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This review covers recent developments in multi-hundred-TW femtosecond laser systems and progress in
intense laser-plasma interactions at the Institute of Physics, Chinese Academy of Sciences. The peak power of the
institute’s Xtreme Light IIT (XL-III) laser system has been upgraded from 350 to 725 TW, and the system used to
observe the lateral transport of fast electrons due to magnetic and electrostatic fields at target surfaces. The surface
fields cause fast-electron beams to be emitted along the front and rear target surfaces. Confinement and guiding of
fast-electron propagation is demonstrated with wire- or wedge-shaped targets. Longitudinal transport is detected
by optical and ion emission. Numerical simulations show that quasi-monoenergetic ion beams can be generated
by collisionless electrostatic shock acceleration and phase-stable acceleration with a circularly polarized laser
field. A new mechanism for high-power THz emission with plasmas as media is proposed; it can be used to
obtain a single-cycle THz emission. The conversion efficiency from laser energy to K, X-ray emission in a

laser-copper target interaction is increased to 10~ using high-contrast laser pulses.
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1. Introduction

Since the advent of the chirped-pulse amplification
(CPA) technique, there has been rapid progress in the de-
velopment of high-power, ultrashort laser systems. To
date, Ti:sapphire CPA laser systems with a peak power of
hundreds of terawatts and a pulse duration of tens of fem-
toseconds are available in many laboratories worldwide.
Research frontiers in high-field, laser-matter interactions
are being explored, resulting in great opportunities and nu-
merous potential applications related to, for example, par-
ticle acceleration, novel radiation sources, laser fusion, and
even fundamental physics.

In this paper, we review our recent progress in build-
ing intense laser systems and in studying electron and ion
acceleration, and short-pulse THz and X-ray emission, in
the interactions of intense laser pulses with plasmas.

2. Upgrading of the XL-III Laser Sys-
tem

The 350-TW short-pulse laser system, Xtreme Light
(XL)-III, was upgraded recently. Its peak power with only
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three amplifier stages now reaches 725 TW, realized by
optimizing its efficiency. The system consists of a home-
made Ti:sapphire oscillator, an Offner stretcher, a regen-
erative amplifier, two multipass amplifiers, and a vacuum
compressor. Seed pulses are derived from a Ti:sapphire
Kerr-lensing mode-locked oscillator pumped by a 5-W
frequency-doubled continuous-wave (CW) diode-pumped
Nd:YVO, laser (Spectra-Physics, Inc.). The oscillator
produces a 6-nJ train of pulses (duration 20fs, rep. rate
82 MHz).

After passing through a Faraday isolator, the pulse
train is stretched by a typical all-reflective Offner-triplet
stretcher.  Our stretcher consists of a single 1480-
grooves/mm gold-coated grating, a concave spherical mir-
ror, and a convex spherical mirror.

The stretched pulses are sent into the first-stage am-
plifier. This regenerative amplifier is pumped by a 50-
mJ/532-nm laser at 10Hz, and provides a net gain of
approximately 107; about 4mJ of energy is obtained,
in 600-ps pulses measured full width at half maximum
(FWHM). Because of the gain-narrowing effect in the
preamplifier, we use a commercial acousto-optic modu-
lator (DAZZLER™ WB-800, Fastlite, Inc.) to shape the
spectrum, thus broadening the bandwidth to 36 nm. To

© 2009 The Japan Society of Plasma
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minimize the prepulse, we use two crossed Glan-laser
prisms and a Pockels cell as a single-pulse selector after
the regenerative amplifier.

The beam is expanded to 12mm and sent into the
second-stage amplifier. In this six-pass amplifier, a
Ti:sapphire crystal (25X 15 mm) is pumped from both sides
by a 2.2-J/532-nm laser, and about 340 mJ of energy is ob-
tained.

The beam size is further expanded to 60 mm with a
telescope set in a vacuum chamber and used as an image
relay, then injected into the third-stage amplifier. In this
five-pass amplifier, a Ti:sapphire crystal disk (85 X 20 mm)
with antireflection coating on both surfaces is pumped by
a 100-J laser, and about 43.9J of energy is obtained. To
eliminate parasitic oscillation lasing and amplified sponta-
neous emission, the crystal is held with an absorptive poly-
mer thermoplastic (Cargille Laboratories, Inc.) cladding.

After amplification, the output beam is up-collimated
with a telescope and sent into the compressor, where the
beam size is further expanded to 120 mm. The compressor
consists of four gold-coated holographic gratings (Jobin-
Yvon, Inc.) with a groove of 1480 lines/mm. The total
transmission of the telescope and compressor system is
about 52.3%, producing a compressed output pulse energy
of 22.5] with a pulse duration of 31 fs, reaching a peak
power of 725 TW.

3. Fast-Electron Generation and
Transport

Studies on laser-produced fast electrons have attracted
great interest worldwide because of their prospective appli-
cations in fast ignition in inertial confinement fusion [1],
high-energy ion generation [2], x-ray emission[3], and
others. Figure 1 shows a schematic view of fast-electron
generation and transport. When a high-intensity laser pulse
is focused onto a solid target with a focal spot a few mi-
crometers in diameter, a large number of electrons can be
accelerated to very high energies, forming so-called fast or
hot electrons. For example, fast electrons can be generated
by J X B heating [4] and vacuum heating [5] in a plasma
with steep electron-density gradients, while, by stochas-
tic heating [6] and various parametric instabilities [7] in a
plasma with large scale length of electron-density.

After the fast electrons gain sufficient energy, some of
them are ejected backward into vacuum from the plasma in
front of the target. The rest are transported into the over-
dense plasma and cold target region, where some of them
may escape from the rear target surface. Transport can be
longitudinal (in the direction of laser propagation) and/or
lateral (along the target surfaces) [8—10].

In our recent laser-solid experiments with the 20-TW
XL-II laser system, we find collimated electron beams
emitted along the front surface at a large laser incidence
angle (> 60°)[11]. This agrees with the particle-in-cell
(PIC) simulations performed by Nakamura ef al. [12] and
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Fig.1 Schematic view of fast-electron generation and trans-
port. The spontaneous electrostatic fields £ and magnetic
fields B at the target surface and in the target bulk are im-
portant for electron transport. The fields at the front sur-
face can induce lateral transport. The fields in the bulk
can strongly inhibit longitudinal electron transport. The
fields at the rear surface can accelerate ions and restrain

low-energy electrons from escaping into the vacuum.
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Fig. 2 Angular distribution of fast electrons (E > 900keV) for

a plastic target (thickness 30 um) at a laser intensity of
1.5 x 10'® W/cm?. For clarity, the angular distributions
enclosed by the dashed box are enlarged by a factor of
5. The inset shows the laser incidence direction (hol-
low arrow) and each group of fast-electron beams (red
numbered arrows). Four electron beams (1-4) are emitted
along the target surface and the other beam (5) is emitted
in the target normal direction.

Sentoku et al. [13], and indicates that electron beams form
because of confinement of the surface quasistatic electro-
magnetic fields. This observation experimentally demon-
strates the feasibility of electron guiding in the cone-
guided fast-ignition scheme proposed by Kodama [14].
When laser incidence angles are moderate, four
groups of collimated fast-electron beams along the front
and rear target surfaces are observed, as shown in
Fig.2[15, 16]. This multipeak characterization is inde-
pendent of laser polarization and is observed for both alu-
minum and plastic foil targets. PIC simulations suggest
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Fig. 3 Phase space distribution of fast electrons (E > 900 keV)
at 100 Ty, simulated by a 2D PIC code. The black solid
arrow shows the laser incidence direction. The black
dashed line is the original target surface. The pink dot-
dashed line is the deformed target surface. The thin red
arrows show the fast electrons along the target surfaces.
The inset shows an enlarged view of fast electrons with
the movement directions.

that such fast electrons are generated when the target sur-
face is deformed by the strong ponderomotive force of the
laser pulses and then constrained by the quasistatic elec-
tromagnetic fields (see Fig. 3).

Simulations suggest that the strong electrostatic or
magnetic fields induced at the target surfaces can also be
used to guide fast-electron propagation[17]. Measure-
ment of ultraviolet optical emission [18] and X-ray emis-
sion [19] from shaped targets indicates the feasibility of
guiding fast electrons through the fields at the nonirradi-
ated target surfaces. By directly observing fast-electron
emission from the interaction of short laser pulses with
various shaped solid targets, we also find that the angu-
lar distributions of the fast electrons are highly dependent
on the target shape [20].

In our experiments, we focus the pulse from the XL-
IT laser system using an f/3.5 off-axis parabolic mirror
onto planar and wedge-shaped copper targets. The stan-
dard planar target is a copper disk (thickness 65 um, diam-
eter 1000 um), and the wedge-shaped target has the fol-
lowing dimensions: tip angle 25°, height 150 um. The
angular distributions of the forward fast electrons behind
the targets are measured by an array of imaging plate (IP)
stacks. Figure 4 shows the measured angular distributions
for the planar and wedge-shaped targets. Fast electrons
(E > 600keV) are emitted with a single smooth peak near
the target normal for the planar target, and with double
peaks on both sides of the isosceles surfaces for the wedge-
shaped target. However, a large number of £ > 120keV
electrons are emitted in the tip direction, resulting in a
distribution without obvious concavity at the central part.
This is much different than for the £ > 600 keV electrons.
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Fig. 4 Angular distributions of fast electrons from (a) planar tar-
get, E > 600 keV; (b) wedge-shaped target, £ > 600keV;
(c) wedge-shaped target, E > 120keV. The top surface
opposite the wedge-target tip is irradiated by the laser
pulse.
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Fig. 5 Snapshots of the electrostatic field E, (normalized by the

incident laser amplitude) obtained by 2D PIC simulations
at t = 60 laser cycles (a). Distributions of fast electrons
with relativistic factor y > 4 at t = 28, 40, 52, 64, and 76
laser cycles (b). Laser is incident from the bottom.

Fast-electron transport in a right-angle wedge-shaped
plasma slab (tip angle 18.4°) was simulated with a 2D PIC
code, in which binary collisions were considered. Figure 5
shows the spatial distributions of the electrostatic fields in
the X direction (E,) at 60 laser cycles and the distributions
of the propagating fast electrons at different times. The
fields are normalized by the incident laser amplitude E.
One can see that strong electrostatic fields are set up at the
two side surfaces of the wedge. These fields effectively
inhibit the electrons from escaping into vacuum, resulting
in electron guiding to the tip.

A large fast-electron current in the longitudinal direc-
tion induces electrostatic and magnetic fields inside the tar-
get bulk. The bulk fields, in turn, affect fast-electron trans-
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Fig. 6 TR images for targets with different transport layers:
(a) 100 ym Ta; (b) 20 um Ta + 60 um CH + 20 um Al;
(c) 10pum Ta + 500 um foam (160 mg/cm?®) + 5um Al;
(d) 20 wm Ta + 75 um vacuum gap + 20 um Al.

—
350um

Table 1 Laser intensity, peak count, and integrated count for the
four types of targets shown in Fig. 6.

(2) (b) © ()
Laser intensity
(10" W/em?) 2.44 2.67 134 212
Peak count 1.2 % 43 % 7% 97x
(arb. units) 1010 10° 107 108
Integrated count 75880 18597 331 3841

(arb. units)

port. Feedback processes between the fast electrons and
the bulk fields can lead to self-organized propagation of
the fast-electron current. Effective energy loss [21,22] and
beam breakup [23,24] can occur.

When the fast electrons reach the target rear sur-
face, the induced strong electric fields can accelerate ions
(preferably protons) by the target normal sheath accelera-
tion (TNSA) mechanism [2]. When the fast electrons pass
the rear target surface-vacuum boundary, transition radia-
tion (TR) occurs [25]. Therefore, the characteristics of the
proton beam and the optical light emission at the rear sur-
face correlate with fast-electron transport.

Recently, we measured the TR light and proton emis-
sion from the back surface of sandwich-like targets to de-
duce information about the electron transport. Figure 6
shows the optical emission images obtained using a Ta
solid target and various sandwiched targets with plastic,
foam, and vacuum gaps as transport layers. Note that the
images are shown with different intensity scales to display
the beam structures clearly. Peak and integrated counts for
the TR signals are shown in Table 1. For the Ta solid tar-
get (thickness 100 pm), the beam is homogenous. For the
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Fig. 7 Angular distributions of the proton beam measured be-
hind the following targets: (a) 20 um Ta; (b) 20 wm Ta +
60um CH + 20um Al; (c) 20um Ta + 75 pm vacuum
gap + 20 um Al

sandwiched target with plastic (thickness 60 um), the beam
is larger and inhomogeneous, and the TR light signals are
accordingly weaker. For the sandwiched target with foam
(thickness 500 wm, density 160 mg/cm?), the signal inten-
sity is further reduced by about two orders of magnitude,
and the beam is much distorted and broken up. For the
sandwiched target with vacuum gap, the beam is also bro-
ken up.

Figure 7 shows the angular distributions of the proton
beam behind the targets measured by CR-39 detector. The
mean proton numbers for the single 20-um Ta, 60-um CH,
and 75-pum vacuum gap transport targets are approximately
8 x 107, 4 x 107, and 5 x 10%sr, respectively. The pro-
ton beam behind the single Ta foil does not present many
fine structures, while the proton beams for the targets with
the CH layer and the vacuum gap are very inhomogeneous
with ripples and spots.

From Figs.6 and 7, one can see that the intensities
of the TR signals and the proton beams are decreased and
the patterns are broken up for the sandwiched targets with
dielectric, low foam, and vacuum transport layers. This
indicates that effective inhibition and breakup occur for the
fast-electron beam during transport in the targets.

4. Proton and Ion Acceleration

In recent years, with the rapid development of laser
technology, ion acceleration has received extensive atten-
tion in the area of laser plasma interactions [2]. We observe
ring-like angular distributions of proton beams when a
femtosecond laser pulse with a large prepulse is used [26].
Bulk acceleration of ions with low-density foams as targets
has also been demonstrated [27].

For laser-solid interactions, when the laser intensity is
relatively low (< 10' W/cm?), ions are dominantly accel-
erated by the sheath field generated near the target surfaces
because of charge separation. When the intensity is high
(> 10?2 W/cm?), so-called laser-piston acceleration oc-
curs [28], where the radiation pressure is dominant and the
laser energy is transferred efficiently into fast ions. When
the laser intensity is in the moderate range, another type of
ion acceleration may appear, in which a collisionless elec-
trostatic shock (CES) is generated in the target and the ions
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in front of it can be reflected and get accelerated [29, 30].
Shock acceleration deserves to receive much more atten-
tion since the energy spectrum of the ions accelerated by
this mechanism is ideally monoenergetic, which is useful
for all types of applications. It is also worth noting that
shock acceleration can be achieved with the laser param-
eters currently available. Upon revisiting this problem to
find the laser and target parameter regime suitable for ex-
periments [31-34], we find that shock generation depends
significantly upon target parameters such as density, ion
mass, and thickness. It also depends upon laser intensity
and related preplasma conditions at both the front and rear
sides of the target. Simulation results suggest that CESs
can be generated over a wide range of target and laser pa-
rameters, even for a laser-pulse intensity of 10'® W/cm?, as
long as the parameters are carefully selected. This makes
it possible to demonstrate shock acceleration at low laser
intensities. In experiments to distinguish shock acceler-
ation from sheath-field acceleration, we propose to use a
sandwich target. For this purpose, we investigate shock
propagation in such targets. Our simulation shows that the
shock is destroyed if the difference in charge-to-mass ratio
R of ions in the two neighboring targets is large.

As evident from intense laser interactions with solid
targets, ions are always accelerated by the sheath field at
both the front and rear sides of a target. Although some
ions in the target can be accelerated by the CES wave, they
also experience sheath-field acceleration as they move to
the rear surface of the target. Therefore, it is difficult to dis-
tinguish shock acceleration from sheath-field acceleration
experimentally. We therefore suggest that using a sand-
wich target (Fig. 8 (a)), one can unequivocally demonstrate
shock acceleration by detecting the unique ions in the mid-
dle layer. Since there is no sheath field established around
the middle layer, the unique ions in the central layer cannot
move to the rear side of a sandwich target unless they are
accelerated by a shock wave. Of course, the thickness of
the outer layers must be carefully selected to ensure that
the sheath field does not expand to the middle layer. We
find that the charge-to-mass ratio R for ions near the inter-
face between the front and middle layers deserves special
attention. Figures 8 (b) and 8 (c) show a shock propagating
through the interface; however, in certain conditions, the
shock may evolve into a solitary wave that cannot acceler-
ate the ions in the second layer. Therefore, to demonstrate
shock acceleration experimentally, one cannot use sand-
wich targets with a large difference in R. We suggest using
a doped target in which the middle layer is adulterated into
many light ions. Our simulations show that when ions with
high R are adulterated into the center region of a target that
is composed mostly of ions with low R, the ions with high
R can be accelerated by the shocks and can even bounce
between shocks if one uses two laser pulses to inject the
target from both the front and back of the target. The final
velocity of the light ions (high R) is related to the bounce
times and is determined only by the shock potential and

023-5

15

Fig. 8 (a) Schematic of the experimental setup proposed to
demonstrate the mechanism for shock acceleration. (b)-
(d) Shock propagating through a two-target interface.
The figures show the spatial and temporal evolution of
the longitudinal electric fields (normalized by incident
laser amplitude Ej) of the shocks. Masses of the ions
in the first (7m;) and second layer (m,) are as follows:
(b) my = 7344, m, = 1836; (c) m; = 18360, m, = 1836;
(d) m 1836, m, = 18360. The white dashed lines
are the left and right boundaries of the target; the black
dashed lines are the interfaces of the neighboring layers.

not its speed.

For collisionless shock-wave acceleration of protons,
although their energy spectrum is quasi-monoenergetic,
their maximum energy is limited to about 2m;v?, where
vs is the shock speed. A new scheme called phase-stable
acceleration of protons is proposed [34]. One of the key
points of this proposal is the need to use circularly polar-
ized laser pulses. When the initial target density ny and
thickness d satisfy (ng/n.)(d/AL) ~ ar, where ar, Ar, and
n. are the normalized laser amplitude, the laser wavelength
in vacuum, and the critical density of the incident laser
pulse, respectively, a quasi-equilibrium for electrons is es-
tablished as a result of the light pressure and electrostatic
field built up at the interacting front of the laser pulse. The
ions located within the skin depth of the laser pulse can be
synchronously accelerated and bunched in the push-and-
pull processes by the electrostatic field, and thus a mo-
noenergetic, high-intensity proton beam can be generated.
Protons can be accelerated to > 300 MeV with an energy
spread of only a few percent by a laser pulse with a focused
intensity of 6.8 x 10" W/cm?.

Figure 9 shows snapshots of the phase space of pro-
tons in the compressed region. It shows that protons ex-
ecute period oscillations. After about 40 laser cycles of
interaction, the protons have accelerated to a longitudi-
nal momentum of about p, = 0.4Mc, where M is the
rest mass of a proton. The reflection coefficient is about
n = 0.38, which implies that more than 60% of the laser
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Fig. 9 (a) Phase space distribution of protons; (b) energy spec-
trum of protons. The results are for + = 200 Ti, when
the laser pulse interaction is almost terminated. The
plasma slab has a steep density profile with initial density
no/n. = 10 and thickness L = 0.24;.. The laser pulse has
a normalized laser peak amplitude a; = 5 and duration
100 7.

energy is converted into electron and proton energy. Of the
absorbed laser energy, > 10% is contained in the acceler-
ated protons. This result is obtained from 1D PIC simula-
tion. However, for multidimensional geometry, accelera-
tion efficiency will be significantly reduced and the energy
spectrum will also be broadened. To overcome this multi-
dimensional effect, one can use supergaussian laser pulses
with a large spot size or even combine laser pulses with
super-Hermite and Gaussian modes to improve the ion ac-
celeration and transverse collimation.

5. THz Radiation

Intense laser-plasma interactions can produce various
novel radiation sources from terahertz radiation (1 THz =
10'> Hz) to gamma rays [35, 36]. Currently, terahertz ra-
diation from laser-irradiated targets attracts much interest.
THz science and technology have become a frontier of re-
search for disciplines crossing the fields of physics, chem-
istry, biology, materials science, and medicine. Based on
the optical schemes, THz emission can be generated by
optical rectification, optical conductive antenna, nonlinear
difference frequency mixing, tunable parametric oscilla-
tors, optical Cherenkov radiation, etc. However, because
of the damage limit of optical materials, one cannot irra-
diate these optical materials with very-high-power lasers.
With these schemes, it is difficult to obtain high-power
THz emission at the megawatt level, as is needed for many
applications and for the study of high-field and nonlinear
physics in the THz regime in semiconductors, insulators,
superconductors, etc.[37]. Currently, MW narrow-band
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Fig. 10 (a) Schematic diagram of THz emission from a plasma
oscillator excited by a laser pulse obliquely incident on
a few-wavelength-thick uniform plasma slab. THz waves
are radiated in both specular reflection and transmission
directions. (b) 2D spatial plot of the pure THz magnetic
field B, in 2D PIC simulations. The dashed arrows show
the THz emission directions, one along the laser propaga-
tion and the other along the specular reflection direction.

THz sources are obtained from free-electron lasers. Broad-
band THz sources from ultrashort electron bunches, either
from linac or laser wakefields, are also suggested [38, 39].

On the other hand, plasma as a nonlinear optical
medium does not have a damage limit by high-power
lasers. Thus, by irradiating plasma with such laser pulses,
one can, in principle, obtain very-high-power THz pulses.
In fact, in the 1990s, Hamster et al. observed THz emis-
sion by irradiating ultrashort laser pulses of 100fs onto
solid and gas targets [40]. Later, THz emission from
Cherenkov wakes in magnetized plasmas driven by ultra-
short laser pulses was proposed [41]. Recently, we sug-
gested a new mechanism for THz emission based on the
excitation of laser wakefields [42—46]. This emission is
produced through linear-mode conversion from a high-
amplitude laser wakefield driven in inhomogeneous plas-
mas. This scheme can provide emission with power on
the order of tens of MW and field amplitudes up to a few
GV/m, and still allow for both compactness and relatively
high efficiency using TW ultrashort laser pulses. Further-
more, it is suggested that single-cycle THz emission can be
produced with thin underdense plasma layers (a few THz
wavelengths thick) irradiated by laser pulses [47].

In addition, ionizing gas targets are also potentially
high-power THz sources when irradiated by laser pulses at
moderate intensities such as 10151® W/cm? [48-51]. THz
emission can be produced with either one or two laser
pulses. For example, laser filaments are observed to emit
electromagnetic radiation in the sub-THz region. Both
transverse and very directional forward and backward
emissions have been observed. There are several differ-
ent explanations for these observed emissions, such as
four-wave mixing [48], ionization-induced current mod-
els[49], Cherenkov emission from the ionization front
moving faster than the speed of light in the medium [50],
and transition-Cherenkov emission from the plasma space
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charge moving behind the ionization front[51]. Here,
we study the generation of THz dipoles by tunneling and
above-barrier ionization, and find that the photoelectrons
perform space-charge oscillations and radiate THz waves
at the local plasma frequency, depending on gas den-
sity [52]. The THz field amplitude scales linearly with the
laser amplitude, which however holds only when the latter
is at a moderate level. To overcome this limitation, we pro-
pose a scheme using chirped laser pulses irradiating on ten-
uous gas or plasma targets, which can generate THz pulses
with amplitude 10 to 100 times larger than those from the
well-known two-color laser scheme [53], enabling one to
obtain a THz field up to 10 MV/cm with incident laser at
approximately 10'® W/cm?.

6. Short-Pulse X-ray Emission

In intense femtosecond laser-solid interactions, fast
electrons, generated via collective absorption mechanisms
such as resonant absorption (RA)[7] or vacuum heating
(VH) [5], penetrate the solid target and produce hard x-ray
emission via K-shell ionization and bremsstrahlung [54].
This type of intense and ultrafast hard x-ray source has
a number of interesting applications for medical imag-
ing [55]. It is found that the yield of the hard x-ray emis-
sion is not so high with increasing laser intensity for laser-
pulse durations of tens of femtoseconds when low-contrast
laser pulses are used [56].

Recently, we showed that hard x-ray emission
can be enhanced using high-contrast femtosecond laser
pulses [57]. The experiment was performed using the XL-
II laser system. A type I potassium dideuterium phosphate
(KDP) frequency-doubling crystal (thickness 1 mm) was
used to obtain a 400-nm second harmonic pulse. This
increased the pulse contrast to >10% at the picosecond
pedestal and >10'" in the ns time window. The laser
pulse was obliquely incident on Cu foil targets (thickness
Sum) at 45° by an /3.5 parabola mirror (focal spot di-
ameter 10um FWHM). We varied the laser pulse dura-
tion from 60 fs to 2 ps by changing the distance between
the gratings at constant laser energy. Increasing (decreas-
ing) distance causes incomplete compensation of accumu-
lated phase nonlinearities, resulting in negatively (posi-
tively) chirped pulses having a gentle (steep) rise time [58],
as shown in Fig. 11.

Figure 12 shows the Cu conversion efficiency from
laser energy to K, x-rays, ng, as a function of the 400-
nm laser pulse duration with negative and positive modifi-
cation. Cu ng with negatively modified (by 100fs) pulse
duration is dramatically improved; it reaches a maximum
of 4 x 10~* and is almost 5 times greater than for the pos-
itively modified (by 100fs) pulse duration. However, for
s-polarized laser incidence, Cu 7k is 3 times lower and
does not show evident pulse chirp dependence. It simply
decreases with increasing laser pulse duration. We find,
for this regime, that VH is stimulated and is the main ab-
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Fig. 11 Temporal pulse shape for the high-contrast 400-nm laser
for 60fs (solid line), positively modified by 100fs
(dashed line), and negatively modified by 100fs (dash-
dotted line). The inset shows the temporal pulse profile
for the low-contrast 800-nm pulse (dashed line) and the
high-contrast 400-nm pulse (solid line).
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Fig. 12 Cu K,, x-ray conversion efficiency as a function of laser
pulse width, negatively modified (solid circle) and posi-
tively modified (solid square), for a p-polarized 400-nm
laser, and also negatively modified (open circle) and pos-
itively modified (open square) for an s-polarized 400-nm
laser. The inset shows the corresponding plasma scale
length (L/1) before the pulse peak arrives.

sorption mechanism in the experiment. This is further con-
firmed by PIC simulation and direct experimental observa-
tion of the fast electrons generated by p- and s-polarized
laser pulses. Thus, we find that high-contrast lasers are an
effective tool for optimizing x-ray emission by increasing
the hot electrons using vacuum heating.

7. Summary

Recent progress in fast-electron generation and trans-
port, proton and ion acceleration, and THz and x-ray emis-
sion in intense laser-plasma interactions at the Institute
of Physics, Chinese Academy of Sciences is reviewed.
With femtosecond laser systems, we have also studied
some new topics not inclued in this review, such as the
long-distance propagation and filamentation of short laser
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pulses, ultrafast-electron diffraction, laser wakefield parti-
cle acceleration, photoionized plasmas, and shock waves
related to astrophysics. With the rapid development of
high-intensity lasers worldwide, as for the ELI and HY-
PER projects, more new physics and potential applications
will be found.
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