and
the 13th harmonic was introduced by using spectrally decoding electro-optic technique.
As a result, the difference of the arrival time between the electron bunch and the 13th
order harmonic was kept within 1 ps by adjusting the delay time of the 13th order har-

monic. As shown in Fig. 3, the 13th order harmonic was amplified up to 20 pJ/pulse.

N
o
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=)

0

0:00 2:00
Time / hour

Figure 3. The single shot pulse energy of the FEL when the seeding 13th order har-

monic pulses were introduced into the undulators
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The FEL seeded by 13th order harmonic of Ti:Sapphire laser pulse was intro-
duced in Chapter 2. In Chapter 3, as the first step of the application of the seeded
EUV-FEL pulses to the investigation of responses of atoms and molecules to intense

and coherent EUV light, I investigate a two-photon ionization process of He atoms.

4. Fluorescence emitted from femtosecond laser induced filament

The femtosecond laser induced filament in air is formed by a balance between the
self-focusing and defocusing of laser light in the plasma generated through the ioniza-
tion of atoms and molecules in air [26 - 29].  The intensity dependent refractive index n
is described as the summation of the linear refractive index ny and the nonlinear refrac-
tive index n, multiplied by the laser intensity I.  The reported value of n; is positive for
air at 4 = 800 nm (n; = 4x10™° cm?W [30]), n,l becomes significant in n when the in-
tensity increases. In the case of the Gaussian beam, the spatial distribution of the re-
fractive index in the beam path is also Gaussian, and the medium works as a convex
lens. As a consequence the beam is focused, and this phenomenon is called self-focus.
The intense laser pulses induce multiphoton or tunneling ionization of atoms and mole-
cules in medium, and generate plasma. The plasma formation decreases refractive in-
dex by the density of free electron p divided by the twice of the critical plasma density
pc above which the plasma becomes over dense and opaque (for example, pc =
1.7x10%* cm™ in air at A = 800 nm [31]).  This reduction of the refractive index induces
the divergence of the beam. Because of this balance, the high laser-field intensity in

the filament tends to be constant as long as the input laser intensity surpasses a certain
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threshold for generating a filament [32, 33]. In Fig. 4, the image of the filament was
shown when the input pulse energy was in the range between 1 mJ to 6 mJ. As seen in
Fig. 4, the filament length tends to increase as the laser pulse energy increases.

By recording the fluorescence spectra of laser induced filaments in air, Tale-
bpour et al. showed that the fluorescence emits from the electronically excited N, and
N, [11, 12]. Based on the measurements of the fluorescence of the C°I1, - B'“*l‘lgl 0, 1)
transition of N, at 357 nm, Luo et al. found that the intensity of the fluorescence propa-
gating in the direction opposite to the laser propagation direction increased exponen-
tially as a function of the filament length [13]. In their study, the filament length was
assumed as the distance between the self-focus and the geometrical focus, and the fila-
ment plasma was assumed as the uniformly excited gain medium. Based on those as-
sumptions, the optical gain of the backward fluorescence emitted from the femtosecond
filament was reported for the first time. However, those assumptions did not represent
the population distribution of the excited N, in the filament correctly.

| investigated about the femtosecond laser filament as the gain medium in this
thesis. The schematic drawing of the femtosecond laser filament and the backward
fluorescence was shown in Fig. 5. In order to explain the exponential increase in the
intensity of the backward fluorescence, | adopted a one-dimensional model for the am-
plified spontaneous emission (ASE). In order to investigate excitation processes of
molecules in the filament, the population distributions in the vibrational and the rota-
tional levels of N, in the C state were investigated by the spectroscopic analyses of the
fluorescence emitted from the filament. In Chapter 4, | introduce my study on the flu-

12



orescence emission from the femtosecond laser induced filament.

4mJ
5mJd
6mJ

i

) 10 15 20 25/ mm

o

Figure 4. The image of the filament when the input pulse energy was in the range be-
tween 1.0 mJ to 6.0 mJ.
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Figure 5. The schematic drawing of the femtosecond laser induced filament ant the

backward fluorescence.
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Chapter 2

Extreme ultraviolet free-electron laser
seeded by high order harmonics of

Ti:Sapphire laser



1.  Introduction
1.1. Free-electron laser seeded by coherent eternal laser
Spontaneous radiation occurs when electrons accelerated near the speed of light pass
through a periodic magnetic field called an undulator or wiggler. The wavelength A of
the spontaneous radiation is described as
A=A +K?)/2y?%, (1)

where A, denotes the length of the magnetic period of the undulator,
K = eB,A,/2mtm,c with e being the elementary charge is the averaged undulator pa-
rameter, B, denotes the peak intensity of the magnetic field in the undulator. The
undulator parameter signifies the deflection angle of the electrons and the divergence of
the synchrotron radiation. The divergence of the emission is defined by 1/y, and
y = E/m,c?is is called the relativistic factor, where E is the electron energy and me is
the electron mass. Equation (1) exhibits the wavelength tunability of free-electron la-
sers (FEL) and the possibility of generating optical pulses in short wavelength regions
such as the extreme ultraviolet (EUV) and X-ray regions as the electron kinetic energy
reaches over 200 MeV (or 99.999 % of the speed of light) and the K parameter becomes
larger than 1. The spontaneous radiation is amplified through the propagation in the
undulator with an electron bunch. Since there is currently no suitable optics to con-
struct an oscillator in the EUV or X-ray wavelength region, the single-pass amplifica-
tion of the spontaneous emission is a promising way to generate intense pulses in a short
wavelength region. This scheme is called the self-amplified spontaneous emission
(SASE) [1, 2].

However, both the spectral profile and the temporal profile of SASE-FEL

pulses exhibit uncontrollable spike-like structures and these structures change
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shot-by-shot due to the spontaneous radiation generated at the entrance of the undulator.
The peak power of FEL pulses with a single-peak structure should be larger than that of
FEL pulses with a multi-peak structure. Thus the improvement of the temporal coher-
ence of SASE-FEL pulses is one approach to generate a strong laser field in the EUV or
X-ray wavelength region. Seeding the FEL with a coherent external laser is a promis-
ing approach to improve the coherence of the FEL pulses. Direct seeding of the FEL
with high order harmonics generated in gases [3, 4] is one approach to generate intense
coherent pulses in the short wavelength region. This direct seeding technique was
demonstrated at the Brookhaven National Laboratory by L. DiMauro et al. [5]. They
generated the second and the third harmonic of the Ti:Sapphire laser pulse, and the
pulse energy of the seeded FEL were 10 pJ, which was about 1000 times larger than the
pulse energy of the corresponding SASE-FEL. In 2008, the seeding of FEL using the
5th order harmonics of Ti:Sapphire laser was performed at the SCSS test accelerator in
the RIKEN Harima Branch [6]. The seeding pulses at A = 160 nm were amplified
from 0.53 nJ to 4.3 nJ in the undulator.

The development of high order harmonics of ultrashort laser pulses in the dec-
ade was remarkable and their intensities in the EUV or the soft X-ray wavelength re-
gions has recently become much higher [7 - 9]. The intensity of the 13th order har-
monic of Ti:Sapphire laser has reached the order of 10 kW, which is about 100 times
larger than the spontaneous radiation emitted at the entrance of the first undulator.
Direct seeding in EUV is feasible when the intense high-order harmonic light source is
combined with the FEL. Togashi et al. demonstrated this first in the EUV wavelength
region at the SCSS test accelerator in the RIKEN Harima Branch [10]. The pulse en-

ergy of 13th order harmonic pulses at 4 = 61.2 nm was amplified from 2 nJ to 1.3 pJ,
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while the number of the seeded FEL pulses with respect to the total number of FEL
pulses was only 0.2 % of the total number of shots. This meant that it was difficult to
use the seeded FEL pulses in our application experiments such as the measurement of
the time of flight mass spectrometry of gaseous atoms and molecules. The reason for
the small number of shots of the amplified pulses was mainly due to the poor temporal
overlap between the electron bunches and the 13th order harmonic pulses. For the
seed FEL amplification the temporal, spatial and the spectral overlap between the elec-
tron bunch and the seed laser pulse are important. Since the temporal width of the
electron bunch and 13th order harmonic pulse were less than 1 ps and 50 fs, respectively,
the temporal overlap was required at an accuracy level of sub-ps. However, the arrival
time difference between the electron bunch and the seeding laser pulse varied rapidly as
shown in Fig. 1, and the drift of the arrival time difference reached the range between

30 and 40 ps within 8 hours.
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Figure 1. The variation of the arrival time drift (blue line) and the temperature of the
SCSS facility (red line) [12].
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The variation of the arrival time difference were quite large to keep the temporal over-
lap between the electron bunch and the seeding laser pulse, and the improvement of the
temporal overlap was desired to keep the direct seeding of the high-order harmonic in
the FEL for long time.

The temporal overlap was measured by using a fast streak camera (Hamamatsu
Photonics, FESCA-200) in the previous experiment reported by T. Togashi et al. The
optical transition radiation (OTR) [11] generated when the electron bunch hit the thin
gold plate (mirror) and the reflection of the seeding laser pulses from the gold plate
were introduced into the streak camera. Since this scheme was a destructive scheme,
the arrival time could not be measured during the amplification of the seeding laser. In
order to keep the temporal overlap for long time, a non-destructive arrival time monitor
was needed to measure the arrival time difference during the amplification of the seed-
ing laser. In the present study, we decided to adopt the electro-optic (EO) sampling

technique.

1.2. Arrival time measurement based on EO sampling

The EO sampling technique has been widely used to characterize an electrical wave-
form in the terahertz (THz) region [13 - 15]. The electric field generated by the rela-
tivistic electron bunch corresponds to a half-cycle of the THz wave, and the EO sam-
pling technique has been applied to measure the longitudinal profile and the arrival time
of the electron bunch. The linearly polarized THz pulse induces birefringence in the
EO crystal. The relative phase retardation between the two components propagating

along the optical axis and the other axis is given by

21
F = 7”03T41E . (2)
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If the co-propagating probe pulse is injected into the EO crystal at the moment when the
electron bunch passes by the EO crystal, the phase retardation is induced by the electric
field generated by the electron bunch. The phase retardation is converted into an in-
tensity modulation of the probe pulse after passing through a polarizer whose axis is
perpendicular to the initial polarization of the probe pulse. The EO sampling tech-
nique can be classified into four types: scanning delay sampling, spatial decoding, spec-
tral decoding, and temporal decoding. These methods are used to encode the temporal
structure of the Coulomb field of the spatially and temporally compressed charges in the
order of 0.4 nC in the electron bunch, and decoded in several ways.

The scanning delay sampling method was the simplest EO sampling method to
detect an electron bunch.  The schematic of scanning delay sampling is shown in Fig. 2.
Probe pulses with a short temporal width was used to detect the intensity modulation at
the fixed part of the electron bunch. By scanning the optical delay between the probe
laser and the electron bunch, the temporal profile of the electron bunch is obtained as an
ensemble average. Since this method is not a single shot measurement, the temporal
resolution suffers from the arrival time jitter between the probe laser pulse and the elec-
tron bunch, and not for the real time monitor because of the low reputation rate of the
accelerator. X. Yan et al. measured the temporal profile of the electron bunch whose
temporal width was 1.7(2) ps with a sub-ps time resolution at FELIX FEL in 2000 [16].

The spatially decoding technique is to measure the arrival time as the position
at the EO crystal, imaged onto the detector. The schematic of this decoding is shown
in Fig. 3. This scheme was demonstrated at SLAC [17], and FLASH [18].

The spectrally decoding EO sampling technique uses the linearly chirped pulse

as a probe pulse. The schematic of this method is shown in Fig. 4. The ultrashort
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probe laser pulse at 800 nm was introduced into dispersive media, and then temporally
stretched. The polarization of the probe pulse is cleaned by a high extinction polarizer.
Then the probe pulse was introduced into the EO crystal.  As the electron bunch passes
by the EO crystal, the Columbic field induces birefringence in the EO crystal where the
part of the probe pulse was retarded. After the probe laser pulse passes through the EO
crystal and the polarizer, the probe pulse is detected by a spectrometer. Since the
probe pulse is linearly chirped, the relationship between the time and the frequency of
the probe pulse is linear. The spectral modulation is converted into temporal modula-
tion, which corresponds to the temporal profile of the Coulomb field induced by the
electron bunch. The spectrally decoding EO sampling measurement was applied to an
arrival time monitor and an electron bunch measurement at FELIX [19, 20].

The temporal resolution Tmin Of the spectrally decoding technique is described
as follows [14, 21],

Tonin = A/TcTo » (3)
where T¢ is the temporal width of the chirped probe pulse and Ty is the temporal width
of the probe pulse in the Fourier transform limit. For example, in our experiment, the
Fourier transform limit duration of the seeding laser pulse was 150 fs and the seeding
laser pulse was stretched up to 10 ps. The temporal resolution was about 1.3 ps.
Since the temporal duration of the electron bunch used in this experiment was about 600
to 700 fs, which was below the temporal resolution, the resulting EO signal could not
represent the temporal profile of the exact temporal profiles of the electron bunch. To
improve the temporal resolution in the spectral decoding method, the probe pulse with a
broadband spectrum and a small chirp rate, which correspond to small To and T¢, have

to be used. The group velocity mismatch between the THz wave generated by the
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electron bunch and the probe laser pulse is not negligible when the probe pulse has a
broadband spectrum. If the chirp rate becomes smaller, the time window of EO sam-
pling measurement becomes narrower. A narrower time window means limited sam-
pling time for the EO measurement as an arrival time monitor. A better temporal res-
olution is obtained by a temporally decoding EO sampling technique, which is based on
cross correlations of the chirped pulse and the short pulse.

The temporally decoding EO sampling method was invented by G. Berden et
al. They separated a laser pulse into two, of which one was chirped and introduced
into an EO crystal. The rest of the pulse and chirped pulse were sent to a non-linear
crystal. A single shot cross correlation was measured between two pulses to detect an
intensity modulation of the chirped pulse in the temporally decoding method. They
measured the temporal width of the electron bunch whose temporal width was 650 fs.
They used 30 fs and 21 ps probe pulses, and detected the EO signal lasting for 460 fs
[22].

In this thesis, a non-destructive and real-time monitor based on the elec-
tro-optic spectrally decoding technique was constructed. The arrival time difference
was calculated from the variation of the peak position of the spectra of the EO signal,
and fed back to a trigger delay circuit of the seeding laser system by the home-built
program. Then the arrival time fluctuations were kept in the order of sub-ps for a long
time. The seeded FEL pulses at 4 = 61.5 nm with a pulse energy of 20 pJ at the max-
imum were generated. This allows the seeded FEL to be applied to experiments in in-

tense laser fields.
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Figure 2. The schematic of the scanning delay sampling method. The probe pulse
transmits the polarizer P1 and the EO crystal and the phase retardation occurs. The
phase retardation is changed into an intensity change by polarizer P2 and detected by a
photodiode. The polarizer P1 and P2 are in crossed-Nicol. By changing the optical
delay, the different positions of the electron bunch is probed for each electron bunch.
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Figure 3. A schematic drawing of the spatially decoding EO sampling measurement.
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Figure 4. A schematic drawing of the spectrally decoding EO sampling method. A
linearly chirped probe pulse passes through the polarizer P1 and the EO crystal. After
transmitting the polarizer P2, the probe pulse is detected by a spectrometer. The phase
retardation is converted into the spectral intensity moderation by the spectrometer. The
polarizer P1 and P2 are put in crossed Nicol.
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Figure 5. A schematic drawing of a temporally decoding EO sampling method. The

probe pulse with a short temporal width is separated into two pulses. One is not
stretched. The other is linearly chirped and passes through the polarizer P1 and EO
crystal.  After passing through the polarizer P2, the temporal profile of the chirped
pulse represents the temporal structure of the electron bunch. The temporal profile of
the chirped pulse is detected by the single shot cross correlation method.
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2.  Experiments
2.1. SCSS test accelerator
In this experiment, the SPring-8 Compact SASE Source (SCSS) test accelerator [23] at
the RIKEN Harima Branch was used. The SCSS test accelerator consists of four sec-
tions: the low emittance injector, the magnetic chicane based bunch compressor, the
C-band linear accelerator and two undulators in a vacuum [24]. A schematic drawing
of the SCSS test accelerator is shown in Fig. 6.

The hot cathode made of a single crystal CeBg heated up to 1800 K is used in a
500 keV electron gun [25]. The gun emits electron beams with a temporal width of 2
us and a peak current of 1 A.  The high-voltage pulsed beam deflector slices an elec-
tron bunch with the temporal width of 600 fs from the electron beam. The fluctuation
of the high-voltage of the deflector causes the fluctuation of the temporal bunch width.
In this thesis, the charge amount of the sliced electron bunch was 0.4 nC/bunch. The
S-band (2856 MHz) accelerator increases the energy of the electron bunch up to 45
MeV. Then the following C-band (5712 MHz) linear accelerator increases the energy
up to 250 MeV. The dark current from the C-band accelerator system is removed by

the following magnetic chicane. The electron bunch is injected into two undulators.

Injector detail
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BC C-TWA C-TWA UND 1 UND 2 250 MeV  Photon
1 2 Chicane dump diagnostics

Figure 6. A schematic drawing of the SCSS test accelerator [23].

28



Each undulator has 300 periods of permanent magnets, and the length of the
period is 15 mm. Pairs of steering magnets are installed at the entrance and the exit of
the two undulators to optimize the electron trajectory. The radiation wavelength can
be tuned by changing the undulator parameter K; and K is adjustable by changing the

length of the undulator gap.

2.2. Synchronized Ti:Sapphire laser system

A home-built Ti:Sapphire laser was used for the generation of 13th and 15th order har-
monics and the probe laser for the EO sampling measurement. The Ti:Sapphire laser
system was composed of the oscillator (Tsunami, Spectra Physics), which was synchro-
nized to the clock of the accelerator, the regenerative amplifier (Spitfire, Spectra Phys-
ics), and the 4-pass amplifier. The central wavelength of the output pulse was 800 nm,
the bandwidth was 8 nm, temporal width was 150 fs, and the pulse energy was 30
mJ/pulse.  An acoustic-optic programmable dispersive filter (AOPDF) (Dazzler,
FASTLIGHT) was placed after the oscillator, and the generation of the high order har-
monics was optimized by compensating for the second and the third order dispersion by
using Dazzler.

Since the interval of each pulse generated in the oscillator is 2L/c, where L is
the length of the oscillator and c is the speed of light, Ti:Sapphire laser is synchronized
to the clock of the accelerator by adjusting L. A schematic of the synchronization is
shown in Fig. 7. The oscillator was synchronized to the 79.3 MHz signal which was
divided from the 238 MHz radio frequency (RF) signal for the accelerator. The RF
signal was synchronized to the AC 60 Hz for the stable operation of the electric devices,

such as the electron gun and the deflector. The timing of the pockels-cell of the regen-
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erative amplifier and the pump laser for the 4-pass amplifier was synchronized to the 30

Hz trigger signal for the FEL.

2.3. High order harmonic generation

The output of the Ti:Sapphire laser was loosely focused into the Xe gas cellbyaf=4m
lens. Loosely focused femtosecond laser pulses with a phase matching condition can
generate intense high order harmonic pulses [7, 8]. The pressure of the Xe gas cell
was tuned to optimize the energy of the 13th or 15th order harmonic pulse, and the
pressure was about 53 Pa. The fundamental pulses and the 13th order harmonics were
separated by two harmonic separator mirrors coated with Si with the Brewster angle (75
degrees) for the P polarized beam at A =800 nm [9]. To accomplish the seeding of the
FEL by an external laser, the intensity of the seeding laser should be larger than the
spontaneous radiation emitted at the entrance of the first undulator [27]. The separated
13th order harmonic pulses were collimated and focused by two concave mirrors coated
by Pt to surpass the spontaneous radiation intensity at the entrance of the first undulator.
The pulse energy of the 13th order harmonic pulse at the entrance of the undulator was
about 2 nJ, and the temporal pulse width was estimated to be 50 fs [10]. The spectrum

of the 13th order harmonics is shown in Fig. 9.

Oscillator
Y W Regenerative Four-pass
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| FEL trigger 30Hz I- | YAG Laser | | YAG Laser]
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FEL trigger (30 Hz)
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Figure 7. The timing system of the Ti:Sapphire laser.
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Figure 8. A schematic picture of the generation of the 13th and 15th order harmonics
(left), and the photo of the Xe gas cell (right). Two harmonic separator mirrors were
put at a 75 degree angle, which was the Brewster angle for a P polarized beam at 1 =
800 nm. The pulse energy of the fundamental pulse after the harmonic separators was
less than 0.25 % of the incident pulse energy.
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Figure 9. The spectrum of the 13th order harmonic pulse. The spectral bandwidth was

0.5 nm, and the Fourier transform limited pulse width was 46 fs.
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2.4. Measurement of the arrival time

OTR method

The arrival time between the electron bunch and the Ti:Sapphire laser was measured by
using the optical transition radiation (OTR) emitted from the electron bunch and the
streak camera (FESCA-200, Hamamatsu Photonics K.K.).

The transition radiation is emitted at the boundary of two media with different
dielectric constants when a charged particle passes through the boundary. The transi-
tion radiation is explained by the change of the dipole moment induced in both media
around the boundary. The radiation is emitted in both the forward and the backward
directions of the boundary. When the wavelength of the radiation is in the visible
wavelength region (400 nm < 4 < 800 nm), the radiation is called an optical transition
radiation. The maximum energy of the transition radiation is emitted at an angle
which is the inverse of the relativistic Lorentz factor . The OTR is used to measure
the longitudinal charge distribution of the electron bunch [28] and the arrival time of the
electron bunch. In this research the OTR and the Ti:Sapphire laser pulse were detected
by the streak camera and used to measure the arrival time of the electron bunch and the
Ti:Sapphire laser pulse. The image of the streak camera when the arrival timing of the
Ti:Sapphire laser was earlier than that of the FEL by 10 ps was shown in Fig. 10.

This method is a destructive measurement because the high-order harmonic
pulse is intercepted to introduce the undulator by the OTR screen. This means the ar-
rival time cannot be measured during the seeding of the FEL. In this experiment, the
arrival time varied by about 10 ps per an hour as shown in Fig. 1. Since this arrival
time drift is larger than the temporal width of the electron bunch and the 13th order

harmonic pulse by more than a first-order magnitude, the temporal overlap cannot be
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kept for a long time. The arrival time should be monitored and the arrival time drift
should be compensated in real time in order to keep the temporal overlap for a long time.
The arrival time monitor based on the EO sampling technique was introduced in this

thesis.

EO sampling method
The transmittance of the high reflective mirror for 800 nm which was located at the op-
tical pass for the high order harmonic generation was used as a probe laser for the spec-
trally decoding EO sampling measurement. The probe pulse was linearly chirped by
the high dispersive glass rods and AOPDF (Dazzler, FASTLIGHT) up to 10 ps. The
photograph of optical layout and a schematic drawing of the EO sampling measurement
are shown in Fig. 12 and Fig. 13. The first order diffraction from the Dazzler was in-
troduced into the vacuum chamber. A ZnTe crystal cut by the (110) plane whose
thickness was 1 mm was put in the vacuum chamber. A picture of the ZnTe crystal and
the Ce** doped yttrium aluminum garnet (Ce:YAG) crystal is shown in Fig. 14. The
Ce:YAG crystal was used to detect the position of the those crystals, because Ce:YAG
emits strong and long-lived fluorescence when the electron bunch travels through the
Ce:YAG crystal. The distance between the ZnTe crystal and the trajectory of the elec-
tron bunch was about 2 mm. Two polarizers were placed before and after the ZnTe
crystal and they put in crossed-Nicol. The phase retardation was converted into a
spectral modulation after the second polarizer, and the spectral modulation was detected
by the spectrometer (QE65000, Ocean Optics).

The spectrum of the probe pulse averaged for 300 shots when the electron

bunch did not pass by the EO crystal was used as a background spectrum. The back-
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ground spectrum was subtracted from the detected EO signal. The spectrum of the EO
signal and the background signal is shown in Fig. 11. A home-built LabView program
was used to record the EO signal and the central wavelength of the EO signal. In this
research, the pulse with a 150 fs temporal width was stretched up to 10 ps, and the
temporal resolution of the spectrally decoding EO sampling measurement was about 1.3
ps.

Laser pulse
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Figure 10. The streak image when the timing of the Ti:Sapphire laser was earlier than
the timing of the electron bunch by 10 ps.
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Figure 11. A single shot spectrum of the probe pulse after the EO crystal and the
crossed-Nicol polarizer. The red line: the spectrum when the electron bunch passed by
the EO crystal. The blue line: the spectrum when the electron bunch did not pass by
the EO crystal, namely the background spectrum.
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Figure 12. The optical layout of the EO sampling measurement. The blue arrow
shows the trajectory of the electron bunch. The red arrow shows the optical pass of the
probe pulse. A ZnTe crystal was put in the vacuum chamber (white dashed circle). The
EO signal was detected by a fiber spectrometer.
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Figure 13. A schematic drawing of the spectrally decoding EO sampling measure-
ment. A linear chirp was added to the probe pulse by high dispersive glass rods and the
Dazzler. The ZnTe crystal was put 2 mm away from the trajectory of the electron beam.
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Figure 14. The first to the fourth from the right are the ZnTe crystals used in this
thesis. The crystals were cut in the (110) plane and their thickness was 1 mm. The
one on the right end was mounted on a holder made of ceramic. The current would
flow in the metallic holder, and the birefringence in the ZnTe crystal would be af-
fected by the current. The ceramic holder was prepared for such an effect. In this
thesis, there were no significant differences between the metallic holder and the ce-
ramic holder. The crystal on the left end was a Ce:YAG. When the electron bunch
hit the Ce:YAG, the strong fluorescence was emitted from the crystal. The Ce:YAG
was used to check the position of the crystals.
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Figure 15. The CCD image of the ZnTe crystal in the vacuum chamber. It was con-
firmed that the probe pulse hit the ZnTe crystal correctly.
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2.5. Control of the timing of Ti:Sapphire laser

A high-precision trigger and clock delay module (84DgR5CO1, Candox Systems)
which can change the delay of the RF signal with a high accuracy was used to adjust the
trigger delay of the Ti:Sapphire laser with a resolution of 200 fs. The delay module

tunes the delay time by changing the phase of the RF signal. If the initial frequency of

the RF is fand the initial phase is %o, the RF signal can described as
I(t) = sin(2mft + @y). 4)
If the delay time zis added to the RF signal,
I(t — 1) =sin(2nf(t — 1) + ¢y)
= sin(2nft + (@0 — 27fT)). (5)
Eq. (4) corresponds to the initial phase shit by -2#fz.  The synchronization timing was
tuned in real-time to keep the pulse energy of the amplified EUV pulses and the central

wavelength of the EO signal constant by tuning the delay time of the delay module.

2.6. Gas monitor detector

A gas monitor detector developed by DESY, PTB and loffe [29, 30] was used to meas-
ure the energy of the FEL pulses at the SCSS test accelerator [31]. The detector is
based on the one photon ionization of argon. The detector consisted of a vacuum
chamber equipped with a differential pumping system and filled with 10 Pa of Ar. The
Ar" and the electron derived from the one photon single ionization of Ar were detected
by Faraday cups. The detected current was amplified and converted into a digital sig-
nal. The digital signal was saved on Ayagiku, which is the database of the SCSS test
accelerator in micro joule unit. The unit conversion from current to joule was cali-

brated by the gas monitor detector used in DESY at 51.3 nm, 56.1 nm, and 61.2 nm [30].
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The gas monitor detector was located after the two steering mirrors coated with SiC as
shown in Fig. 17. The gas monitor detector measures the pulse energy reduced by the
reflectivity of the SiC mirror. The incident angle of the two steering mirrors was 85
degrees, and the reflectivity of the P polarized pulse at the incident angle of 85 degrees
was calculated by Fresnel’s equation. The reflectivity of SiC at 4 = 61.5 nm was ob-
tained to be 0.89. The pulse energy just behind the second undulator was 1.27 times

larger than the pulse energy measured by the gas monitor detector.

2.7. The overlap between the electron bunch and the seeding laser

The spectral overlap

The wavelength of the undulator radiation was matched to the wavelength of the 13th or
15th order harmonics by tuning the undulator gap. Fig. 16 shows the spectrum of the

undulator radiation and the 13th order harmonics.
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Figure 16. The spectrum of the 13th order harmonics of 4 = 800 nm (blue line), and
the undulator radiation (red line). The wavelength of the undulator radiation was opti-
mized by adjusting the undulator gap.
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The spatial overlap

A thin film made of Au and a phosphor screen equipped with a micro channel plate was
used to detect the position of the high order harmonics and the OTR emitted from the
electron bunch. The spatial position was monitored before and after the first undulator
by using a micro channel plate equipped with a phosphor screen and a CCD camera.
The position of the high-order harmonic pulses was adjusted by tuning the Pt concave

mirrors, which were used to collimate and to focus the high-order harmonics.

The temporal overlap

First, the trigger delay of the Ti:Sapphire laser was adjusted to amplify the 13th order
harmonics. Second, the optical delay and the first order dispersion of the Dazzler in-
troduced into the optical setup to monitor the arrival time as shown in Fig. 12 and Fig.
13 was tuned to detect the EO signal at the moment when the 13th order harmonics
were amplified. The trigger delay of the Ti:Sapphire laser was tuned to keep the cen-
tral wavelength of the EO crystal and the energy of the EUV pulses constant.

A schematic drawing of the whole experimental setup is shown in Fig. 17.
Ti:Sapphire laser pulses were focused into the Xe gas cell to generate 13th and 15th or-
der harmonic pulses. The Pt concave mirrors were used to focus the high-order har-
monic pulses and to overlap the high-order harmonic pulses with the electron bunches.
The arrival time between the electron bunch and the Ti:Sapphire laser pulse was moni-
tored just before the first undulator. The spectrum of the FEL pulses was detected by
the EUV spectrometer located after the second undulator. The pulse energy was meas-

ured by the gas monitor detector.
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Figure 17. The experimental setup for the free-electron laser seeded with the 13th and

the 15th order harmonics of Ti:Sapphire laser.

3. Results and Discussion
3.1. The arrival time measurement and the timing drift compensation
The single-shot and the averaged change of the peak wavelengths of the EO signal are

shown in Fig. 18.
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Figure 18. The central wavelength of the EO signal. Red line: the central wave-
length of the single shot EO signal. Blue line: the central wavelength of the averaged
EO signal for 100 shots.
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Since the probe pulse was lineally chirped in the spectrally decoding EO sampling
measurement, the relationship between the arrival time and the central wavelength of
the EO signal is:

[The arrival time (fs)] = [The central wavelength of the EO signal (nm)]

x [The chirp rate of the probe pulse (ps/nm)]

In this thesis, the chirp rate was measured by changing the trigger delay of the
Ti:Sapphire laser by using Candox. The change of the central wavelength of the EO
signal when the timing of the Ti:Sapphire laser was adjusted was shown in Fig. 19. A
1 ps trigger delay change corresponded to a 1.2 nm central wavelength shift in the EO
signal. The chirp rate was obtained as 0.8 ps/nm. To measure the chirp rate more
accurately, a cross correlation of the probe pulse should be measured. The trigger de-
lay time shown in Fig. 20(a) was added to the trigger delay module for two hours. As
a consequence, the jitter and the drift were suppressed to less than 1 ps, as shown in Fig.
20(b). If the trigger delay had not been adjusted, the arrival time drift which corre-

sponds to the delay time shown in Fig. 20(a) would have been observed.
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Figure 19. Changes in the central wavelength of the EO signal when the trigger delay
time was changed by using Candox. The arrows show the points at which the trigger
delay was changed.
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3.2. Spectrum of the FEL pulse seeded by 13th order harmonics

Figure 21 shows the single shot spectrum of the FEL pulse seeded by the 13th order
harmonics of 4 = 800 nm and the SASE-FEL pulse under the same condition of the
electron bunch and the undulator. The improvement of the spectrum coherence was
confirmed for the FEL seeded by the 13th order harmonics. The spike-like structure
was confirmed at the edge of the spectrum. The temporal width of the 13th order
harmonics was about 50 fs, which was less than one over ten of the temporal width of
the electron bunch. The small spectral moderation was derived from the SASE-FEL
radiated from the electron bunch which was not overlapped with the 13th order har-
monics.

The spectra of the seeded FEL pulses of 8 shots which had more than 5 arbi-
trarily units of peak intensity is shown in Fig. 22. The central wavelength of the seed-
ed FEL pulse was 61.4(1) nm, and the spectral bandwidth was 0.11(2) nm. The corre-
sponding Fourier transform limited pulse duration was 46(6) fs. The temporal width of
the 13th order harmonics was estimated to be about 50 fs [20]. The temporal width of

the seeded FEL pulse was almost the same as the temporal width of the 13th order har-

monics.
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Figure 20. (a) The trigger delay time added to the Candox by using the home-built

LabView program. (b) The arrival time of the electron bunch when the trigger delay
was adjusted.
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Figure 21. The single shot spectrum of the SASE-FEL pulse (blue line), and the FEL
pulse seeded by 13th order harmonics (red line). The small spectral moderation of the
seeded FEL pulses was derived from the SASE-FEL.
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Figure 22. The single shot spectra of the seeded FEL pulses.
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Figure 23. The central wavelength (left) and the bandwidth (right) of the seeded FEL
pulse. Pulses which had more than 5 arbitrarily units of spectral peak intensity was
picked up in this figure.

3.3. Pulse energy of the FEL pulses seeded by the 13th order harmonics

The single shot pulse energy of the FEL with and without the introduction of the 13th
order harmonics is shown in Fig. 24. The histogram of the each pulse energy is shown
in Fig. 25. The pulse energy of the FEL pulses without the 13th order harmonics was
less than 2uJ.  The FEL pulses which have more than 2 uJ per pulse are seeded by the
13th order harmonics. The ratio of the number of the seeded FEL pulses with respect
to the total number of shots was more than 15 %, which was larger by two orders of
magnitude than in the previous study [20]. This improvement is thought to be due to
the improvement of the temporal overlap between the electron bunch and the 13th order
harmonics. The pulse energy of the seeded FEL pulse shown in Fig. 25 fluctuated shot
by shot. This fluctuation mainly originated from the fact that the pulse energy of the
seeded FEL pulse did not achieve the saturation regime. The fluctuation of the maxi-
mum pulse energy shown in Fig. 24 also supports that the seeded FEL pulse did not

achieve the saturation regime.
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Figure 24. The single shot pulse energy of the FEL pulse. Red dots: the FEL pulse
energy when the 13th order harmonics seeding was introduced. Blue dots: the FEL
pulse energy when the 13th order harmonics seeding was not introduced. The energy
fluctuation signifies that the FEL pulse energy did not achieve the saturation regime.
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Figure 25. The histogram of the single shot FEL pulse energy shown in Fig. 24. The
red line: The FEL pulse energy when the 13th order harmonics seeding was introduced.
The Blue line: The FEL pulse energy when the 13th order harmonics seeding was not
introduced. Since the FEL pulse energy when the seeding pulse was not introduced
was less than 2 wJ, the FEL pulse with the energy of more than 2 pJ per pulse was
seeded by the 13th order harmonic pulses.
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Figure 26. The single shot pulse energy of the FEL when the seeding by 13th order
harmonic pulses was introduced into the undulators. The large energy fluctuation sig-
nifies that the FEL saturation regime was not accomplished. Since the arrival timing
drift was compensated, the FEL was seeded by the 13th order harmonic pulses for a
long time.

Figure 26 shows the FEL pulse energy when the 13th order harmonic pulses
were introduced into the undulator with the electron bunch. Since the arrival time drift
was suppressed to less than 1 ps, which is shown in Fig. 20(b), the seeded FEL pulses
were generated for long time. This means that it is possible to use the seeded FEL
pulses as a light source for the experiments, such as in observing the multiphoton ioni-

zation by using the time-of-flight mass spectrometry.

3.4. Second order harmonic generation of 61.5 nm

The generation of the second harmonic of the amplified 13th-order harmonic was con-
firmed at A = 30.7 nm. The spectrum of the second harmonic was shown in Fig. 27.
The second harmonic should be the seed pulse to generate the coherent pulses in the
Soft X-ray or shorter wavelength region, because it is difficult to generate high-order

harmonics of Ti:Sapphire laser pulses which are intense enough to seed the FELS.

46



£ 15 -

T — SHG of

= amplified 13th HHG
0 — SHG of SASE < 10
3 10 - * Scatterd light

=

1

@

2 5+ *

’_E‘ #*

°

5 0

o | | | | | | |

28 29 30 31 32 33 34
Wavelength / nm
Figure 27. The spectrum of the second harmonics of 61.5 nm. A significant ampli-

fication with respect to the SASE-FEL was confirmed.

4.  Conclusion

The FEL was seeded by the 13th and 15th order harmonics of Ti:Sapphire laser to in-
crease the peak power of the FEL pulses and to generate a strong field in the EUV
wavelength region. The spectrum of the seeded FEL pulses was a single-peak struc-
ture and the pulse energy was up to 20 uJ. The pulse energy of the seeded FEL pulses
fluctuated shot by shot, and this fluctuation was thought to be due to the fact that the
seeded FEL pulses did not achieve the saturation regime. The important condition to
generate the FEL seeded by the high-order harmonics is the temporal, spatial, and spec-
tral overlap between the electron bunch and the high-order harmonics. Although the
arrival timing drift between the electron bunch and the Ti:Sapphire laser pulse was
within 1 ps for 20 to 30 seconds, it was difficult to seed the FEL by 13th and 15th order
harmonics for a long time.  This was an obstacle for applying the seeded FEL pulses to
our application experiments. The arrival time monitor based on the spectrally decod-

ing EO sampling scheme enabled us to monitor the arrival time non-destructively in real
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time. The trigger delay time of the Ti:Sapphire laser was adjusted by the home-built
LabView program. As a consequence, the arrival time drift was compensated with
sub-ps accuracy, and the FEL was seeded by the high-order harmonics for long time.
The generation of the second harmonic of the amplified 13th-order harmonic shows that
the combination of the external seeding scheme and the high gain harmonic generation
scheme would be one of the coherent light sources in the Soft X-ray and shorter wave-

length regions.
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Appendix

A. Optical transition radiation

The radiation energy U emitted to the backward direction when a single electron with a
charge of -e passes through the boundary between vacuum to a metal is descried by the

Ginzburg - Frank fomula

® (2m (T e? f?sin? 8
U= dwddg sin 0d6 , 5
J;) J;) fo wdg sin 4Am3eyc (1 — B2 cos? B)? )

where £ =v/c, and @is the radiation angle.
The total radiation energy emitted from a metallic boundary is derived from the in-

tegration of the equation (6) over the solid angle df2 = sin 8 dfd¢.
f 16dé sin 0 e? f?sin? 0
¢ sin 4m3eyc (1 — B? cos? 6)?
_erp? f 4 sin? @
- 2m2g,c (1 - B2cos26)?’
2 1+ 2 1— 2
e < A+ 1+p°), (1A-p) > ,

=— 1
8m2e,yc

du
do

B S +p) ©)

The angler distribution can be obtained from the differentiation of the Ginz-

burg-Frank formula with respect to the radiation angle é.

dU  pgeo PBtcsin20
—_—= d 1-— 2 _ P2qin2 0}, 7
d6  4m3 (1 — B? cos? 0)3{ B* = B”sin" 0} )

The radiation energy becomes maximum when the equation (7) is zero. When
the angle that the radiation energy becomes maximum is small, the angle is represent as

the equation (8).

11_ﬂ2~1_32
gz~ B’

(8)

Omax = Sin™

B. Electro-Optic effect in a birefringence crystal

The index ellipsoid
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The relationship between the electric field and the first order polarization in an aniso-

tropic medium is described as the following equation (9).
P =eox E, 9)

where )(](.,? is the first order susceptibility tensor. The first order susceptibility tensor

depends on the coordinate system of the crystal. The orthogonal axes of the coordinate
system in which the tensor is diagonal are called the principal axes of the crystal.
The electric displacement vector D is described as equation (2.2),

D =¢yE + P = ¢gy¢E, (10)

where E is electric field, g, is dielectric constant of vacuum, ¢ is the relative permittiv-
ity of medium.
In the xyz coordinate system where the x, y, and z axes are the principal axes of

the crystal, equation (10) becomes

& 0 0\ /E,

p=|0 ¢ 0]|E], (11)
0 0 &/ \E,
The energy density of the laser electric field is described as the equation (12).
1 1
Ue:EE'D:EZEiEUEj, (12)
L
In the xyz coordinate system equation (12) is replaced by the eq. (13)
D,%/& + D,? /e, + D,% /e, = 2U, (13)

By defining a vector r described as the eq. (14), the eq. (13) is replaced by the eq. (15).

The principal indices of refraction are defined as the eq. (15).

X
re (y) _ /T, (14)

z
x?/n? +y*/n,2 + 2% /n,t =1, (15)
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The eq. (15) is called an index ellipsoid of a biaxial crystal. The major axes of the ellip-
soid are parallel to the x, y, and z axes of the crystal, and those lengths represent refrac-

tive indices of the major axes.

The linear electro-optic effects
An electric field is impressed to crystals such as ZnTe, a linear electro-optic (EO) effect
is induced. The index ellipsoid of the EO crystal is described as the eq. (16)

a;x? + a,y? + azz® + ayyz + aszx + agxy = 1, (16)
When an electric field is not impressed to an EO crystal, the coefficient vector a is rep-

resented by the eq. (17).
1/nx 1/"02
/1/ny \ /1/7102\
1/n,? I 1/n02 i , (17)
0
0
Nk

When an electric field E is impressed to an EO crystal, the coefficient vector a is repre-

sented by the eq. (18).

1/“02 1 Tiz T3
1/n4? /T21 22 7"23\ E
2 31 T32 T33 !
a=|1/n" [+] E, |, (18)
0 21 Taz T43 E
0 Tsy Tsz Ts3 3
0 Te1 Te2 Te3

where 7;; denotes the EO tensor. For a crystal with cubic symmetry such as ZnTe,
only three elements of the EO tensor have non-zero value, and equal each other.
ra1=rs2=re3# 0 (29)
The index ellipsoid is described as,
x2 yZ ZZ

— +— no? +— + 2yzry By + 2zxry0Ey + 2xyri Bz =1 (20)
0 no?
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When the electron bunch whose propagation direction is perpendicular to the (110)
plane of a ZnTe crystal, the direction of the electric field impressed by the electron

bunch is <001> direction. In this case, the index ellipsoid is described as equation (21).
XZ yZ
Tl_oz + Tl_oz + nyr41E =1 (21)
This index ellipsoid is symmetrical about the x and y axes. The eq. (21) is described as
the equation (22) in the XY coordinate system which is rotated xy coordinate system by

45 degree.
1 2 1 2
(n_oz - r41E) X2+ (n_oz + r41E) yz=1, 22)

If X and Y axes are the primary axes of the crystal,

1 1 1 1
gt by =gtk &

When r4; is smaller than ng, ny and ny are described as the equation (24).

TLX = no + §n037'41E, ny = nO - En03r41E ) (24)

The phase shift between X axis and Y axis depends on the electric field strength.

21
F = 771037‘415' ) (25)
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Chapter 3

Multiphoton ionization of atoms
by free-electron laser
seeded with high order harmonics
of Ti:Sapphire laser



1.  Introduction

Intense light sources in the EUV regions had not been available until very recently when
the self-amplified spontaneous emission (SASE) type free-electron laser (FEL) was in-
troduced [1, 2]. The SASE-FEL is a promising light source for the non-linear spec-
troscopy of atoms and molecules because of its wavelength tunability and high peak in-
tensity. Indeed, the laser intensity of SASE-FEL pulses could become larger than that
of the high-order harmonics of ultrashort laser pulses by more than two orders of mag-
nitude.

Studies on the multiphoton ionization of atoms and molecules in the EUV
wavelength region have been reported by using SASE-FELs. Multiple ionizations of
Xe and Ar irradiated with FEL pulses of 4 = 98 nm and around 10 W/cm? were re-
ported by Wabnitz et al. [3]. The input pulse intensity dependence of the ion yield of
Xe™ (m =3, 4, and 5) and Ar"" (n = 2, 3) were examined, and from the slope of the ion
yields plotted with respect to the intensity of the input pulse on the logarithmic scale,
the formation of Xe™ (m = 3, 4, and 5) and Ar"™" (n = 2, 3) was confirmed as the se-
quential multiphoton ionization. The investigation of the multiphoton ionization of Xe
was reported for FEL pulses at 4 = 13 nm and with the intensity of 10'? to 10'® W/cm?,
and the formation of the multiply charged ions up to Xe?* were reported by Solokin et
al. [4]. The formation process of multiply charged ions was theoretically studied by
solving the differential rate equations of ion yields [5, 6]. The formation of Ar®* and
Ar’* were reported by Motomura et al. [7] and Sato et al. [8], respectively. The multi-
ple ionization of Ne irradiated with the SASE-FEL pulses at A = 29.1 nm and with the
intensity of 10** W/cm? was examined [9]. The multiphoton ionization of Ne with the

one photon energy of 41 to 42 eV was investigated [11]. To clarify the resonance ion-
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ization of Ne, the spectra of SASE-FEL pulses were measured, and the correlation be-
tween the time of flight spectra and the spectra was investigated. From the correlation
between the Ne®* to Ne* ratio and the spectra of the SASE-FEL pulses, the increment of
Ne?* yields was attributed to the resonant excitation of the 2p - nl transition of Ne*,
The sequential two photon double ionization of N, for the SASE-FEL pulses of 4 = 32
nm and 2x10™ W/cm? was reported [12].  The ionization of N, for the FEL pulses of A
= 50.8 nm and 10" W/cm? were examined, and the two photon double ionization was
confirmed from the observation of the Coulomb explosion of N,** [13]. Those results
suggest that the SASE-FEL pulses are intense enough to induce nonlinear optical phe-
nomena such as multiphoton ionization.

It is true that the development of the SASE-FELSs enabled us to investigate the
nonlinear optical phenomena, such as the multiphoton ionization of atoms and mole-
cules in EUV and Soft X-ray wavelength regions. However, the temporal and spectral
structure of the SASE-FEL pulses exhibit spike-like structures with pulse-to-pulse fluc-
tuations which originate from the nature of the amplification scheme of the SASE-FEL
pulses. Because these spectral and temporal fluctuations cannot be reduced by any
adjustments of experimental parameters such as the temporal pulse width, the central
wavelength and the laser intensity, interpretations of the multiphoton ionization pro-
cesses of atoms and molecules induced by these SASE-FEL pulses in EUV and Soft
X-ray wavelength regions are difficult. The improvement of the temporal and spectral
coherence of the SASE-FEL pulses would be important to investigate the ionization
processes of atoms and molecules.

In the present study, the 13th order harmonic pulses of Ti:Sapphire laser were

amplified up to 20 pJ/pulse for as long as 7 hours by introducing a real-time and
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non-destructive timing monitor to monitor the timing drift between two pulses by using
an electro-optic (EO) sampling technique. The two photon ionization of He was in-

vestigated.

2.  Experiments

The fundamental output pulses of a Ti:sapphire laser (800 nm, 30 mJ/pulse, 150 fs
FWHM, 30 Hz) were loosely focused using a plano-convex lens (f = 4 m) into a Xe gas
cell placed in a vacuum chamber to generate the 13th order harmonic at 61.5 nm. The
generated harmonic pulses were spatially separated from the fundamental laser pulses
(800 nm) by a pair of SiC mirrors and focused by two Pt concave mirrors into the un-
dulator part of the SCSS test accelerator, where the injected high-order harmonic pulses
were overlapped temporally and specially with electron bunches (0.4 nC/bunch) accel-
erated at 250 MeV. In order to amplify the input high-order harmonic pulses through
the seeding process, the undulator gap was adjusted and optimized for the 13th order
harmonic.

For the synchronization of the high-order harmonic pulses and the electron
bunches, the timing drift was monitored by the EO sampling technique and was adjust-
ed by varying the triggering timing for the seeding laser through a home-built feedback
system. As a result, the timing drift was successfully reduced to within 1 ps, and con-
sequently, the stable generation of high-order harmonic seeded FEL pulses was
achieved for a period as long as 7 hours, and the seeding probability, defined by the ra-
tio of the number of the seeded pulses with respect to the number of the non-seeded
SASE FEL pulses, was raised significantly to as much as 20%.

Figure 1 shows the schematic drawing of the experimental setup for the inves-

60



tigation of the multiphoton ionization process. The seeded FEL pulses were reflected
by two steering mirrors coated with SiC, and introduced into the home-built TOF
mass spectrometer. The seeded FEL pulses were focused onto a sample gas jet by two
cylindrical mirrors (f = 1000 mm) coated with SiC [14]. The gas jet was introduced
into the vacuum chamber from a pulsed valve through a skimmer with the orifice diam-
eter of 0.5mm. The generated ions were mass separated by the Wily-Maclaren type
TOF mass spectrometer [15], detected by microchannel plates, and recorded by an os-
cilloscope (DPO7254C, Tektronix). The seeded FEL pulses and the SASE-FEL pulses

were horizontally polarized, which made them parallel to the TOF axis.

FEL pulse

Ar gas attenuator

\

Steering mirror (SiC)

Sample gas: Pulse energy monitor

He, Ne

Cylindrical focus mirror

Seya-Namioka EUV Time of flight mass spectrometer

Spectrometer —

Figure 1. The experimental setup for the observation of the multiphoton ionization of
atoms.
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3. Results and Discussion

3.1. lonyield of He"

Figure 2 shows the time of flight mass spectra of He which was obtained by averaging
over 3000 shots. He* was observed at m/z = 4, and He** was observed at m/z = 2.
H," originating from the residual H,O in the vacuum chamber was also observed at m/z

=2. He®" and H," could not be distinguished from the TOF mass spectra alone.

3.2. Intensity dependence of He" yield

In Fig. 3, the yields of the He" ions recorded when the He gas was irradiated with the
seeded FEL pulses and the non-seeded SASE FEL pulses are respectively plotted as a
function of their pulse energy. Because the first ionization potential of He is 24.6 eV
and the photon energies of the high-order harmonic seeded FEL and non-seeded SA-

SE-FEL pulses are 20.2 eV [16], two photons are required to ionize He.

—
()

He*

o

()]

IIII|I1I1|II1I

[on Yield / arb. unit

[

0 m/z 0

Figure 2. The averaged mass spectrum of He" for 3000 shots. He" was observed at
m/z = 4. He** and H," were observed at m/z = 2. H," was emitted from the residual H.O.
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The energy diagram of He is shown in Fig. 4, confirming the non-resonant two
photon ionization. ~As shown in Fig. 3, the slopes of the He" yield were determined as
n = 2.0(1) and 1.9(1) when the seeded and non-seeded FEL pulses were adopted, re-
spectively, showing that He atoms are ionized by a non-resonance two-photon ioniza-
tion process.

Considering that He" ions are generated by a non-resonant two-photon absorp-
tion process, the larger He" ion yield obtained with the seeded pulses than that obtained
with the non-seeded pulses, as shown in Fig. 3, should reflect the larger peak energy, or

equivalently, the narrower pulse width of the seeded pulses than the non-seeded pulses.
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Figure 3. (a) Input pulse energy dependence of He" yield for seeded FEL (blue trian-
gles), and SASE-FEL (red circles). (b) The energy dependence of the He" yields showed
slope of n = 3.6(1) at 5 to 8 uJ energy region.
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From the spectrum of the seeded FEL pulse, its pulse duration is estimated to
be 46(1) fs, assuming that the Fourier transformed limited pulses were generated, which
is consistent with the pulse duration (50 fs) of the input high-order harmonic pulses.

The following equation represents the He™ yields:

Vet =1+ Nye * Ulgze) ' (%)2 T = Nye " Offe* (%)2 % , (1)
where 71 denotes the detection efficiency of our experimental apparatus, Ny, denotes
the number of He atoms in the interaction region, 7/ denotes the focused intensity of the
FEL pulse, E denotes the pulse energy, S denotes the cross section of the FEL pulse at
the focal point, and 7 denotes the temporal width of the FEL pulse. Then, the ratio of

the ion yields for the seeded FEL pulse to the ion yields for the SASE-FEL is described

as

Yiet (seed FEL) _ TsASE FEL

Yie*(sasE FEL)  Tseed FEL @)

From the pulse duration of the seeded output (46 fs) and the ratio of the He"

ion yield (~ 2.7), the pulse duration of the non-seeded SASE FEL output is estimated to

be 125 fs, which is in agreement with an estimate of the pulse duration of the SA-
SE-FEL output, which was in the range between 100 fs and 150 fs.

The slope of the SASE-FEL pulse was found to be 3.5 above 10 pJ/pulse,
showing that a higher non-linear ionization proceeded through above threshold ioniza-
tion (ATI) and/or absorption to the two electron excited states located around 63.12 eV
[16] by the three photon energy region. The resonant three photon ionization achieved
by using photoelectron spectroscopy at 51.4 nm SASE-FEL pulses was reported by

Hishikawa et al., suggesting an above threshold ionization via two-electron excited

states [17]. The increase of the slope is not significant for the amplified FEL pulses,
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due to the narrow bandwidth, estimated to be 0.06 nm (FWHM), limited by the seeding

harmonic laser pulses.

Energy (eV)
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Figure 4. Energy diagram of He* and He*".
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4.  Conclusion

The multiphoton ionization of He was examined for the FEL pulses seeded with the
13th order harmonics of Ti:Sapphire laser pulses. The multiphoton ionization for the
SASE-FEL pulses with the same pulse energy was also examined for comparison. The
formation of He" was confirmed to be non-resonant two photon ionization, and the dif-
ference between the temporal width of the seeded FEL pulse and the SASE-FEL pulse
contributed to the He" yields. This means that the laser intensity of the seeded FEL

pulses is 2.7 times higher than the laser intensity of the SASE-FEL pulses.
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Chapter 4

Amplified spontaneous C°II, - B[, emission
and rotational and vibrational state
distributions in C°I, state of N,

In femtosecond laser induced filament in air



1. Introduction
The femtosecond laser induced filament in air is known to be formed by the balance
between the self-focusing and defocusing of light by the plasma produced by ionization
of atoms and molecules in air [1 - 5]. Because of this balance the intensity inside the
filament becomes high while the beam propagation and the light field intensity of laser
induced filament is known to be kept around 5x10* W/cm? [1, 6, 7] in air, and this
phenomenon is so called intensity clamping. As the intense femtosecond laser pulses
propagate in the filament in air, the broadening of the spectrum of the pulse occurs as a
result of self-phase modulation. The pulse duration of the broadband white light was
reported, and the optical pulse width was found as short as few optical cycles by com-
bining conventional pulse compression technique [8, 9]. The improvement of the spa-
tial mode of the beam after the femtosecond filament was also reported [10], and the
cleaning of the spatial mode in the filament was called self-spatial filtering [11]. The
intense femtosecond laser was launched to the sky and white light was generated from
filament. The white light was applied to the remote sensing in atmosphere based on
the light detection and ranging (LIDAR) techniques [12]. The few-cycle pulses gener-
ated by the four-wave mixing process in the filament was reported, and low fluctuation
of the intensity of the few-cycle pulses in visible wavelength region was found due to
the intensity clamping [13]. Furthermore, the filament has been regarded as an attrac-
tive phenomenon by a variety of its applications such as triggering of electric discharge
[14], third harmonic generation [15], and THz generation [16].

By recording emission spectra of laser induced filaments in air, Chin and his
co-workers [17, 18] showed that the fluorescence emits from electronically excited N,

as well as from electronically excited molecular ions such as N,*. Based on the meas-

71



urements of the fluorescence of the C°I1, - B31‘Ig (0, 1) transition of N, at 357 nm, they
found that the intensity of the fluorescence propagating in the direction opposite to the
laser propagation direction increased exponentially as a function of the gain medium
length that they estimated from the input pulse energy, and obtained the optical gain of
the fluorescence emitted towards the backward direction by regarding the filament as a
uniformly excited gain medium [19].

In the present study, in order to explain the exponential increase in the intensity
of the fluorescence emitted from the filament, we adopted a one-dimensional model for
the amplified spontaneous emission (ASE) by assuming that the Gaussian spatial densi-
ty distribution of N in the C°I1, state along the laser propagation direction. Further-
more, in order to investigate excitation processes of molecules in the filament, the pop-
ulation distributions in the vibrational and rotational levels of N in the C state were in-
vestigated by the spectroscopic analyses of the fluorescence emitted from the filament
in the direction perpendicular to the laser propagation axis, and were found to be ex-

pressed well by the vibrational and rotational temperatures.

2. Experiment

The output of a Ti:Sapphire laser system with the pulse duration of 47 fs (full-width at
half-maximum) and a maximum energy of 20 mJ/pulse at A = 810 nm was reflected by a
multilayer-coated fused silica plate with high reflectivity at 800 nm, and focused into air
to generate the filament with a lens (f = 1000 mm). A half wave plate and a polarizer
were placed before the two-pass amplifier to vary the output pulse energy in the range
between 0.5 and 6.0 mJ by adjusting the rotational angle of the half wave plate. The

beam radius, defined as the distance from the beam center to the point where the inten-
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sity of the beam decreased to 1/e of the intensity at the beam center, was 14 mm before
the focusing lens.

A Czerny-Turner type spectrometer equipped with an intensified charge cou-
pled device (ICCD) camera was used to measure the spatial images of the filament and
the spectra of the fluorescence emitted from the filament. The image of the side view
of the filament was projected at the entrance slit of the spectrometer by a pair of lenses,
and was recorded by the ICCD camera as the zero-th order diffraction. The filament
images of the fluorescence ranging from the visible and ultraviolet wavelength regions
were recorded. The backward fluorescence emission passing through the multi-
layer-coated fused silica plate was focused by a lens (f = 100 mm) at the acceptance
surface of the fiber bundle connected to the entrance slit of the spectrometer. The
backward fluorescence at around 337 nm originated from the C°I1, - B3Hg 0, 0), (1, 1),
(2, 2) and (3, 3) transitions of N, was recorded by the ICCD camera, with the exposure

time of around 20 ns. The experimental setups were shown in Figs.1 and 2.

Czerny—Turner
ICCD |~ Spectrometer

/=1000 mm

Ti:Sapphire :
Laser system filament

Figure 1. The experimental setup for the measurement of the side fluorescence and
the image of the filament.
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Czerny—Turner
ICCD |« Spectrometer

Ti:Sapphire
Laser system

filament

Figure 2. The experimental setup for the measurement of the backward fluorescence.

3. Results and Discussion

3.1. Measurement of the filament length

The filament images recorded at the input pulse energies of 1.0 and 6.0 mJ/pulse are
shown in the upper part of Figs. 1(a) and 1(b), respectively. The fluorescence detected
here is originated mainly from the C°I1, - BT, transitions at 337 nm (0, 0) and 357 nm
(0, 1) of N, and the B®%," - X?%," transitions of N,* at 391 nm (0, 0) and 428 nm (0, 1)
[17, 18]. After integrating the fluorescence intensity of the filament images along the
vertical direction in Fig. 1, the one-dimensional Gaussian-type intensity profiles were
obtained as shown in the lower part of Figs. 3(a) and 3(b). Considering that the pro-
files were well described by a Gaussian distribution, the length of the filament was de-
fined in the present study as the width of the Gaussian distribution at the 1/e? intensity
of the maximum. By recording the filament images at the 12 different input pulse en-
ergies in the intensity range between 0.5 and 6.0 mJ/pulse at intervals of 0.5 mJ/pulse,
the variation of the filament length as a function of the laser pulse energy was obtained
as shown in Fig. 4. As seen in Fig. 4, the filament length tends to increase almost lin-

early as the laser pulse energy increases.
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Figure 3. The ICCD images of the filament and the intensity profiles (solid line)
along the filament when the pulse energies are (a) 1.0 mJ/pulse and (b) 6.0 mJ/pulse.
The horizontal axis is taken along the laser propagation direction. The dashed lines are
the 1/e? intensity of the maximum signal intensity. The filament lengths are determined
to be 8 mm and 19 mm in (a) and (b), respectively.
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Figure 4. The experimentally determined filament lengths plotted as a function of the
input pulse energy.

3.2. Backward fluorescence intensity
The intensity of the fluorescence emitted from the filament towards the backward direc-

tion, plotted in Fig. 5 as a function of the filament length, exhibits an exponential in-
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crease. In order to explain this exponential increase of the backward fluorescence, a
one-dimensional model of ASE described by the differential equation introduced in Ref.

[20],

L =P+, M

is adopted, where P(z) represents the intensity of the spontaneous emission along the z
axis, which is the laser propagation axis, 1(z) the total fluorescence intensity emitted
from the filament along the z axis, and g(z) the optical gain. The product of g(z) and
1(2), that is, g(2)1(z), represents the intensity of the stimulated emission. In the previ-
ous study [16], the filament was assumed to be a medium in which excited atomic
and/or molecular species are uniformly distributed, and P(z) and g(z) were considered to
be constant along the filament.

In the present study, considering the observation that the intensity distribu-
tions of the fluorescence emitted from the filament along the z direction, in the wave-
length range covering the visible and ultraviolet regions, were represented well by a
Gaussian-type function, both the population of N, in the C state and that in the B state

along the filament were assumed to take a Gaussian-type distribution represented re-

spectively by
Nc(2) = Ng g expz® /w?), (2)
Ng(2) = N o expz*/w?), (3)
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where w denotes the width at the 1/e intensity of the maximum corresponding to the
filament length divided by 272, Nco and Ng denote respectively the maxima of the
population distribution of N, in the C and B state. By using these distributions, the

optical gain g(z) is represented as

9(2) =oce{Nc(2)-Ns(2)}
= oca{Nc o~ Ngolexp2/w?), (4)

where ocg denotes the cross section of the stimulated emission. On the other hand, the

distribution of the spontaneous emission along the z axis is represented as

P(2) =hvAcgNc(2)
=hvAgNc g expz? /w?), ®)

where Acg denotes the Einstein A coefficient for the C-B transition. By substituting

Egs. (4) and (5) into Eq. (1),

di
™ ={hvAcgNc o +0ocg(Nco—Ngo)l (2)¥exp(2% 1 w?), (6)
is obtained.

By solving the differential equation Eq. (6) numerically for a given value of
oce(Nco-Ng ), the intensities of the backward fluorescence can be derived. By com-
paring the calculated intensities obtained with different values of ocg(Nc o-Ng o) with the

experimental results in the input pulse energy range between 0.5 and 6.0 mJ/pulse, an
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optimized value of ocg(Nco-Ngo) was obtained. The best-fit results are plotted with
the blue circles in Fig. 5 as a function of the observed filament length. In Eq. (6),
hvAceNc represents the observed intensity and w is the observed width of a Gaussian
fluorescence intensity distribution along z axis. As shown in Fig. 5, this simulated re-
sults reproduces well the experimental data as long as Nc¢ is larger than Ngo. This
shows that the population inversion was realized between the C°I1, and the B3Hg states
of N, in the laser induced filament, and that the exponential increase in the fluorescence

intensity can be ascribed to the ASE.
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Figure 5. The observed backward fluorescence intensity (red circle), and the calcu-
lated backward fluorescence intensity (blue circle).
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3.3. Vibrational temperature

The C°I1, - B%I, emission spectrum of N, recorded from the side of the filament is
shown in Fig. 6, in which the sequence of the transitions assigned to (v, v) = (0, 0), (1,
1), (2, 2), and (3, 3) can be identified. If the population in the respective vibrational
levels in the C state can be represented by a Boltzmann distribution with the vibrational
temperature Ty, the ratio of the intensity of the C-B (v, v) transition, I, v, with respect to

the C-B (0, 0) transition, Iy, can be expressed as

, 2
Iv_,v _ |<V/v |V/v >| Vv,v4 EX[{—A—EUJ
loo |<l//0'|'//o”>|2 VO'OA KT,

(7)

where |<l//v'|l//v">|2 and vy, v are the Franck-Condon factor and the transition wave-

number of the C-B (v, v) transition [21], and AE. represents the vibrational term value
of the vibrational level in the C state whose vibrational quantum number is v.

By defining Ry as

1 Y Z(J

R In{'o,oj[|<l//o'|l//o">d voo ) |
AE,

Tk, 8)

v

the Ry values are calculated for v = 1, 2, and 3 using the experimental values of I, and
lo,0 Obtained when the input pulse energy was 6.0 mJ/pulse, and are plotted in Fig. 7 as a

function of AE.. From a least-squares fit to Eq. (8), the vibrational temperature was
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determined to be T» = 2650(200) K.

By using the data taken at different input pulse energies in the range between
0.5 and 5.5 mJ/pulse, the vibrational temperatures were obtained through the same
procedure as above, and the resultant vibrational temperatures were obtained as plotted
in Fig. 8.  As shown in Fig. 8, the experimental vibrational temperature takes almost
constant values distributing in the narrow temperature range between 2600 and 3000 K,
indicating that the population distribution in the respective vibrational states in the C
state of N3 in the filament tends to take almost the same values in the wide range of the
input laser pulse energy, which can be ascribed to the clamping of the laser field inten-

sity in the filament [1, 6, 7].
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Figure 6. The emission spectrum the C-B(v, v) fluorescence of N, measured from the
side of the filament when the input laser pulse energy was 6 mJ/pulse.
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Figure 7. Ry defined by Eq. (8) plotted as a function of the vibrational term values for
v =1, 2 and 3 when the input pulse energy was 6.0 mJ.
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Figure 8. The dependence of the vibrational temperature of N, in the C state on the
input laser pulse energy.
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3.4. Rotational temperature
As shown in Fig. 4, the respective emission peaks are shaded towards the higher wave
number side. These profiles can be ascribed to a rotational structure of the C I -
B[, (v, v) transitions. The rotational structure of the C°IT, - B[, transition of N
split into three sub-bands corresponding to the *IT, - *I1,, *I1; - *I1,, and I, - *I1, tran-
sitions in the P and R branches and two sub-bands corresponding to [T, - °IT, and *IT; -
*[, in the Q branch [22]. A subscript attached to the term symbols in the sub-band
transitions represents the quantum number £, the sum of the sum of the projection of
the electronic orbital angular momentum and the projection of the spin angular momen-
tum.

The wave numbers of respective transitions can be expressed by the Dunham

expansion [22] as

Vgsj = %O %O{Y‘%(v+l/2)p[J'(J'+1)—Q'2]q —qu(v+1/2)p[J"(J"+1)—_Q”2]q}, (9)
T p=0g=

where chq and Yqu denotes the Dunham coefficients for the vibrational ground state

of the C state and that for the B state, respectively. The intensity of the respective ro-

tational transition lines in the P, Q, and R branches can be described as

I35 =hv-Ng;-Acs

oc @exp(—hc&,\]' (J'+1)/KT,),

r

(10)

where No - denotes the population of N, in the rotational level J’ in the vibrational

ground state of the C state, Acgthe Einstein coefficient of the C-B transition, and S(J°)

82



the HOnl-London factors expressed as [22]

Sp(J') =(I'+1+ A1+ A" /(I'+1)
Sp(3') = (2I+1) A2 1 I (I'+1) (11)
Sp(3) =@+A)@=A) 1T,

where A denotes a quantum number representing the electronic orbital angular momen-
tum about the inter-nuclear axis. The simulation of the observed rotational structure of
the C-B (0, 0) transition was performed by changing the rotational temperature T, as a
variable. From the simulation, in which the spectral line width was estimated to be
265 cm™ corresponding to the resolution of the spectrometer, the rotational temperature
of N in the C state in the filament was determined to be 450(100) K for all the observed
rotational structures recorded at the twelve different input pulse energies in the range
between 0.5 and 6.0 mJ/pulse at intervals of 0.5 mJ/pulse. As shown in Fig. 9, the ob-
served rotational structure recorded when the input laser pulse energy was 6 mJ/pulse is
well reproduced by the simulation when T, = 450 K. The constant rotational tempera-
ture of 450(100) K in the wide input pulse energy range indicates that the population
distribution in the respective rotational levels in the C state of N, in the filament is not
sensitively influenced by the input laser pulse energy because of the clamping of the

laser field intensity in the filament.
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Figure 9. The fluorescence spectra measured from the side of the filament (solid line)
when the input laser pulse energy was 6 mJ/pulse, and the simulated spectra (dotted
line) at the rotational temperature of 450 K. The solid line in the upper trace repre-
sents the residuals (Obs. - Calc.) in the simulation.

4. Conclusion

The backward fluorescence of N, from the femtosecond laser filament in air was inves-
tigated. The length of the filament defined as the width at the 1/e? intensity of the
maximum intensity of the filament was obtained experimentally from the recorded im-
ages of the filament. By introducing the one-dimensional amplification model that
describes the backward fluorescence intensities emitted from the filament it was con-
firmed that the backward fluorescence was amplified by the ASE process. Both the
vibrational and rotational temperatures of N, in the C state, determined from the analy-
sis of the vibrational and rotational structures in the observed spectra of the side fluo-
rescence, were found to take almost constant values in the wide range of the laser pulse
energies, which can be ascribed to the intensity clamping process in a laser induced

filament.
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Chapter 5

Future perspective



In this thesis, two nonlinear optical phenomena induced in the intense laser field in the
vacuum and in the air were investigated. One is investigation of the multiphoton ioni-
zation in the EUV wavelength region. The coherent light source in the EUV wave-
length region was developed, and the non-resonant two photon ionizations of He irradi-
ated with the seeded FEL pulses and the SASE-FEL pulses were observed. The other
Is the investigation of the femtosecond laser induced filament. The fluorescence inten-
sity from the filament is interpreted by a model including the spontaneous emission and
the stimulated emission, and the laser intensity clamping in the filament is confirmed by
the spectral analysis. | would like to propose how I could extend my research in the
intense laser field.

In this thesis, the laser intensity at the focus was estimated as 6.3x10* W/cm?
when the pulse energy, the temporal pulse width and the 1/e” beam radius of the seeded
FEL was 10 pJ, 50 fs, and 10 um, respectively. The Keldysh parameter for He is 18.8
at the intensity of 6.3x10™ W/cm?.  If the concave mirror whose focal length is 50 mm
is used to focus the FEL pulses instead of the two cylindrical focusing mirrors which
were used in this thesis, the laser intensity at the focus will achieved up to 2.5x10%
W/cm?, and the Keldysh parameter will become 0.9. This means the strong field in
EUV wavelength region would be formed by using the concave mirror with shorter fo-
cal length. The strong field in EUV wavelength region has not been achieved yet, and
the formation of the highly charged ions, the tunnel ionization, and the over the barrier
ionization would be observed by using the seeded FEL pulses. The investigation of
these nonlinear optical phenomena would enable us to investigate the chemical reac-
tions in the intense EUV laser field.

The FEL pulses seeded by high-order harmonics is also promising light source
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for the two-color pump-probe experiments in EUV wavelength region. The
pump-probe experiment is one of the most useful experiments to examine time depend-
ent ionization process. However, the arrival time jitter between the electron bunch and
the synchronized Ti:Sapphire laser pulses, which is usually in the order of sub-ps, limits
the temporal resolution of the pump-probe experiments. If the same Ti:Sapphire laser
pulse is used to pump the atoms and molecules and to seed the FELs, the temporal jitter
between the pump pulse and the prove pulse will be in the order of femtosecond. This
means that the FEL seeded by the high-order harmonics enables us to observe the ultra-
fast phenomena in the intense laser field.

The amplification of the second order harmonics of 4 =61.5 nm was confirmed
in this thesis. The amplified second harmonic pulses at 30.7 nm can be used as the
coherent seeding light source for the FELSs, if there are the undulators in the following
part. This is important that further short wavelength could be reached even though
accelerator is not feasible to generate such short wavelength. Another technique to
generate coherent pulses in shorter wavelength region is called the self-seeding. For
EUV and soft X-ray wavelength region, the direct seeding is the promising technique.
The seeding light source is usually the high-order harmonics of Ti:Sapphire laser pulses.
However, for the X-ray wavelength region, it is difficult to generated the high-order
harmonics which is intense enough to seed the FELs. The operation of the seeded FEL
in X-ray wavelength region was proposed by the scientists at DESY [1], and reported by
the scientists at LCLS [2]. In the self-seeding scheme, the part of the SASE-FEL of
narrow bandwidth generated in the first undulator is selected by the X-ray monochrom-
ator, and the selected part is amplified in the following undulators. The self-seeded

FEL would be a promising light source to investigate the ultrafast reactions of atoms
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and molecules in intense laser field.

In this thesis, the amplification of the backward fluorescence intensity indicates
the population inversion between C°I1, and B°I1, state of N, was achieved in the laser
filament. The population inversion formed in the femtosecond laser filament enables
us to generate the intense ultraviolet laser pulses by seeding the filament with the ultra-
violet laser pulses such as the 4th order harmonic of the output of an optical parametric
amplifier.

The spectral analysis of the emission spectra enables us to investigate the elec-
tronically excited atoms and molecules in the filament. The rotational population dis-
tribution of N, in the C state becomes clearer if the emission spectra are measured with
high spectral resolution. The investigation of the vibrational and the rotational popula-
tion distribution enables us to realize the mechanism of the excitation of atoms and

molecules in the filament.
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