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1. Introduction

With recent progress in ultrashort ultraintense laser technologies such as chirped pulse
amplification (CPA) (Strickland & Mourou, 1985), the peak power of a laser pulse is increasing
year by year, and the focused intensity of 1021 W/cm2 has been achieved (Aoyama et al., 2003;
Perry et al., 1999). When the focused intensity of a laser pulse is higher than 1018 W/cm2,
quiver velocity of an electron is close to the speed of light in such a high electromagnetic
field. Various nonlinear phenomena are caused by the relativistic effect of the electron motion.
Self-focusing, higher harmonic generation, and so on, which are well-known phenomena in
nonlinear optics, have been observed in laser-plasma interactions.
An ultrashort ultraintense laser pulse propagating in a plasma can excite a plasma wave by the
nonlinear force of a high electromagnetic field, called the ponderomotive force. A longitudinal
electric field is formed by the plasma wave, and electrons trapped in the potential of the
plasma wave can be accelerated. This is the concept of laser-driven plasma-based electron
acceleration (LPA) (Tajima & Dawson, 1979). The longitudinal accelerating electric field of
the plasma wave is higher than 100 GV/m, which is a thousand times higher than that of
present radio-frequency (rf) accelerators. Such a high accelerating field enables us to realize
compact electron accelerators and/or obtain extremely high energy electrons. Furthermore,
the electron pulse duration is extremely short, of the order of tens of femtoseconds, because
the wavelength of the accelerating field, that is the plasma wave, is of the order of tens of
micrometers. Next-generation electron accelerators with such unique characteristics will be
realized using LPA.
Since the concept was proposed, various experimental and theoretical studies have been
conducted (Esarey et al., 2009; 1996). Pioneering works of the proof-of-principle such
as generation of a high accelerating field and energetic electron beams have been so far
presented (Joshi et al., 1984; Kitagawa et al., 1992; Malka et al., 2002; Modena et al., 1995;
Nakajima et al., 1995). However, the energy spectra of the electron beams were Maxwell-like
distributions, and the beam qualities were far from those required for various applications.
In 2004, a major breakthrough was brought about with the generation of well-collimated
electron beams with a narrow energy spread, that is quasi-monoenergetic electron (QME)
beams (Faure et al., 2004; Geddes et al., 2004; Mangles et al., 2004; Miura et al., 2005). This
result is a significant step toward the realization of a laser electron accelerator.
In this chapter, we provide the overview of the present status of research on LPA. First, we
briefly describe the principle of LPA. Second, we present recent results of works conducted at
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the National Institute of Advanced Industrial Science and Technology (AIST). Generation of
QME beams is mainly presented. We also present particle-in-cell simulations to discuss the
mechanism and the conditions of QME beam generation. Using a femtosecond electron pulse
obtained by LPA, a compact, all-optical, ultrashort X-ray source can be realized on the basis
of laser Compton scattering. Third, we present X-ray generation by laser Compton scattering
using a laser-accelerated electron beam. Finally, we briefly review recent progress toward a
next step and future prospects.

2. Principle of laser-driven plasma-based electron acceleration

2.1 Electron motion in a electromagnetic field

Let us consider an electron motion in a electromagnetic field. The equation of motion for a
free electron of charge e in an electromagnetic (laser) field is given by the Lorentz equation

dp

dt
= −e(E + v × B) , (1)

where p=γmev, v, E, and B are the momentum and velocity of an electron, and the electric and
magnetic field, respectively. Here, me and γ are the electron mass and the relativistic Lorentz
factor. In the case of a weak electromagnetic field, v × B component is negligible, and Eq. 1
is simplified to me

dv
dt = −eE. For a linearly polarized laser field, the electron quiver velocity

vq is given by vq = eEL/meωL, where EL and ωL are the amplitude and frequency of the laser
field. The ratio of the electron quiver velocity to the speed of light c is defined by

a0 =
eEL

meωLc
= 8.5 × 10−10λL[µm]

√

(IL[W/cm2]) , (2)

where λL and IL are the laser wavelength and intensity. This gives an expression for the
normalized vector potential a0. Relativistic effects are brought about in an electron motion in
a laser field yielding a0 ≥ 1. This region is called relativistic region. For example, the intensity
of 2.2 × 1018 W/cm2 gives a0 = 1 for 800-nm laser light.
By averaging 1

2 mevq
2 over one oscillation period of a field, the electron quiver energy is

defined by

UP [eV] =
1
2

me〈vq
2〉 =

e2EL
2

4meωL
2 = 9.3 × 10−14(λL[µm])2 IL[W/cm2] . (3)

This is an expression for the ponderomotive potential UP. The ponderomotive potential
results in a force FP=−∇UP, that is the ponderomotive force. The ponderomotive force is
directed along the intensity gradient of a laser pulse envelope, and perpendicular to the laser
propagation direction. The force pushes electrons out of the region of the laser pulse, and
becomes the driving force for exciting a plasma wave in a plasma.

2.2 Excitation of plasma wave

Let us consider the propagation of an ultrashort ultraintense laser pulse in a low density
plasma. The electron density of the plasma is much lower than the critical density nc given by
nc = ε0meωL

2/e2, where ε0 is the vacuum permittivity. Electrons in the plasma are pushed
out of the region of the laser pulse and separated from ions by the ponderomotive force. A
local charge separation is formed, because it is regarded that ions are at rest in the short time
close to the laser pulse duration. After some time, the laser pulse overtakes electrons pushed
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Electron Acceleration Using an Ultrashort Ultraintense Laser Pulse 3

out and the space charge force starts to pull the electrons back. In turn, the charge excess is
formed by the electrons pulled back near the laser propagation axis. The electrons are pushed
out again. By the repetition of this process, plasma oscillation is driven. The plasma frequency
ωp for the electron density ne is given by

ωp =

√

e2ne

ε0me
. (4)

Because the plasma oscillation is driven together with the propagation of the laser pulse, the
phase velocity of the plasma wave vp is equal to the group velocity of the laser pulse given by

vp = c

√

1 −
ne

nc
. (5)

Electrons trapped in the plasma wave can be accelerated almost to the speed of light, because
the phase velocity of the plasma wave is close to the speed of light in an underdense plasma
(ne ≪ nc).
In the linear region, a longitudinal electric field of a plasma wave Ex is give by

Ex = δn
meωpc

e
, (6)

where δn is the modulation of the electron density. For example, assuming ne = 1019 cm−3

and δn = 0.3, the electric field is 100 GV/m, corresponding to more than a thousand times as
accelerating fields of present rf accelerators.
To explain the principle of LPA, typical particle-in-cell (PIC) simulation results are shown in
Fig. 1. The initial electron density of a plasma is 1.7 × 1019 cm−3, and the laser intensity of
800-nm light corresponds to the normalized vector potential of 5. A laser pulse propagates
along the x−axis and is polarized along the y−axis. The snapshots of electron density
distribution (a) and (b), the distributions of the electric field along the y−axis corresponding
to the laser field (c) and (d), and the distributions of the electron density (solid curve) and
the electric field (dashed curve) along the x−axis (e) and (f) are shown for different laser
propagation lengths. As shown in Figs. 1(a) and (e), the period of the low-density and
high-density parts is formed behind the laser pulse along the propagation axis, and a plasma
wave is excited. As shown in Fig. 1(e), the peak longitudinal field along the x−axis, that is the
accelerating field in LPA, reaches 700 GV/m.
The situation, in which a laser pulse drives a plasma wave behind itself, is similar to that in
which a boat drives a wake on a sea. Then, LPA is also called laser wakefield acceleration
(LFWA).

2.3 Trapping and acceleration of electrons

As described above, because the phase velocity of the plasma wave is close to the speed of
light, the velocity of electrons should be also close to the speed of light for trapping into
a plasma wave. To feed accelerated electrons, an electron gun was used as an external
electron source (Amiranoff et al., 1995; Clayton et al., 1993; Ebrahim, 1994). In some
experiments, hot electrons produced from a laser-irradiated solid target were used (Mori,
Sentoku, Kondo, Tsuji, Nakanii, Fukumochi, Kashihara, Kimura, Takeda, Tanaka, Norimatsu,
Tanimoto, Nakamura, Tampo, Kodama, Miura, Mima & Kitagawa, 2009; Nakajima et al.,
1995). However, it has been demonstrated that electrons in a plasma can be almost
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Fig. 1. Typical simulation results to explain the principle of LPA. Snapshots of electron
density distribution on the x − y plain (a) and (b), the distributions of the electric field along
the y−axis corresponding to the laser field (c) and (d), and the distributions of the electron
density (solid curve) and the electric field (dashed curve) corresponding to the accelerating
field along the x−axis (e) and (f) are shown for different laser propagation lengths.

automatically injected and trapped into a plasma wave. This scheme is called self-injection
scheme or self-trapping scheme. In the self-injection scheme, wave-breaking plays an
important role (Bulanov et al., 1997; Decker et al., 1994). As shown in Fig. 1(e), a plasma wave
with a large amplitude is excited, and the steeping of the wave occurs. As the laser pulse
propagates further, the amplitude of the plasma wave becomes larger, and the wave finally
breaks. This phenomenon is seen as whitecaps at the ocean. Electrons slip from the wave and
are trapped into the plasma wave. As shown in Figs. 1(b) and (f), electrons are trapped and
accelerated in the first period of the plasma wave and form an electron bunch.
The plasma wavelength λp = 2πc/ωp, which is the wavelength of the accelerating field, is the
order of tens of micrometers. In the case shown in Fig. 1, the plasma wavelength is ∼ 10 µm.
Electrons are trapped in the narrow region of the acceleration phase and the length of the
electron bunch is a few micrometers as shown in Fig. 1(f). This electron bunch is regarded
as an ultrashort electron pulse with a duration of tens of femtoseconds. Thus, a femtosecond
electron pulse can be obtained by LPA.
The energy gain Wmax is simply given by the product of the accelerating field and the
acceleration length. In the linear region, the accelerating field is given by Eq. 6. The
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Electron Acceleration Using an Ultrashort Ultraintense Laser Pulse 5

acceleration length is mainly limited by dephasing (phase slippage) of electrons trapped in
a plasma wave. The dephasing is brought about by the difference between the phase velocity
of a plasma wave and the velocity of accelerated electrons. Accelerated electrons in a plasma
wave outrun the acceleration phase of the plasma wave, and enter the deceleration phase. In
the linear region, the dephasing length Ld is given by

Ld =
cλp/2
c − vp

≃
nc

ne
λp . (7)

Then, the maximum energy gain is given by

Wmax = 4mec2 nc

ne
. (8)

For example, when the laser wavelength is 800 nm and the electron density is 1019 cm−3, the
dephasing length and the maximum energy gain are 1.8 mm and 350 MeV. In other words,
electrons with an energy of 350 MeV can be accelerated in only 1.8-mm length.
The acceleration length is also limited by the diffraction of a laser beam and/or the energy
depletion of a laser pulse for driving a plasma wave. The limit of the laser propagation length
by the diffraction is not serious, because it is possible to achieve a longer propagation length
by guiding a laser pulse using relativistic self-focusing, a capillary discharge plasma and so
on. If the pump depletion length is defined as the length in consuming half of the initial
laser pulse energy for driving a plasma wave, the pump depletion length is comparable to the
dephasing length (Esarey et al., 1996). Then, the limit of the acceleration length by dephasing
is dominant.
The description in this section is concentrated in the liner region. However, as shown in
Fig. 1, most of phenomena in LPA are in the nonlinear region, and the treatment is important.
The overview of analytical description in the nonlinear region has been provided in detailed
review reports (Esarey et al., 2009; 1996).

2.4 Generation of quasi-monoenergetic electron beam with a narrow energy spread

Since the middle of 1990’s, the generation of energetic electron beams based on a self-injection
scheme has been demonstrated (Modena et al., 1995; Nakajima et al., 1995; Umstadter,
Chen, Maksimchuk, Mourou & Wagner, 1996). Although collimated electron beams were
generated, the energy spectra of the electron beams were Maxwell-like distributions and the
energy spreads were large. These experiments were based on self-modulated laser wakefield
acceleration (SM-LWFA) using a laser pulse with a picosecond duration and a high-density
plasma with an electron density close to 1020 cm−3. In such cases, the laser pulse length is
longer than the plasma wavelength. The plasma wave with a large amplitude is excited via
Raman scattering and/or the self-modulation instability and can accelerate trapped electrons.
Heating the plasma occurs, when the plasma wave grows. In addition, the trapped electrons
in the plasma wave interact with the laser field and can be also accelerated by the laser field
directly, that is so-called direct laser acceleration (DLA) (Gahn et al., 1999). The combination
of these electron acceleration mechanisms can lead to the broad electron energy spectrum.
However, in 2004, the generation of QME beams with a narrow energy spread was
demonstrated by four groups (Faure et al., 2004; Geddes et al., 2004; Mangles et al., 2004;
Miura et al., 2005). After that, many groups have so far reported the generation of QME
beams (Hidding et al., 2006; Hosokai, Kinoshita, Ohkubo, Maekawa, Uesaka, Zhidkov,
Yamazaki, Kotaki, Kando, Nakajima, Bulanov, Tomassini, Giulietti & Giulietti, 2006; Hsieh
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6 Will-be-set-by-IN-TECH

et al., 2006; Maksimchuk et al., 2007; Mori et al., 2006; Yamazaki et al., 2005). Most
experimental results on QME beam generation have been explained by the acceleration in the
highly nonlinear broken-wave regime, that is so-called bubble acceleration regime (Pukhov &
Meyer-ter Vehn, 2002). In simulation results shown in Fig. 1, the conditions are close to those
of the bubble acceleration regime. When an ultraintense laser pulse propagates in a plasma, it
undergoes the self-focusing and the longitudinal pulse compression. Such laser pulse drives
a highly nonlinear plasma wave and expels a large amount of electrons. Then, the electron
cavitated region (bubble) is formed behind the laser pulse. The radially expelled electrons
move along the boundary of the bubble and collide at the rear vertex of the bubble. Transverse
wave-breaking (Bulanov et al., 1997) occurs and a large amount of electrons is injected into
the bubble at the rear vertex. The field produced by the injected electrons terminates further
electron injection. Electrons are trapped at the fixed narrow phase of the accelerating field.
Thus, the QME beam with a narrow energy spread can be obtained. Because a large amount
of electrons is instantaneously injected, the QME beam with high charge can be obtained. The
electrons trapped near the rear vertex of the bubble are located behind the laser pulse. Because
the trapped electrons are free from the laser pulse, an electron beam with low emittance can
be obtained. These phenomena have been thoroughly investigated by many theoretical and
numerical studies (Geissler et al., 2006; Gordienko & Pukhov, 2005; Kostyukov et al., 2004; Lu
et al., 2007). For such bubble formation, one of the required conditions is that the spatially
transverse and longitudinal sizes of the laser pulse match the plasma wavelength. To satisfy
this condition, the experiments have been conducted using a focusing mirror with the long
focal length yielding the spot size of ∼ 10 µm and an ultraintense laser pulse with a few tens
of femtoseconds yielding the pulse length of ∼ 10 µm for a low density plasma around or less
than 1019 cm−3 yielding the plasma wavelength of ∼ 10 µm.

3. Experimental and numerical studies on laser-driven plasma-based electron

acceleration

In this section, recent results of works conducted in the National Institute of Advanced
Industrial Science and Technology (AIST) (Masuda & Miura, 2008; Miura & Masuda, 2009)
are presented as an example of experimental and numerical studies on LPA.

3.1 Experimental conditions

Laser system
A Ti:sapphire laser system with a repetition rate of 10 Hz based on CPA method was used for
experiments. In our laser system, two intense laser pulses were available. A 20-fs laser pulse
from a Kerr-lens mode-locked oscillator was stretched to 400 ps through an Öffner type pulse
stretcher, which was an aberration-free type stretcher(Cheriaux et al., 1996). To control a laser
pulse shape, an acousto-optic programmable dispersive filter (Dazzler: Fastlite)(Verluise et al.,
2000) was installed after the pulse stretcher. The laser pulse was amplified by a regenerative
amplifier and multi-pass amplifiers. To suppress and control a prepulse, a pulse cleaner
composed of a Pockels cell and a thin film polarizer was set between the regenerative and
the first muti-pass amplifiers. After the first multi-pass amplifier, the laser pulse was split
into three pulses. The first pulse referred as main laser pulse was amplified by a multi-pass
amplifier, and a laser pulse with an energy of 750 mJ, a pulse duration of 35-50 fs, and a
center wavelength of 800 nm was obtained after a vacuum pulse compressor. The main laser
pulse was used for electron acceleration. The second pulse referred as colliding laser pulse
was amplified by two multi-pass amplifiers, and a laser pulse with an energy of 150 mJ, a
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Electron Acceleration Using an Ultrashort Ultraintense Laser Pulse 7

pulse duration of 60 fs, and a center wavelength of 800 nm was obtained after a vacuum
pulse compressor. Due to the priority to optimize a pulse shape of a main laser pulse, the
spectrum control of a colliding laser pulse was not sufficient. Then, the pulse duration of the
colliding laser pulse was little bit longer than that of the main laser pulse. The colliding laser
pulse was used for X-ray generation by laser Compton scattering shown in Sec. 4. The third
pulse referred as probe laser pulse with an energy of 0.5 mJ, a pulse duration of 60 fs, and
a center wavelength of 800 nm was used for plasma diagnostics such as shadowgraph and
interferogram.
Experiment setup
The experimental setup for electron acceleration is shown in Fig. 2. A p-polarized main laser
pulse (400 mJ, 50 fs, 800 nm) was focused onto the edge of a helium gas jet using an f /6
off-axis parabolic mirror with a focal length of 300 mm. The laser spot size in vacuum was
9 µm at the full-width-at-half-maximum (FWHM), and the Rayleigh length was 230 µm. The
energy concentration within the e−2 spot was 58% of the total laser energy. The peak intensity
was 5.8 × 1018 W/cm2, corresponding to the normalized vector potential of 1.6. The helium
gas jet was ejected from a supersonic nozzle with a conical shape driven by a pulsed valve.
The focal position was set at 1 mm above the nozzle exit. The diameter of the nozzle exit was
0.7 mm and the Mach number was 5.3. The density profile of the gas jet was measured with
a Jamin interferometer. The density at the center was ∼ 5 × 1018 cm−3, corresponding to the
electron density of ∼ 1019 cm−3.

Main 

laser

pulse

Gas jet

Plasma

Probe

laser pulse

CCD

camera

CCD

camera

Electron 

beam

Electron energy

spectrometer

CCD

camera

Interference

filter

Imaging  Plate

or

Phosphor screen
Lens

Lens

Lens

B

Fig. 2. Experimental setup for electron acceleration.

The energy spectrum of an electron beam was measured by an electron energy spectrometer
with a dipole magnet. The measured energy range was from 1 to 80 MeV. An energy-resolved
electron image was recorded on an imaging plate [(IP), Fujifilm: BAS-SR]. To estimate the
absolute charge of electrons , the sensitivity curve reported in Ref.(Tanaka et al., 2005) was
used. In addition, we have developed an absolutely-calibrated in-situ observation system
for the electron energy spectrum. A Gd2O2S : Tb phosphor screen (Mitsubishi chemical:
DRZ-HIGH) coupled with a CCD camera was used as an electron detector. The sensitivity
of the detection system was calibrated using an IP as the reference detector (Masuda et al.,
2008). The absolute electron energy spectrum was in-situ observed with a single shot at a
repetition rate of 1 Hz.
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To observe the propagation of a laser pulse and the formation of a preformed plasma, a
side-scattered light image and a shadowgraph image were observed simultaneously with the
measurement of an electron energy spectrum. The side-scattered light image was observed
through an interference filter of 800 nm from the top of the gas jet. The shadowgraph image
was observed with a 60-fs, 800-nm probe laser pulse. The spatial resolutions in both the
measurements were approximately 40 µm.
Contrast ratios of femtosecond prepulses, generated in a regenerative amplifier, preceding
the main pulse by more than 4 ns were always kept to be less than 10−6 using a pulse
cleaner. Our another work has demonstrated that the number of accelerated electrons was
dramatically decreased for low contrast ratios of the femtosecond prepulses, although the
laser power and the electron density of the plasma were different from those for the present
experiment (Masuda & Miura, 2010). Then, the femtosecond prepulses were suppressed.

3.2 Quasi-monoenergetic electron beam generation

Figure 3(a) shows an energy-resolved electron image of a typical QME beam from a plasma
with an electron density of 1.6 × 1019 cm−3 produced by an 8.3-TW laser pulse. The image
was recorded on an IP with a single shot. The small spot indicates the generation of the
monoenergetic beam with a narrow energy spread and a small divergence angle. The
divergence angle in the vertical direction was estimated to be 7 mrad at the FWHM from the
vertical size of the spot. The electron energy spectrum is shown in Fig. 3(b). A monoenergetic
peak was observed at the energy of 38 MeV with the relative energy spread of 19%. Here,
the relative energy spread is defined as the ratio of the energy spread at the FWHM to the
peak energy. The observed energy spread was little bit larger than the instrumental resolution
of several percent. The total number of electrons in the monoenergetic peak was 3.1 × 108,
corresponding to the charge of 50 pC.
Figure 4 shows the electron energy spectra obtained by sequential 14 shots under the same
conditions as those giving the result shown in Fig. 3. All the spectra were obtained with a
single shot. To evaluate the stability of QME beam generation, the criterion values of principal
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Fig. 3. (a) Typical energy-resolved electron image recorded on an IP with a single shot and (b)
electron energy spectrum of a QME beam obtained from a plasma with an electron density of
1.6 × 1019 cm−3 produced by an 8.3-TW laser pulse.
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Electron Acceleration Using an Ultrashort Ultraintense Laser Pulse 9

beam parameters should be defined for judging QME beam generation. We set the following
four criterion values. First, the peak energy is higher than 10 MeV. Second, the number of
electrons in the electron energy spectrum is higher than 1010 /MeV/sr at the monoenergetic
peak. Third, the ratio of the peak to the background at the monoenergetic peak is higher
than 2. Forth, the relative energy spread is less than 50%. When all of these conditions are
fulfilled, we consider that a QME beam has generated. According to the criteria, QME beams
are obtained in 10 shots among 14 shots in the case of Fig. 4. The probability of QME beam
generation is 70%, if the shot-to-shot fluctuations of the peak energy, the number of electrons,
and so on are ignored. In our previous experiment (Masuda et al., 2007), the probability of
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Fig. 4. Electron energy spectra obtained by sequential 14 shots under the same experimental
conditions as those giving the result shown in Fig. 3. The probability of QME beam
generation is 70%.

QME beam generation was a few tens of percent. The probability in the present experiment
increased by a factor of 3, as compared with our previous experiment. It has been pointed out
that there is a threshold energy of a laser pulse for stable generation of QME beams, which
depends on the electron density of the plasma and the laser pulse duration (Mangles et al.,
2007). Our present experimental conditions are in the range for stable generation predicted by
scaling in Ref. (Mangles et al., 2007).
Figure 5 shows the distribution of the peak energy and the charge in the monoenergetic peak
of QME beams for about 50 shots obtained under the same conditions as those giving the
result shown in Fig. 3. A QME beam with a peak energy of up to 75 MeV was produced. A
QME beam containing up to 88 pC in the peak at the energy of 48 MeV was also produced. In
this case, the total energy of electrons in the peak was 4.2 mJ. This means that the efficiency of
energy conversion from the laser pulse to the electron beam was 1%. Table 1 lists mean values
and standard deviations of the parameters of QME beams obtained in about 50 shots shown
in Fig. 5. The beam pointing means the angular deviation of the beam center from the laser
propagation axis in the vertical direction. Although the probability of QME beam generation
increases, shot-to-shot fluctuations in the charge and the energy spread are still large. The
suppression of the fluctuations in the beam parameters is a key issue toward a next step.
Figure 6 shows the dependence of electron energy spectra on the electron density of the
plasma, where the laser power is fixed at 8.3 TW. The electron density was varied by
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Fig. 5. Histogram showing the distribution of the peak energy and the charge in the
monoenergetic peak of QME beams for about 50 shots obtained under the same conditions as
those giving the result shown in Fig. 3.

Parameters Mean ± Standard deviation
Peak energy 49 ± 15 MeV

Relative energy spread 22 ± 12 %
Charge in the monoenergetic peak 24 ± 20 pC

Divergence angle in the vertical direction (FWHM) 7.1 ± 4.0 mrad
Beam pointing in the vertical direction ±7.8 mrad

Table 1. Statistics of the parameters of QME beams obtained in about 50 shots shown in Fig. 5.

controlling the gas jet density. As described above, QME beams were generated at an electron
density of 1.6 × 1019 cm−3, as shown by the solid curve. At a lower electron density of
1.3 × 1019 cm−3, high-energy electrons were not observed, as shown by the dotted curve.
On the other hand, at a higher density of 1.9 × 1019 cm−3, the electron energy spectrum was
a Maxwell-like distribution, and no clear monoenergetic peaks were seen, as shown by the
dash-dotted curve. QME beams can be generated only in the narrow electron density region
around 1.6 × 1019 cm−3. This result shows that plasma density control is crucially important
for the generation of QME beams.

3.3 Effect of a nanosecond prepulse on quasi-monoenergetic electron beam generation

There are many issues that must be controlled for stable generation of QME beams in
laser-plasma interactions. Among them, the control of a prepulse and a preformed plasma
is one key issue. In this subsection, we show the effects of a nanosecond prepulse on QME
beam generation and propagation of an intense laser pulse.
The experimental conditions have been already shown in Sec. 3.1. The identical off-axis
parabolic mirror and super sonic nozzle were used. As described in Sec. 3.1, the contrast
ratios of femtosecond prepulses to a main pulse were kept to be less than 10−6. The length of
a nanosecond prepulse caused by amplified spontaneous emission (ASE) was controlled by
varying the extraction time of the main pulse at the pulse cleaner.
Dependence of electron beam characteristics on length of nanosecond prepulse
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(dotted curve), 1.6 × 1019 (solid curve), and 1.9 × 1019 cm−3 (dash-dotted curve),
respectively. To obtain QME beams, plasma density control is important.

Figure 7(a) shows a series of electron energy spectra obtained by 21 consecutive shots at a
repetition rate of 1 Hz from a plasma with an electron density of 1.9 × 1019 cm−3 produced by
an 8.5-TW laser pulse. The electron energy spectra were obtained by optimizing the extraction
time of the main pulse at the pulse cleaner in addition to the optimization of the electron
density. Here, this time is defined as the extraction time of the main pulse, text = 0 ns.
Figure 7(b) shows a series of electron energy spectra obtained by 17 consecutive shots at a
repetition rate of 1 Hz for the different extraction time text = −2.5 ns at the same laser power
and electron density. The length of the nanosecond prepulse is longer, as the extraction time
becomes earlier. As shown in Fig. 7(a), in most of shots, a monoenergetic peak was observed.
In contrast, when the length of the nanosecond prepulse was long, monoenergetic peaks in
the low energy range were observed only in a few shots among 17 consecutive shots as shown
in Fig. 7(b). No monoenergetic peaks in the high energy range were observed. Furthermore,
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Fig. 7. Series of electron energy spectra obtained by about 20 consecutive shots at a repetition
rate of 1 Hz for the different extraction times of the main pulse at the pulse cleaner: (a)
text = 0 ns and (b) text = −2.5 ns.
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the scale of the number of electrons in Fig. 7(b) is one-tenth of that in Fig. 7(a). The probability
of the generation of QME beams was estimated according to the criteria described in Sec. 3.2.
QME beams are obtained in 17 shots among 21 shots in the case of Fig. 7(a). The probability of
QME beam generation is 81%, if the shot-to-shot fluctuations of the peak energy, the number
of electrons, and so on are ignored. The probability of QME beam generation is 0 in the case
of Fig. 7(b) according to the criteria described in Sec. 3.2.
Figure 8 shows the dependence of the probability of the QME beam generation (closed circles)
and the laser energy (open triangles) on the extraction time of the main pulse at the pulse
cleaner. Each data point of the probability was obtained with more than 10 consecutive shots
at a repetition rate of 1 Hz. The electron density of the plasma was 1.9 × 1019 cm−3 for all
data points. Notably, a few data points overlap at text = −2.5, −1.5, and +1.5 ns, when the
probability is 0. The data points for the probability of QME beam generation are divided
into three groups. When the length of the nanosecond prepulse is long (text ∼ −2 ns), the
probability is quite low. In contrast, when the nanosecond prepulse is suppressed (text ∼ 0 ns),
the probability dramatically increases and is close to 90%. This result shows that it is necessary
to suppress a nanosecond prepulse for generation of QME beams. When the extraction time is
too late (text = +1.5 ns), the probability becomes quite low again. This is due to the reduction
in the laser energy as shown in Fig. 8.
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Fig. 8. Dependence of the probability of QME beam generation (closed circles) and the laser
energy (open triangles) on the extraction time of the main pulse at the pulse cleaner. With the
earlier extraction time, the length of a nanosecond prepulse is longer. For generation of QME
beams, the suppression of the nanosecond prepulse is necessary.

The optimum electron density for QME beam generation in the experiment presented in this
subsection was slightly higher than that of the results in shown in Sec. 3.2, although the
experimental conditions were very close. The small difference of the laser conditions may
cause the difference of the optimum electron density.
Plasma diagnostics
Figures 9(a) and (b) show a shadowgraph image and a horizontal profile of the image along
the laser propagation axis for text = −2.5 ns, respectively. The laser pulse propagates from
left to right in the image. The black area is the shadow of the nozzle and the nozzle exit
position is shown by the white area. The image was taken at 1 ps before the arrival of the main
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pulse at the focal position. When the length of a nanosecond prepulse is long, a preformed
plasma is observed around the vacuum focal position as denoted by arrows, although the
image in Fig. 9(a) is not clear. As shown in Fig. 9(b), the length of the preformed plasma
is approximately 200 µm, which is close to the Rayleigh length. Because the time delay of
the probe pulse is −1 ps, the preformed plasma may be produced by a picosecond prepulse.
In another experiment using an 8-TW laser pulse, formation of a preformed plasma was
observed in a shadowgraph image taken at several tens of picoseconds before the arrival of
the main pulse for text = −2.5 ns. Then, we think that the preformed plasma shown in Fig. 9
was produced by a nanosecond prepulse.
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Fig. 9. (a) Typical shadowgraph image and (b) horizontal profile of the image along the laser
propagation axis for the extraction time, text = −2.5 ns. The image is taken at 1 ps before the
arrival of the main pulse at the focal position. A preformed plasma is observed as denoted by
the arrows.

Figure 10 shows typical side-scattered light images observed for the different extraction times:
(a) text = 0 ns and (b) text = −2.5 ns, respectively. The laser pulse propagates from left to right
in the images. The dotted circle indicates the nozzle exit position. Both the images were
observed through filters with the same attenuation and the laser energies were almost same
shown in Fig. 8. When the nanosecond prepulse was suppressed (Fig. 10(a)), the image was
similar to that suggesting the formation of a plasma channel reported in Refs. (Masuda et al.,
2007; Miura et al., 2005). In contrast, when the length of the nanosecond prepulse was long,
strong side-scattered light was observed as shown in Fig. 10(b). The image was quite different
from that reported in Refs. (Masuda et al., 2007; Miura et al., 2005). The main pulse is strongly
scattered, because the density profile of the preformed plasma is unsuitable for guiding the
laser pulse. The remnant energy of the main pulse is insufficient to excite the plasma wave
with a large amplitude. Then, no energetic electrons are accelerated. The side-scattered light
image shown in Fig. 10(b) suggests that a certain fraction of the energy of the main pulse is
scattered by the preformed plasma.
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(a) (b)

500 µm

Fig. 10. Typical side-scattered light images observed for the different extraction times: (a)
text = 0 ns and (b) text = −2.5 ns. The both images are observed through filters with the
same attenuation. When the length of the nanosecond prepulse is long, the strong
side-scattered light is observed.

3.4 Analysis on electron acceleration using two-dimensional particle-in-cell simulations

3.4.1 Analysis on quasi-monoenergetic electron beam generation

Conditions of two-dimensional particle-in-cell simulations
To investigate in detail the generation of QME beams shown in Sec. 3.2, we have developed a
two-dimensional particle-in-cell (2D-PIC) simulation code using a moving window technique.
The moving window had 127 × 127µm2 size with 2000 × 1000 cells containing 5 particles per
cell. Simulations were conducted on the x-y plane. The laser propagation direction and the
polarization direction were set in the x- and the y-axes. The laser pulse had a transverse
profile with a TEM00 Hermite-Gaussian mode and a cosine temporal envelope. The laser
pulse energy, the spot size, and the pulse duration were 400 mJ, 9 µm at the FWHM and 50 fs
at the FWHM, respectively. The electron density profile along the x-axis was set to be similar
to the measured density profile of a gas jet. The center of the gas jet in the experiment was
set at x = 0. The initial electron density raised at x = −960 µm, and smoothly increased to
the maximum of 1.6 × 1019 cm−3 at x = −350 µm. To investigate the interaction for a long
propagation length, it was assumed that the electron density was constant from the position
where the density reached the maximum value. The focal position in vacuum was set at
x = −300 µm. The density profile was uniform along the y-axis.
Simulation results
Figure 11 shows snapshots of the electron distribution on the x-y plane (a)-(c) and the number
of electrons as functions of the energy and the angle of the momentum vector (d)-(f) for three
different positions. In Figs. 11(a)-(c), the leading edge of the laser pulse is near the right
edge and each electron is colored by its energy. At x = 170 µm, electrons are not trapped
in a plasma wave, because the amplitude of the plasma wave is small. The high-energy
electrons are not observed in Fig. 11(d). After some time, trapping of electrons occurs due
to sufficient growth of the plasma wave, and a monoenergetic electron bunch is trapped and
accelerated in the first period of the plasma wave at x = 570 µm, as seen in Figs. 11(b) and
(e). The fine structure in the monoenergetic bunch seen in Fig. 11(b) is due to the interaction
of electrons with the laser field. At x = 1050 µm, the trapped electrons enter the deceleration
phase and dissipate the energy. Then, the monoenergetic component disappears, as seen
in Fig. 11(f). This result shows that the extraction position of electrons from the plasma is
important for QME beam generation. The predicted optimum laser propagation length from
the focal position is 870 µm, which is close to the gas jet length of approximately 1 mm in the
experiment. This suggests that the generation of a QME beam is brought about by matching
the laser propagation length with the gas jet length.
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Fig. 11. 2D-PIC simulation results for an electron density of 1.6 × 1019 cm−3. Snapshots of the
electron distribution on the x-y plane (a)-(c) and the number of electrons as functions of the
energy and the angle of the momentum vector (d)-(f) are shown for three different positions.

The generation of a monoenergetic bunch with a peak energy of 90 MeV, a relative energy
spread of 6% at the FWHM, and a divergence angle of 28 mrad at the FWHM is predicted.
The predicted values of the monoenergetic component are fairly close to the experimental
results. As seen in Fig. 11(e), only the monoenergetic component has a small divergence
angle. In contrast, the low-energy component has a large divergence. The simulation result
explains the difference in the beam divergence between the monoenergetic and the low-energy
components, as seen in Fig. 3(a).
Simulations were conducted for electron densities of 1.3 and 1.9 × 1019 cm−3. For all the
densities, including 1.6 × 1019 cm−3, electron injection occurs and a monoenergetic electron
bunch is formed in the first period of the plasma wave, immediately after the amplitude of the
plasma wave reaches the maximum. However, the growth rate of the plasma wave depends
on the electron density, and the laser propagation lengths required for electron injection are
different for each electron density. The growth rate is larger as the electron density is higher.
At an electron density of 1.3 × 1019 cm−3, the laser propagation length required for electron
injection is longer than the gas jet length of 1 mm in the experiment. Because the electron
injection does not occur inside the gas jet, high-energy electrons are not observed. In contrast,
at an electron density of 1.9 × 1019 cm−3, the electron injection occurs too early, and the
trapped electrons enter the deceleration phase, so the energy dissipates at the end of the gas
jet. Then, a monoenergetic peak is not observed. The simulation results also explain the
density dependence of the electron energy spectra shown in Fig. 6 (Masuda & Miura, 2009).

3.4.2 Analysis on effect of a nanosecond prepulse on quasi-monoenergetic electron beam

generation

Preformed plasma model in simulation
To investigate effects of a nanosecond prepulse on QME beam generation shown in Sec.
3.3, 2D-PIC simulations were also conducted. The dynamics both of a preformed plasma
produced by a nanosecond prepulse and the propagation of a femtosecond laser pulse in
a millimeter-scale plasma can not be treated simultaneously in the PIC simulation, because
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their time scales are significantly different. In the present simulation, the preformed plasma is
formed by giving a density modification of the initial electron and ion distributions.
It is assumed that a preformed plasma with a transversely hollow density profile is formed
due to the expansion during a few nanoseconds. Singly ionized helium ions are distributed
inside a preformed plasma region, and neutral helium atoms are distributed in the calculation
region except for the preformed plasma region. The initial electron density is zero in the
entire calculation region. The PIC simulation code includes the optical field ionization process.
The leading edge of a laser pulse ionizes neutral atoms and singly ionized ions up to doubly
ionized state. The electron density inside the preformed plasma region, where singly ionized
helium ions are initially distributed, is half of that in the region, where neutral helium atoms
are initially distributed. As a result, a preformed plasma with a transversely hollow density
profile is formed. The main body of a laser pulse propagates in the preformed plasma. The
details in a model to create a preformed plasma with a hollow density profile in the calculation
have been described in Ref. (Masuda & Miura, 2010).
It is found that the longitudinal size of the preformed plasma is approximately 200 µm from
the shadowgraph image as shown in Fig. 9(b). Then, the longitudinal size of the preformed
plasma region is assumed to be 230 µm, corresponding to the Rayleigh length. Although
the observed transverse size of the preformed plasma is limited by the spatial resolution,
the transverse size is assumed to be 9 µm, corresponding to the laser spot diameter. The
preformed plasma region is set at the vacuum focal position of the laser pulse, because the
preformed plasma is observed around the vacuum focal position as shown in Fig. 9(a). Except
for the preformed plasma conditions, simulation conditions are the same as those shown in
Sec. 3.4.1. The case above described is referred as preformed plasma case. In no preformed
plasma case, neutral helium atoms are initially distributed in the entire calculation region and
the initial electron density is zero.
Simulation results
Figures 12(a) and (b) show spatial evolutions of transverse envelopes of the laser electric field
represented by the normalized vector potential on the x-y plane in no preformed plasma
case and preformed plasma case. The spatial evolutions are obtained from the transverse
envelopes of the peak amplitude of the laser electric field for every 255 time steps. In no
preformed plasma case, the laser pulse focused at x = −300 µm propagates by forming a
narrow channel over the Rayleigh length due to the relativistic self-focusing effect. A part of
the laser energy is scattered away from the channel. In preformed plasma case, the scattering
of the laser pulse increases as shown in Fig. 12(b). This result explains the experimental
observation of the strong side-scattered light image shown in Fig. 10(b). Due to the increase in
the laser scattering, the peak intensity of the laser pulse in the channel decreases in preformed
plasma case.
Figures 13(a) and (b) show the electron energy spectra as a function of the position of the
laser pulse in no preformed plasma case and preformed plasma case. The spatial evolutions
are obtained from the electron energy spectra calculated for the electrons with the angle
of the momentum vector with respect to the laser propagation direction in the range of
±50 mrad in the moving window for every 255 time steps. In no preformed plasma case,
a clear monoenergetic peak is formed at x ∼ 600 µm and the maximum peak energy reaches
∼ 80 MeV as shown in Fig. 13(a). This position (x ∼ 600 µm), which is the optimum extraction
position of a monoenergetic electron bunch, is close to the end of the gas jet in the experiment.
In no preformed plasma case, a QME beam is produced, because matching the length of the
laser propagation with the gas jet length is achieved. This result is quite similar to that shown
in Sec. 3.4.1.
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Fig. 12. Spatial evolution of transverse envelopes of the laser electric field on the x-y plane in
(a) no preformed plasma case and (b) preformed plasma case. Scattering of the laser pulse
increases and the laser intensity on the propagation axis decreases in preformed plasma case.

In contrast, in preformed plasma case, the growth rate of the plasma wave is smaller than that
in no preformed plasma case due to the low peak amplitude of the laser field as shown in
Fig. 12(b). The time, when the amplitude of the plasma wave reaches the maximum and the
electron injection occurs, is delayed and the required laser propagation length becomes longer
than that in no preformed plasma case. A monoenergetic peak is formed at x ∼ 700 µm
as shown in Fig. 13(b). However, the monoenergetic peak is not clear, because the amount
of injected electrons is small. The optimum extraction position of a monoenergetic electron
bunch (x ∼ 700 µm) is outside the gas jet region in the experiment. This means that the
acceleration length is extremely short in the experiment. In preformed plasma case, a QME
beam is not obtained, because the required condition, that is matching the laser propagation
length with the gas jet length, is not satisfied due to the low growth rate of the plasma wave.
The simulation results using a simple model for a preformed plasma qualitatively explain the
experimental results of effects of a nanosecond prepulse on QME beam generation.

4. X-ray generation by laser Compton scattering using laser-accelerated

quasi-monoenergetic electron beam

4.1 Ultrashort X-ray source based on laser Compton scattering

An ultrashort electron pulse with a duration of the order of a few tens of femtoseconds can be
obtained in LPA. In addition, there is the potential for realizing compact electron accelerators.
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Fig. 13. Electron energy spectra as a function of the position of the laser pulse in (a) no
preformed plasma case and (b) preformed plasma case. In no preformed plasma case, a clear
monoenergetic peak with an energy of 80 MeV is formed at the position, x ∼ 600 µm, which
corresponds to the end of the gas jet in the experiment. At the same position, a clear
monoenergetic peak is not observed in preformed plasma case.

The set of such unique characteristics enables us to realize compact, all-optical, ultrashort
radiation sources in the wavelength range from extreme ultraviolet to X-ray. One of them is
an X-ray source based on laser Compton scattering, that is scattering of photons by energetic
electrons. Laser Compton scattering X-ray sources have attracted much attention for their
potential of applications to medical imaging (Ikeura-Sekiguchi et al., 2008), because they
produce a well-collimated, quasi-monochromatic X-ray beam, the photon energy of which
is tunable, in a small facility, as compared with synchrotron radiation sources.
So far, generation of a femtosecond X-ray pulse by laser Compton scattering has been
demonstrated by using a femtosecond laser pulse and a picosecond electron pulse from
rf accelerators (Schoenlein et al., 1996; Yorozu et al., 2002). The X-ray pulse duration
is determined by the interaction time between the laser and electron pulses. To obtain
a femtosecond X-ray pulse, 90◦ scattering geometry should be adopted for a picosecond
electron pulse. In contrast, 180◦ scattering (head-on collision) geometry can be adopted for
a femtosecond electron pulse obtained by LPA. There are some advantages of using 180◦

scattering geometry. The photon energy of X-rays is higher than that for 90◦ scattering
geometry, even though the electron energy and the wavelength of a laser pulse are the same.
In addition, the X-ray yield is higher than that for 90◦ scattering geometry, even though
the charge of an electron beam and the energy of a laser pulse are the same. Generation of
X-rays with energies around 1 keV by laser Compton scattering has been demonstrated using
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a laser-accelerated electron beam with a Maxwell-like energy distribution. (Schwoerer et al.,
2006). In this section, X-ray generation by laser Compton scattering using a laser-accelerated
quasi-monoenergetic electron beam is described.

4.2 Experimental conditions

Figure 14 shows the experimental setup. Laser pulses for electron acceleration and laser
Compton scattering are referred as main laser pulse and colliding laser pulse. A p-polarized
main laser pulse (700 mJ, 40 fs, 800 nm) was focused onto the edge of a helium gas jet using
an f /14 off-axis parabolic mirror with a focal length of 720 mm. The laser spot diameter in
vacuum was 13 µm at the FWHM. The energy concentration within the e−2 spot was 50%
of the total laser energy. The peak intensity was 4.7 × 1018 W/cm2, corresponding to the
normalized vector potential of 1.4. The gas jet was ejected from a supersonic nozzle with a
conical shape. The diameter of the nozzle exit was 1.6 mm and the Mach number was 5. The
focal position was set at 1 mm above the nozzle exit.

Main 

laser pulse

Gas jet

Plasma

Probe

laser pulse

CCD

camera

CCD cameraCCD

camera

Interference

filter
Phosphor

screen

B
X-ray

Electron
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Al filter
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20°

Fig. 14. Experimental setup for X-ray generation by laser Compton scattering using
laser-accelerated electron beam.

A p-polarized colliding laser pulse (140 mJ, 100 fs, 800 nm) was focused around the exit
of the main laser pulse from the gas jet using an f /6 off-axis parabolic mirror with a focal
length of 300 mm. The laser spot diameter in vacuum was 9 µm at the FWHM. The incident
angle of the colliding laser pulse was 20◦ to the propagation axis of the main laser pulse.
X-rays produced by laser Compton scattering were emitted on the coaxial direction of an
electron beam. The electron beam was bended by a magnetic field and spatially separated
from the X-rays. Both X-rays and electrons were simultaneously incident on a Gd2O2S : Tb
phosphor screen (DRZ-HGH) through a 115-µm-thick Al filter. The images of X-rays and
energy-resolved electrons were observed with a CCD camera. Electrons with an energy higher
than 35 MeV were detected. The charge can be estimated, because the sensitivity of the
detection system was calibrated for electrons (Masuda et al., 2008). The photon energy range
of detected X-rays was higher than 10 keV from the calculated sensitivity of the phosphor
screen.
For synchronized collision of a colliding laser pulse with a laser-accelerated electron beam,
a time-resolved shadowgraph image along the propagation axis of the main laser pulse was
observed using a 60-fs probe laser pulse. A side-scattered light image through an interference
filter of 800 nm, that is Thomson-scattered light image, was also observed from the top of the
gas jet.
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The conditions for electron acceleration were different from those shown in Sec. 3.2. In prior,
we confirmed that QME beams with a peak energy from 50 to 100 MeV and a charge in the
monoenergetic peak of several tens of picocoulombs were obtained from a plasma with an
electron density of 1.7 × 1019 cm−3 (Miura et al., 2011).

4.3 Synchronized collision of femtosecond laser pulse with electron beam

For X-ray generation by laser Compton scattering, synchronized collision of a colliding laser
pulse with a laser-accelerated electron beam is required. A laser-accelerated electron beam
is emitted in the coaxial direction of a main laser pulse and temporally close to a main
laser pulse. Then, achieving the synchronized collision of the colliding laser pulse with the
laser-accelerated electron beam is equivalent to achieving the synchronized collision of the
main and colliding laser pulses. Figures 15(a)-(c) show typical shadowgraph images observed
for different delay times of the probe laser pulse to the main laser pulse: (a) -1.33 ps, (b) -0.67
ps, and (c) 0 ps, respectively. The main laser pulse propagated from right to left, and the

(a)

(b)

(c)

(d)
Colliding Main Main

Colliding
1 mm

Collision
point

Collision
point

Fig. 15. (a)-(c) Shadowgraph images observed for different delay times of a probe laser pulse
to a main laser pulse: (a) -1.33 ps, (b) -0.67 ps, and (c) 0 ps. (d) Thomson-scattered light image
when the synchronized collision of the main and colliding laser pulses is achieved. The
bright spot indicates the collision point of the two laser pulses.

colliding laser pulse propagated from left to right. The ionization fronts of the two laser pulses
approached each other with varying the delay of the probe laser pulse. As seen in Fig. 15(c),
the ionization fronts of the two laser pulses overlapped, and two laser pulses collided. The
optical path length and the focal position in the vertical direction of the colliding laser pulse
were adjusted using the shadowgraph images.
The collision point on the horizontal plane was set using a Thomson-scattered light image
observed from the top of the gas jet as shown in Fig. 15(d). The dotted circle shows the position
of the nozzle exit with 1.6-mm diameter. In Fig. 15(d), the main laser pulse propagated from
top to bottom and the colliding laser pulse propagated from lower right to upper left in the
direction of 20◦ to the main laser propagation axis. As shown by the thin arrow, a bright
spot was observed, only the synchronized collision of the two laser pulses was achieved. It
is supposed that the bright spot indicates the collision point of the two laser pulses. The
collision point was set at the edge of the nozzle exit, which was near the extraction position of
an electron beam from a plasma.
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4.4 X-ray generation

X-rays produced by laser Compton scattering were observed, when a QME beam with a
considerably high charge was obtained. Figure 16(a) shows an image of X-rays. The image
was obtained with a single shot. From the energy-resolved electron image simultaneously
observed with the image shown in Fig. 16(a), the peak energy and the charge in the
monoenergetic peak of the QME beam were estimated to be 50 MeV and 30 pC, respectively.
Figure 16(b) shows the intensity profile of the image in the vertical direction. The divergence
angle in vertical direction was 5 mrad at the FWHM. The divergence angle in horizontal
direction was 7 mrad at the FWHM. In laser Compton scattering, a collimated X-ray beam
can be obtained. The divergence angle of the X-ray beam is given by ∼ 1/γ. Here, γ is
the Lorentz factor of an electron energy. The divergence of an X-ray beam is estimated to be
approximately 10 mrad from the observed peak energy of 50 MeV. The observed divergence
angle was close to the predicted value from the electron energy. The maximum photon energy
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Fig. 16. (a) Image of X-rays produced by laser Compton scattering and (b) the vertical profile
of the image. A well-collimated X-ray beam with a divergence angle of 5 mrad at the FWHM
in the vertical direction is observed.

of the X-rays was estimated to be 60 keV from the peak energy of the QME beam and the
interaction angle between the electron and laser pulses. The X-ray yield was also estimated
to be approximately 105 photons/pulse from the charge of the QME beam and the irradiation
conditions of the colliding laser pulse by including the dependence of the differential cross
section of scattering on the scattered angle of X-rays.
The allowance range of the delay between the main and colliding laser pulses for X-ray
generation was investigated. The allowance range was approximately 100 fs, which was close
to the duration of the colliding laser pulse. This result suggests that a pulse duration of a QME
beam is nearly equal to or less than 100 fs. The generation of an ultrashort electron pulse has
been demonstrated at the same time.

5. Recent progress toward next step

The present status of LPA research has been presented as an example of works conducted
at the AIST. In addition to our works, various works on improvement of the performance of
electron beams have been so far conducted, and characterization and applications of electron
beams have been also demonstrated. In this section, these woks are briefly reviewed.
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5.1 Toward more energetic electron acceleration

LPA is expected as technologies obtaining extremely high energy particles using the extremely
high accelerating field. A longer plasma and a longer acceleration length are required for
obtaining more energetic electrons. One of the approaches is to form a plasma waveguide
for guiding an intense laser pulse using a preformed plasma produced by a discharge, which
has a transversely hollow density profile. A 1-GeV QME beam has been produced from a
3-cm-long capillary discharge plasma (Leemans et al., 2006). After that, several groups have
reported the generation of GeV-class QME beams from a centimeter-scale capillary discharge
plasma (Kameshima et al., 2008; Karsch et al., 2007; Rowlands-Rees et al., 2008). On the other
hand, GeV-class electron beams have been also produced using a centimeter-scale gas jet
based on a self-guiding of an intense laser pulse (Clayton et al., 2010; Hafz et al., 2008).
Experiments to accelerate extremely high energy electrons have been also conducted using a
PW-class laser system of single shot operation. Energetic electron beams have been produced
from a hollow glass capillary attached with a gold cone irradiated by an intense laser
pulse (Kitagawa et al., 2004; Mori, Sentoku, Kondo, Tsuji, Nakanii, Fukumochi, Kashihara,
Kimura, Takeda, Tanaka, Norimatsu, Tanimoto, Nakamura, Tampo, Kodama, Miura, Mima &
Kitagawa, 2009). In this experiment, the gold cone attached at the entrance of a laser pulse
plays an important role for the electron injection into a plasma wave driven inside the hollow
capillary. Energetic electrons have been produced by the interaction of an intense laser pulse
with a plasma preformed from a hollow plastic cylinder via laser-driven implosion (Nakanii
et al., 2008). Electrons with energies of more than 600 MeV are observed from a 3-mm-long
plasma tube.

5.2 Improvement, stabilization, and control of electron beam quality

Optical injection scheme
In a self-injection scheme, the injection of electrons into a plasma wave is based on the
wave-breaking. The wave-breaking is a nonlinear phenomenon which is substantially
unstable, and it is difficult to actively control it. Characteristics of electron beams are strongly
affected by the shot-to-shot fluctuations of conditions of a gas jet, a laser pulse, and so
on. Stabilization of electron beam qualities will be achieved by controlling the injection of
electrons into a plasma wave. It is possible to control the injection of electrons into a plasma
wave using multiple laser pulses. One laser pulse drives a plasma wave with an amplitude, in
which wave-breaking does not occur, and other laser pulses control the injection of electrons
into a plasma wave. This scheme is called optical injection scheme, or colliding pulse scheme.
Although there have been several theoretical proposals (Esarey et al., 1997; Kotaki et al., 2004;
Umstadter, Kim & Dodd, 1996), it took time for the experimental demonstration due to the
requirement for using multiple laser pulses. Recently, experimental demonstrations of an
optical injection scheme have been reported (Faure et al., 2006; Kotaki et al., 2009). When two
counter-propagating laser pulses collide, a beat wave is formed and preaccelerates electrons
in a plasma. The preaccelerated electrons are trapped into a plasma wave and accelerated.
The stability of QME beam qualities has been improved, as compared with a self-injection
scheme.
Plasma control in self-injection scheme
In a self-injection scheme, stabilization and improvement of electron beam qualities have been
achieved by controlling the characteristics of a plasma.
In most experiments using a gas jet, a helium gas jet has been used. The pointing stability
and divergence of QME beams have been improved by using an argon gas jet (Mori, Kondo,
Mizuta, Kando, Kotaki, Nishiuchi, Kado, Pirozhkov, Ogura, Sugiyama, Bulanov, Tanaka,
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Nishimura & Daido, 2009). For an argon gas jet, a preformed plasma suitable for guiding
a main pulse is produced by ASE accompanying a main pulse due to the lower ionization
potential of argon than that of helium.
The increase in a charge and the decrease in a beam divergence have been achieved using a
gas jet composed helium and controlled amounts of various high-Z gases (McGuffey et al.,
2010; Pak et al., 2010). Optical field ionization of inner shell electrons of the high-Z gas plays
an important role in increasing the number of electrons injected into a plasma wave. This is
referred as ionization induced trapping.
As described in Sec. 5.1, a capillary discharge plasma has been used for producing a long
plasma and guiding an intense laser pulse. With a steady-state-flow gas cell using a hollow
capillary without discharge, stable generation of QME beams has been achieved (Osterhoff
et al., 2008). The steady-state gas flow forms a reproducible, homogeneous gas distribution
along the laser propagation direction, which brings about the stable QME beam generation.
An increase in a charge and a decrease in a divergence of electron beams have been observed
by applying a static external magnetic field along the laser pulse propagation axis, although
the electron energy spectra are Maxwell-like distributions (Hosokai et al., 2006). The shape of
a preformed plasma suitable for guiding a main pulse is formed by applying a static magnetic
field.

5.3 Demonstration of femtosecond electron pulse generation

A femtosecond electron pulse can be produced in LPA. To prove the generation of a
femtosecond electron pulse, a temporal characterization of an electron pulse has been
conducted. In the temporal characterization, coherent transition radiation (CTR) emitted
at the plasma-vacuum boundary or through a thin metallic foil is used. An electron pulse
duration is measured with an electro-optical sampling technique using CTR in the THz region,
and the temporal resolution of several tens of femtoseconds has been achieved. (Debus et al.,
2010; van Tilborg et al., 2006) An electron pulse duration is also estimated from the spectrum
of CTR (Glinec et al., 2007; Ohkubo et al., 2007). Recently, generation of a few femtosecond
electron pulse has been demonstrated using an optical injection scheme (Lundh et al., 2011).
Such ultrashort electron pulse is a useful tool to investigate physical and chemical
kinetics of ultrafast phenomena initiated by ionization radiation referred as pulsed
radiolysis. Applications of a laser-accelerated electron beam to pulsed radiolysis have been
demonstrated (Brozek-Pluska et al., 2005).

5.4 Ultrashort X-ray radiation

Using a femtosecond electron pulse obtained in LPA, ultrashort short-wavelength radiation
sources from extreme ultraviolet to X-ray can be obtained as the secondary source. Such
ultrashort short-wavelength sources are attractive for applications to observe ultrafast
phenomena such as time-resolved X-ray diffraction. As shown in Sec. 4, X-ray
generation by laser Compton scattering using a laser-accelerated electron beam has been
demonstrated (Miura et al., 2011; Schwoerer et al., 2006).
The generation of synchrotron radiation has been demonstrated by using a laser-accelerated
QME beam through an undulator (Fuchs et al., 2009; Schlenvoigt et al., 2008). The wavelength
of the radiation still remains visible to extreme ultraviolet due to the low electron energy.
In the near future, the wavelength range will be extended to X-rays, as the electron energy
increases.
Generation of keV X-rays by betatron radiation in a plasma has been demonstrated (Rousse
et al., 2004). Laser-accelerated electrons undergo a transverse electric field in an ion channel,
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which is formed inside a low electron density region of a plasma wave. They undergo betatron
oscillation and emitted a collimated X-ray beam. Generation of a short X-ray pulse of less than
1 ps has been proven by measuring the temporal variation of X-ray reflectivity of a crystal
pumped by a femtosecond laser pulse (Phuoc et al., 2007).
Extreme ultraviolet radiations have been demonstrated by the laser light reflection from a
plasma wave driven by an intense laser pulse (Kando et al., 2007; 2009). The plasma wave
moving almost at the speed of light acts as a relativistic flying mirror, and brings about
frequency upshift and compression of the incident laser pulse due to the double Doppler
effect. This regime is one of notable methods for generation of ultrashort short-wavelength
radiations using an intense laser pulse, although laser-accelerated electron beams are not used.

6. Summary and future prospects

In this chapter, we provide the overview of the present status of research on LPA. Remarkable
progress such as QME beam generation has been made especially in the last several years.
Although the quality and stabilization of electron beams have been improved, there is still
room for improvement of beam qualities for practical applications. For further improvement
of electron beam qualities, theoretical and experimental studies should be continued to answer
various questions in physics of laser-plasma interactions and to explore new acceleration
regime.
Compactness of a plasma accelerating electrons, corresponding to an electron gun and a series
of rf cavities in rf accelerators, has been proven. However, an ultrashort ultraintense laser
system for producing the plasma is still large, although the laser system is called "table-top"
system. More compact laser system is necessary. In addition, the repetition rate of present
laser systems is still 10 Hz. For increasing the average flux and luminosity, the development of
an efficient laser system with much higher repetition rate is also dispensable. It is essential to
conduct the research on plasma physics and the development of laser technologies in parallel.
There are several prominent features in LPA such as femtosecond electron pulse generation.
It is important to prove promising applications that make the best use of the features of LPA.
Several promising applications have been already demonstrated. It becomes a stage when
the design of laser electron accelerators for practical applications should be conducted by
including a laser system. The recent progress of ultrashort ultraintense laser technologies is
rapid and remarkable. In addition, the recent progress of high performance computer system
is also rapid and remarkable. It will play a major role to investigate physics in laser-plasma
interactions by numerical simulations. The set of rapid progress of laser technologies
and investigation of physics will dramatically improve the performance of laser-accelerated
electron beams. In the near future, laser electron accelerators useful for fundamental physics,
and industrial and societal applications will be realized.
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