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ABSTRACT Hot electrons are generated in the interaction be-
tween intense ultrashort laser pulses with targets. The process
depends on the laser intensity, polarization, incident angle,
scale length of plasmas and target materials. In this paper, the
recent progress on generation and propagation of hot electrons
in non-relativistic and relativistic laser-plasma interactions at
the Institute of Physics, Chinese Academy of Sciences, are
reviewed.

PACS 52.38.Dx; 52.38.Ph; 52.38.Kd; 41.75.Jv; 52.50.Jm

1 Introduction

The availability of the high intensity ultrashort laser
systems based on the technique of the chirped pulse amplifica-
tion (CPA) has opened the door to fundamentally new oppor-
tunities in science and technology [1]. One of their important
applications is in the fast ignition scheme for inertial confine-
ment fusion (ICF), as proposed by Tabak et al. [2]. In Tabak’s
design, the fast ignition scheme for ICF consists three phases.
First, the capsule is imploded to assemble a high-density fuel
configuration as in the conventional approach to the inertial
fusion. The second phase consists of boring a hole through
the corona and pushing the critical density surface close to
the compressed core, so that in the third phase, the interacting
high-intensity laser pulse can pass the hole without energy
loss and hit the high density capsule core to produce abun-
dant energetic electrons triggering the ignition. The latter two
phases in the scheme were referred to as the fast ignition con-
cept correspond to two different regimes in the laser-plasma
interaction research. The second phase is related to the inter-
action of intense laser pulses with underdense plasmas, while
in the third the ultra-high short laser pulse is interacting with
dense plasmas near critical density.

The propagation of the boring laser pulse in the underdense
plasma is susceptible to various instabilities, among which,
some processes like the stimulated Raman Scattering can pro-
duce abundant hot electrons. The hot electrons produced in
this phase can preheat or even destroy the compressed core
before the arrival of the ignition pulse, and should be avoided.
But on other viewpoints, plasma waves related to such in-
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stabilities are used to accelerate electrons in the promising
new generation of table-top laser-plasma based particle accel-
erator [3]. The plasma-based particle acceleration has been
attracting great interests because plasmas are capable of sus-
taining extremely large acceleration gradients, which are on
the order of the non-relativistic wave breaking limit [4], E0 =
cmeωp/e, where ω2

p = 4πe2 Ne/me is the electron plasma fre-
quency with Ne, me and e as the ambient electron density, elec-
tron mass and charge, respectively. Taking Ne = 1018 cm−3

for instance. It gives E0 = 100GV/m, approximately three or-
ders of magnitude larger than that obtained principally in the
conventional radio frequency linear accelerators (RF linacs).
The laser-plasma based accelerator contains two aspects to
realize the collimated energetic electron beam. Firstly, a large
amplitude plasma wave should be excited. Secondly, the seed
electron bunch should be injected into the plasma wave at a
proper time so that it can be in phase with the latter. Var-
ious schemes have been proposed to excite large amplitude
plasma waves by making use of beat waves (PBWA)[3, 5] and
laser wake fields (LWFA)[6–9]. The developments of plasma
waves and instabilities are usually monitored through mea-
surements of the scattered laser spectrum, on which the n-th
order satellites exhibit at frequencies (ω ± n · ωp) with ω as
the laser frequency [10]. The wave amplitude is limited by
the wave-breaking, during which a large number of hot elec-
trons are generated. The process signature is the broadening
of the peaks on the scattered laser spectrum. In the scheme
of LWFA, when the duration of the driving laser pulse is
half of the non-linear plasma wavelength, τd = 0.5λNL

p , the
laser wake field can be optimally driven to the largest am-
plitude [11]. The phase velocity of the excited plasma wave
can be approximated by the group velocity of the driving
laser pulse in the plasma. The de-phasing length, which is
defined as the distance relativistic electrons travel when they
overrun the driving laser pulse, limits the maximum energy
electrons can obtain through non-linear wave acceleration to

γmax = 4γ 3
p − 3γp, where γp = 1/

√
1 − υ2

p/c2 ≈ ω/ωp with

plasma wave phase velocity υp [12]. Experiments conducted
under various conditions have shown that there exist thresh-
old values of plasma density and laser intensity for the plasma
wave to reach the stage of breaking. With gas plasmas, by
controlling the uniform plasma density and the driving laser
pulse intensity just above threshold values, one achieved sin-
gle mono-energetic electron bunch with energy up to hundreds
of MeV and the energy spread less than 3% when only a small
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proportion of electrons break from the wave and the wave
structure is maintained but reduced to a smaller amplitude by
the electron loading effects [13, 14].

In underdense plasmas, electrons can also be accelerated
directly by the intense laser pulse (LDA). People have ob-
served double Maxwellian distribution of hot electrons with
the higher effective temperature of 3 MeV and the maxi-
mum energy up to 20 MeV [15]. This distribution feature is
attributed to intensity enhancement by the relativistic self-
focusing of the interacting laser pulse. A betatron resonance
acceleration process was predicted by Pukhov et al. [16], and
observed in experiments with cluster plasmas [17, 18]. When
the plasma density goes further lower and the relativistic in-
teracting laser pulse is sufficiently short so that τd � λNL

p ,
the interacting laser pulse can rarely experience self-focusing
process. This condition also significantly suppress the laser
wake field. It is interesting to find that the intense short laser
pulse can trap electrons and carry them with it like a soliton-
like system. The trapped electron bunch can be extracted by
blocking the laser pulse with a plasma separator, as simple as
a foil that is thick enough [19, 20].

When the plasma density goes higher to near-critical
density as the igniting laser pulse encounters in the third
phase of the fast ignition concept, the intense interacting
laser pulse is more susceptible to instabilities and most ex-
cited waves tend to break, as the growth rate of these in-
stabilities are proportional to the plasma density. Raman
Forward Instability, which normally competes with the two
plasmon decay instability (TPD) [21] as the laser pulse ap-
proaches the region of quarter-critical density. Its growth rate

is �SRFS = ω2
p

ω
a√

8(1+a2/2)/
√

1−υ2
th/c2

, where υth represents the

electron maximum thermal velocity [?]. We are interested in
situations of intense laser beams with sub-ps durations. Us-
ing Mori’s spatial-temporal theory, the gain of the stimulated
instability can be obtained. For a 400 fs, 1.05µm interacting
laser pulse with an intensity of 1019W/cm2 and a Rayleigh
length of 650µm in plasmas after being focused by an off-
axis paraboloid mirror, the gain of SRFS in plasmas with
ωp/ω = 0.1 can exceed 103 and should be able to be ob-
served. Another nonlinear process the interacting laser pulse
is likely to experience is self-focusing, which may be due
to the relativistic effects when its power exceeds the critical
value Pc ≈ 17(ωp/ω)2 [23, 24], or due to the density fluctua-
tion in preformed plasmas. The interacting laser pulse is also
very likely to suffer the stimulated Brillouin scattering (SBS)
[25]. Scattering or decaying mechanisms of driving pulses
play detrimental roles in the fast ignition concept as they scat-
ter a significant portion of laser pulses and reduce the cou-
pling of laser energy into the fuel capsule. Techniques using
combined spatial, temporal and polarization beam smooth-
ing were introduced to improve the beam uniformity and
effectively reduced SBS and SRS. Based of physical experi-
ments, those processes render the interpretation of experimen-
tal results a complicated work. Models have to be invoked
for understanding of possible mechanisms underlying the
observation. Experiments with strictly controlled conditions
need to be conducted for proof of even a simple theoretical
prediction.

This review article mostly concentrates on experimental
works about intense short laser pulse interaction with plasmas
from flat solid targets. Reasons for studies on this interaction
regime is partially because this subject is very important to
the fast ignition concept of the inertial confinement fusion
and because the physical rules obtained under long laser pulse
approximation are confronted with suspicious arguments
about their applications in the interpretation of phenomena
observed in ultra-short high intensity CPA laser experiments.

Experiments were carried out mainly at the Laboratory of
Optical Physics of the Institute of Physics, CAS. The laser sys-
tems include home-made XL (Extreme Light) series, which
can deliver 50–650 mJ energy in a 30 fs FWHM duration. The
contrast ratios of laser pulses with different energy are well
controlled under 10−5–10−4. Home-built laser pulse diagnos-
tics, such as SPIDER, FROG and single-shot auto-correlator,
are used to monitor every laser pulse incident on the target. The
focusing geometry mainly consists of an off-axis paraboloid
mirror and focus spot monitoring systems. In experiments, we
controlled plasma density profiles by introducing pre-pulses
in advance of the interacting pulse. Shadowgraphy and in-
terferometry techniques are applied to measure the plasma
density profile. The plasma density profile are approximately
exponential with scale length varying from ten percent of laser
wavelength λ to tens of λs. Details of the experiments setup
are described in Sect. 3.

In experiments, large numbers of energetic electrons are
known to be generated. Measurements and characterization
of the energetic electron emission is important because it
provides useful information about the interacting mechanism
(producing mechanism). For a single electron, its behavior
and trajectory are determined by the intensity, shape and po-
larization state of the laser pulse. In a sub-relativistic laser
intensity of Iλ2 < 1.37 × 1018 W/cm2 (a � 1), where I is
the laser intensity in W/cm2, and λ is the laser wavelength in
µm, the electron mainly responds to the electric component
of the laser pulse. The magnetic component plays an increas-
ingly important role as the intensity of the laser increases.
When a ∼ 1, electric and magnetic components exert forces
of the same order on the electron and push it along the gra-
dient direction of the laser intensity as the electron quivers
in the polarization plane [26]. While with plasma targets,
behavior of electrons in laser fields is determined by the com-
bination effects of the laser field and collective plasma func-
tions. The production mechanisms of hot electrons are rather
difficult to identify. For example, the component of the non-
relativistic laser electric field along the plasma density gradi-
ent can resonantly drive the plasma wave to break, producing
large amount of hot electrons with an effective temperature
larger than TH ∼ 6 × 10−5(Iλ)0.33 eV [27] deduced for long
pulse approximation. While for a relativistic laser intensity
of Iλ2 > 1.37 × 1018 W/cm2 (a > 1), the laser ponderomo-
tive force or V×B force dominates the interacting mecha-
nism with a solid density plasma. Such interaction produces
hot electrons with a Maxwellian distribution characterized
by an effective temperature the same as the laser pondero-
motive potential TH ∼ 0.511 × (

√
1 + a2/2 − 1) MeV [28].

Electrons are mainly accelerated in the longitudinal direc-
tion. If a large scale length pre-plasma is formed before the
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FIGURE 1 Generation and transport of hot electrons
produced in the ultrashort and ultra-intense laser – plasma
interactions

main beam arrives, the interacting process can be much more
complicated. Various parametric instabilities as well as other
mechanisms such as stochastic heating [29] and plasma wake
wave may also accelerate electrons, as discussed above for the
under-dense plasmas [30]. Each interacting mechanism has its
own characteristics manifested by the hot electron emissions.

The generated hot electrons can be roughly divided into
two groups, according to their emission directions. One group
of them eject backward into the vacuum through the under-
dense plasma. Others transport forward into the over-dense
plasma region and the cold target remains, where hard x-
ray photons are produced through Bremsstrahlung process.
When using a foil target, hot electrons can exit from the rear
of targets, where an strong space-charge field is setup and
accelerates ions to high energy. A schematic picture showing
the physics is illustrated in Fig. 1.

This review is organized as follows. In Sect. 2, we describe
in detail the home-made XL series since our research works
require complete control of the laser pulse characteristics. The
experiment setup including the plasma diagnostics is shown in
Sect. 3. Section 4 recalls, respectively, the effects of the laser
polarization and the plasma density scale length on the hot
electron emission in experiments with non-relativistic laser
pulses. Studies of the propagation of hot electrons in plasma
and solid targets is also presented. In Sect. 5, the relativistic
laser intensity and pulse duration effects on hot electrons are
discussed. Experiments with unique plasma density profiles
produced from targets of specific features such as micro-water
droplets are dealt with in Sect. 6. These kinds of experiments
with neutron generation are demonstrated as a promising
‘table-top’ neutron source. Sect. 7 summarizes this whole re-
view, and the prospects of Hot Electron subject are discussed.

2 The multi-terawatts femtosecond Ti:sapphire
laser system

As the experimental platform for high field physics
research, a 20TW CPA Ti:sapphire laser system (XL-II), with
recently improved techniques was designed and constructed,
delivering an energy up to 640 mJ within a pulse dura-
tion of about 31 fs. As successor of the home-made 1.4TW
Ti:sapphire lasersystem XL-I [31], in the newly built XL-II
laser system, an adaptive optics system is used to correct the
wave-front of the compressed laser pulses. The optimized
beam quality makes it possible to realize 1.5 times diffrac-
tion limits when focused by an off-axis parabola, providing
a focused power density of 1019W/cm2. In this section, we
describe the design and the performance on the 20TW Ti:

sapphire laser. The seeding pulse is released by a Kerr-Lens
Mode-locking (KLM) Ti:sapphire laser (the oscillator). Af-
ter the Martinez telescope stretcher, the 300 ps chirped pulse
is amplified up to 640 mJ by a regenerative amplifier and
a multi-pass amplifier. The compressor in the vacuum then
compresses the pulse into 31 fs.

2.1 Oscillator

The Kerr-Lens Mode-locking (KLM) Ti:sapphire
laser applies a gain medium of a high-doped Ti:sapphire crys-
tal of 4 mm length (Shanghai Institute of Optics and Fine
Mechanics, SIOFM). Different from the scheme in XL- I, we
fold the longer arm by two mirrors and the shorter arm by one
mirror. A pair of Brewster angle cut fused silica prism is used
to control the dispersion of the gain medium in the long arm,
between which the effective light path from tip to tip is about
54 cm. This design makes the oscillator very compact and
stable. Pumped by a 4.2 W 532 nm laser (Millennia, Spectra-
Physics Inc.), mode-locking pulses of shorter than 18 fs can
be achieved with an average power of 500mW after careful
alignment. The fluctuation of the mode-locking power is less
than 1%. Figure 2a and b show the autocorrelation trace and
the spectrum of laser pulses.

2.2 Stretcher

The applied Martinez stretcher consists of a holo-
graphic diffraction grating (Spectrogon AB Inc., Sweden)
with a groove frequency of 1200/mm, a concave mirror with
the curvature radius of 1 meter and a plane plate. Both the
concave mirror and the plane plate are coated with gold, and
separated with each other by 0.5 m. To obtain a large stretch-
ing of the seeding pulse, we simulated the dispersion with
ray tracing method. We calculated the characteristics of the
dispersion versus the incident angle and the distance from the
grating to the concave mirror. With the optimized parameters,
the pulse duration can be stretched to about 300 ps.

2.3 Amplifiers

In general, the energy of the seeding pulse is only
several nano-joules after the stretcher. To boost the chirped
pulse for the application of high field physics, normally a pre-
amplifier is first used to supply a large gain for the seeding
pulse. The pre-amplifier may be a multi-pass or a regenerative
configuration; both can amplify the pulse with a gain of around
106. With the multi-pass as the pre-amplifier, the seeding pulse



960 Applied Physics B – Lasers and Optics

FIGURE 2 Autocorrelation trace a and spectrum b of the
laser pulse from oscillator

can experience low material dispersion and avoid gain- nar-
rowing effect. However, the alignment will be more difficult
if an efficient pump is pursued [31]. The output beam quality
is also worse. For this reason, we used a typical regenerative
resonator as the pre-amplifier in the EX-II laser system. In
practice, the seeding pulse is rotated to S-polarization and then
coupled into the resonance cavity by the surface reflection of
the Ti:sapphire rod. By controlling the synchronous electron-
ics, the voltage on the Pockels cell, and the time delay between
the injection and the extraction of the seeding pulse, the 29
trips amplification of the seeding pulse inside the regenera-
tive cavity is realized. The amplified pulse is then dumped out
by the thin film polarizer(TFP). With 25 mJ pumping energy
(Spectra-Physics, LAB-130-10), the optimized output energy
around 4 mJ is achieved. We monitored the amplification pro-
cess by analyzing with a photodiode and an oscilloscope the
leaking light behind the back mirror.

To further boost the pulse energy to Joule level, two or
three multi-pass stages are usually used in the conventional
designs [32]. Considering that the multi-stage amplification
can result in more material dispersion and higher cost of con-
struction, we used only one stage multi-pass main amplifier
in XL-II. The Frantz–Nodvick simulation shows that the op-
timized conversion efficiency occurs around the pumping en-
ergy flux of 1 J/cm2 [33], whilst a higher flux can lead to the
gain saturation as well as the optical damages. Based on the
above conclusion, we exert much effect on realizing a better
mode match between the pumping and the being-amplified
lasers, which also support the efficient conversion with one
stage main-amplifier. We enlarge the laser beam to a diam-
eter of 14 mm with a Galilean telescope before the multi-
pass amplification. A Pockels cell is inserted in the laser path
to eliminate the ASE and rotate the S-polarization to the P-
polarization. Pumped with two 1.4 J Nd:YAG lasers at 532 nm
(Spectra-Physics Inc., Pro-350-10), we obtained an amplified
output energy more than 1 J after six passes. It is very critical
for the optimized output energy to have a careful control of
the synchronous timing and the accurate alignment for the
overlap of the seeding pulse and the pumping pulses.

The relay imaging pipes can improve the quality of the
beam pattern and increase the energy of the amplified laser
pulses. The output laser beam characteristics with and without
relay imaging are compared. Without the pipes, the amplified
energy is only about 700 mJ. The beam pattern is un-uniform
and the last mirror in the six-pass amplifier is easy to be
damaged.

2.4 Compressor

We build the compressor with a standard configu-
ration based on Treacy’s design and put it inside a vacuum
chamber. Since the damage threshold of the holographic grat-
ing is only about 300 mJ/cm2, we once again enlarge the
beam diameter to 30 mm before the input window of vac-
uum chamber. With the total dispersion of the stretcher and
transparent optical components, we calculate the optimized
parameters for the compressor by combining the ray tracing
method and Treacy’s equations [34]. Our numerical simula-
tion of the pulse profiles with different incident angles and
distances between two gratings indicates that the compressed
pulses with a shorter duration and a higher contrast ratio in
the leading can be realized by using the mismatch grating pair
with the different groove from the stretcher.

This pair of gratings used in the compressor has grooves
of 1500 lines/mm (Spert AB). By optimizing the distance be-
tween two gratings and the incident angle, we can achieve
31 femtosecond laser pulses with energy up to 640 mJ.
Figure 3 is the typical autocorrelation trace (a) and the cor-
responding spectrum (b) of the output laser pulse. The time
bandwidth is about 315 with Sech square assumption. The
typical energy stability is less than 3%. Compared to the con-
ventional CPA techniques, the new design using this two-stage
amplifier well demonstrates a 20 TW Ti:sapphire laser sys-
tem with a simplified configuration and a compact size, which
supports shorter pulse duration, higher stability, better beam
pattern and lower cost.

2.5 Adaptive optics system

Many efforts for the higher intensity are concen-
trated on increasing output energy, reducing pulse duration
and temporally cleaning the pulses in the CPA systems. How-
ever, in many experiments, the wave-front distortions are also
crucial elements to stop reaching higher intensities. In XL-II,
we apply an Adaptive Optics System (AOS) to correct the
wave-front distortion after the compressor. The AOS consists
of a Shack–Hartmann wave-front sensor, a deformable bi-
morph mirror and a set of electrical control unit. One beam
splitter is used to get a small portion from the interacting laser
pulse into the Shack–Hartmann wave-front sensor. The con-
trol unit obtains the data from the sensor, compares them with
an ideal wave-front, and then supplies a correcting signal to
drive the deformable mirror. This process repeats itself till
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FIGURE 3 Autocorrelation trace a and spectrum b of
the final laser pulse after compression

an ideal wave-front is obtained for the experiments. To avoid
the possible nonlinear effect in the air, the deformable mirror
and the beam splitter are put in a vacuum chamber, which is
connected to the target chamber where physical experiments
are conducted.

Setting the energy at 60 mJ and using a 4 m focus lens,
the focusing spot is about 432 µm in an average diameter
before running the adaptive optics system. It corresponds to
about 3.5 diffraction limits. After running the adaptive optics
system, the focusing spot is about 200 µm and corresponds
to 1.5 times diffraction limits. The beam pattern of the focus
spots was recoded by CCD camera. By running the AOS, the
beam quality improvement is significant.

3 Diagnostics for physics experiments

The whole experimental setup is illustrated in
Fig. 4. Laser pulses of 31 fs can be split into successive two
parts separated by a variable time period, acting as pre-pulse
and interacting pulse, respectively. Circularly and linearly (s-
and p-) polarized incident laser pulse can be obtained by using
wave plates. With an off-axis paraboloid mirror of f/# = 3,
more than 75% of the laser pulse 650 mJ energy can be col-
lected into the focal spot with a diameter less than 15 µm,
providing an intensity near 1019W/cm2. We monitored the fo-
cus spot with a pin-hole camera. A typical hard x-ray image
is shown in Fig. 4 as inset. Usually, we used flat solid targets
in experiments. The laser-plasma interaction with clusters,

FIGURE 4 Experimental setup. The focus spot x-ray im-
age is also shown as inset, as well as the measured well-
collimated hot electron beam with energies greater than
250 keV from ultrashort laser interaction with plasma at an
intensity of 1×1016 W/cm2

micro- liquid droplets and foam targets were also studied.
Instruments were built to produce clusters of various sizes.
The same device can also provide us with water or ethanol
micro-droplets.

The main diagnostics include one γ -ray spectrometer to
measure radiation up to a few hundred keV. The spectrometer
consists of a NaI detector, a photo-multiplier, an amplifier
and a multi-channel energy analyzer. In order to eliminate
the noise caused by the random γ -ray scattering and enhance
the ratio of signal to noise, this assembly was fully enclosed
by a Pb cylinder with a 10-mm-diameter hole in the 50-mm-
thick cross surface close to the rear of the target, between
which an electronic pulsed gate in front of the detector was
installed and synchronized with the main laser pulse, as shown
in Fig. 4. The NaI detector of the spectrometer is placed
360 mm away the target, indicating a collecting solid angle
around 4 × 10−4 sr from the source. The spectrometer had
been calibrated using a γ -ray source 22Na (∼ 511 and 1270
keV) [35]. A second shielded NaI detector was used to monitor
the stability of γ -ray photon yield for each shot, providing a
cross calibration with the first one. A 4-mm-thick aluminum
filter was used before the second NaI detector to remove γ -
rays below 30 keV. To avoid overlap of photons in detectors,
the distances between the detectors and the plasma and the
diameter of the hole in the lead block in front of the detectors
were adjusted so that the probability of detecting a γ -ray
photon for each shot is less than 0.2. The detector response
was also checked with calibrating γ -ray sources.



962 Applied Physics B – Lasers and Optics

FIGURE 5 The angular distribution of outgoing fast
electrons with energies over 50 keV in the incident plane
for p-polarized laser a, in the plane perpendicular to the
incident plane for s-polarized laser b when laser intensity
is 2×1016W/cm2. Also for s-polarization, when the laser
intensity is increased to be 4×1017W/cm2 the two peaks
shift to the opposite direction of the incident laser beam c

A magnetic spectrometer was used to measure the fast
electron energy distributions [36]. It is mainly configured with
a permanent uniform magnetic field of B ∼ 380 G. An array
of LiF thermo-luminescent dosimeter (TLDs) detectors at the
rear can record hot electrons [37]. The energy range of this
instrument covers from 7 to 500 keV, with a resolution better
than 2%. The collection angle of the spectrometer was on
the order of 1 × 10−3 sr. Because the TLDs are insensitive
to visible lights, it is not necessary to use aluminum foils in
front of the TLDs. The background signal of TLDs is less than
1.2 µGy after annealed by heating to 240◦C.

Hot electron angular distributions are measured by spher-
ically installed hundreds of TLDs or radiochromic film pieces
around the target. The distance from the focus to the TLDs
detectors was 45 mm. The angular resolution of the system
was about 6◦. The expected electron energy range was chosen
by composite filter in front of detectors. The filter assem-
bly consisted of aluminum films with different thickness. For
some shots, pieces of 1 mm thick CR39 was added at the top
as an ion detector. A strong magnetic field was applied in the
direction of strong emission signals in order to determine the
effects of the x-ray as necessary. One example of the measure-
ments is presented in Fig. 4 as inset, showing one collimated
electron beam with the divergence less than 15◦ [38].

We determined the absorption of the laser pulse by record-
ing the scattered and specularly reflected laser light with 4 π

arranged calorimeters, before which a 2-mm thick quartz plate
is installed to block charged particles and x-rays. In some ex-
periments, the low-order harmonics of the laser were analyzed
with a monochromatic meter. Crystal spectrometers are used
to record the plasma self-emission of x-rays, from which the
ionization states of the target materials are obtained.

4 Hot electrons from non-relativistic ultra-short
laser interaction with solid targets

In this section, we will discuss the effects of laser
polarization and pre-plasmas on generation of hot electrons
by ultra-short laser pulses interaction with solid targets. The
propagation of the hot electron in the solid target are studied
experimentally.

4.1 Polarization effects on the backward hot electrons
with laser-solid targets

With moderately intense laser pulses
(∼1016 Wcm−2), the electric force dominates the inter-
action mechanisms. Experiments devoted to the studies of the

polarization effects used solid targets, allowing us to produce
plasmas with steep or exponential density profiles.

Figure 5a shows the angular distribution of fast elec-
trons generated from an exponentially profiled plasma by
p-polarized laser light in the incident plane at a laser in-
tensity of 2×1016W/cm2 [39]. Almost all of the outgoing fast
electrons were emitted in the normal direction. The emission
direction of the fast electrons obeys the momentum conser-
vation [40]. However, when the solid target was irradiated by
a s-polarized laser pulse, the behavior of the fast electrons
differed greatly from the behavior of that generated by p-
polarized laser pulses. As Fig. 5b shows, the outgoing fast
electrons were found to be collimated along the laser po-
larization direction in a plane perpendicular to the incident
plane. In the incident plane, no fast electrons were measured.
It was also found that the fast electrons with higher ener-
gies have narrower angular divergence. When there was a
corona pre-plasma in front of the target, a very small per-
centage of outgoing fast electrons could be found in the inci-
dent plane. This suggests that the outgoing fast electrons were
mainly accelerated by the electric field of the s-polarized laser
pulses. When there is a corona preplasma in front of the over-
dense plasma, the possible modulation of the critical surface
of the preplasma will steer a very small percentage of the fast
electrons out of the polarization direction. This phenomenon
seems to be similar to the results of laser accelerator injector
based on laser ionization and the ponderomotive acceleration
of electrons in gas, where electrons are accelerated in the po-
larization direction [41, 42], but the heating mechanisms are
obviously different. More interestingly, when the laser inten-
sity is increased to ∼1017W/cm2, the two peaks shift to the
opposite direction of the incident laser beam [43]. An exam-
ple of 4×1017W/cm2 is shown in Fig. 5c. This indicates that
the ponderomotive force begins to play a role in producing
the electron jets [44].

4.2 Effects of plasma density scale on hot electrons
with laser-solid targets

It is well known that when a long laser pulse of
nano/picosecond duration interacts with a plasma, the plasma
density profile will evolve with time. The evolution includes
corona plasma expansion and ponderomotive steepening near
the critical surface [45]. However, when an ultrashort laser
pulse interacts with a plasma, the very short duration does not
allow significant evolution of the plasma. There has been
a great deal of recent interest in laser absorption and x-
ray emission from solid targets irradiated by ultrashort laser
pulses [46–48], where the plasma density scale length can
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be much less than the laser wavelength λ0. Similarly, if such
an ultrashort laser pulse interacts with a solid target with a
preformed plasma in front of it, the interaction will depend,
to a large extent, on the properties of the preformed plasma,
particularly its scale length. By using a carefully controlled
prepulse, one can create any desired plasma density scale
length by controlling the time interval between the prepulse
and the main pulse. Therefore, an ultrashort laser pulse allows
for “clean” interaction with a preformed plasma without sig-
nificant dynamic evolution of the latter, providing a unique
opportunity for identifying the various interaction processes
that depend strongly on the plasma density scale length [49–
54]. For example, it has been demonstrated that high harmonic
generation [49] and angular dependence of the fast-electron
and x-ray emission [50] from solid targets depend strongly
upon the scale-length.

Here, we investigate the effects of the plasma density scale
length on laser absorption, x-ray emission, and hot electron by
varying the time gap between the main pulse and the prepulse
over a very wide range, from 0 to 275 ps. This corresponds to
varying the density scale length from 0 to 11 µm. Mainly in
experiments, 45◦ p-polarized short moderately intense laser
pulses were used, while results from s-polarized situations
are also invoked for aim of comparisons. We demonstrate
the existence of clearly defined multiple absorption peaks
and the corresponding peaks in x-ray production and hot elec-
tron temperature. The multiple absorption peaks are identified
as originating from the transition of the principal absorption
mechanisms as the density scale length is increased, namely
from vacuum heating/resonance absorption to parametric in-
stabilities. As expected, over the same range only one ab-
sorption peak is observed at relatively large scale-length for
s-polarized irradiation.

In the experiments, a carefully controlled prepulse with
variable time separation from the main laser pulse was used
to create preplasmas with different density profiles. Figure 6
shows the measured absorption of laser energy as a func-
tion of the scale length L of the plasma. For p-polarized
irradiation, three local peaks of absorption, at about 0.2λ0,
2.8λ0, and 5.5λ0, were found. Note that there is considerable
absorption even without a prepulse. This agrees with the ex-
perimental results for aluminum targets at comparable laser
intensity [47]. It is apparent that due to vacuum heating [55]
and collisional absorption [46], there is absorption even at
very small L (corresponding to a step-like density profile).
The absorption decreases significantly when the main pulse
immediately follows the prepulse. With increase of L , an
absorption peak at 0.2λ0 appears. This can be attributed to
resonance absorption at L = 0.2λ0 [45, 51]. When increasing
the scale length to more than 2λ0, other peaks appear. To our
knowledge, this is the first time that additional peaks of ab-
sorption at large scale lengths were observed. Corresponding
to the absorption peaks, there are also three main peaks in the
Bremsstrahlung x-ray emission (Fig. 7). On the other hand,
for s-polarized incidence there is only one absorption peak at
L = 5.8λ0, and only one main peak (at relatively large L) in
the Bremsstrahlung x-ray emission.

Angular distribution measurements showed collimated jet
emission of hot electrons at different scale lengths. We found
that the direction of hot electron emission changed dramati-

FIGURE 6 The absorption of laser energy as a function of scale length L
(in λ0) for p-polarized irradiation (solid square) and s-polarized irradiation
(shallow circle) with an incident angle of 45◦

FIGURE 7 The X-ray emission counts as a function of scale length L (in
λ0) for both p (solid square) and s-polarized (shallow circle) irradiation with
an incident angle of 45◦

cally as L is increased from zero. Interaction between an ultra-
short laser pulse and a plasma of steep density profile (L = 0)
produced a very collimated jet at the specular reflection di-
rection, similar to that observed in Fig. 5. As L is increased,
emission in the specular direction decreased abruptly and a
sharp collimated jet of hot electrons appeared in the normal
direction [39]. The angular divergence of the hot electrons
also decreased with increasing hot electron energy. As the ab-
sorption reached the local peaks at L = 0.2λ0, 2.8λ0, 5.5λ0,
we observed the corresponding local minima in the angular di-
vergence of hot electron emission for p-polarized irradiation.

The increased absorption and x-ray production for the
larger (L > 2λ0) scale lengths imply the presence of differ-
ent absorption mechanisms that predominate in the preformed
plasma with large density scale lengths. Among the possible
mechanisms, linear vacuum heating and nonlinear J×B type
mechanisms can be ruled out since they usually appear only
for plasmas with a scale length less than one laser wavelength
[55]. On the other hand, Stimulated Raman Scattering (SRS)
and two-plasmon decay (TPD) instabilities, together with in-
verse Bremsstrahlung absorption, can dominate for both p
and s-polarized irradiation. Indeed, the correlation between
the hot electron generation/Bremsstrahlung x-ray emission
and TPD/SRS was evident in our experiments, where clear
TPD/SRS spectroscopic signatures at 3ω0/2 and ω0/2 were
observed for larger scale lengths in the specular and back-
ward directions.

To confirm the experimental observations and identify the
mechanisms for increased absorption in the preformed plasma
at long scale lengths, we have carried out a series of numerical
PIC simulations for oblique incidence of the laser pulse. In
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the simulations, we used targets composed of a high-density
region at 6nc and a preformed plasma which decreases expo-
nentially from the high density platform with variable scale
length L . The temporal profile of the laser pulse has a sine-
squared shape with a duration of 50 laser cycles and a Gaussian
cross section with a beam diameter of 10λ0. The resulting ab-
sorption as a function of L is given in Fig. 8 for a normalized
laser field amplitude of a0 = 0.2 and 0.6. Several absorption
peaks were observed for p-polarized radiation. The first one is
at L ∼ 0.2λ0, consistent with experimental observations, can
be attributed to resonance absorption as it is at the optimum
scale-length for optical resonance for 45 degree incidence an-
gle. The second one is at L ∼ 3λ0, also in good agreement
with the experimental results shown in Figs. 6 and 7. Other
absorption peaks can be seen at larger scale lengths, also
in agreement with the experiments. The latter peaks may be
attributed to stimulated Raman scattering (SRS) and two plas-
mon decay (TPD) instabilities excited near the quarter critical
density. Both instabilities can increase absorption and gener-
ate hot electrons for L > λ0. To confirm this, we monitor the
frequency spectra of the reflected light and the backscattered
light of the incident pulse. As the scale length increases, the
high harmonic emission decreases, as shown in Fig. 9a–d.
Meanwhile, emission near ω0/2 both around the backward
and specular directions, as well as that near 3ω0/2 around
the specular direction appears. TPD occurs first since it has a
lower threshold than SRS for the same density gradient [45].
The density perturbation shown in Fig. 9e for L = λ0 is asso-
ciated with TPD as it is at the quarter critical density and its
wave vector is along the y-direction, agreeing with the the-
ory [56] for oblique incidence. At large scale lengths, such as
L = 6λ0, emission at 3ω0/2 becomes weak, and emission at
ω0/2 becomes blue-shifted as compared to short scale-length
case. This is an evidence of strong SRS below the quarter
critical density, as is further confirmed by the density pertur-
bation appearing in Fig. 9f. Normally one can expect both
instabilities to appear [56]. For s-polarized irradiation, there
is almost no collisionless absorption at short scale lengths.
However, considerable absorption is found for L > 3λ0, as
shown in Fig. 8. There is only one absorption peak, which can
be attributed to mechanisms similar to that for the p-polarized
light at large scale lengths. Non-monotonic absorption curves
have also been observed in PIC simulations for normal inci-
dence of laser light [53]. We note that the absorption rates
found from PIC simulations are usually lower than that in the
experiments. This could be partly attributed to the lack of a
suitable description for collisional absorption in the code [47].

Figure 8 also shows the absorption as a function of L for a
normalized laser field amplitude of a0 = 0.6. One can see the
multipeak structure exists only for the lower laser intensities.

In summary, we have studied the absorption of ultrashort
laser pulses in plasmas for a wide range of density scale
lengths produced by carefully controlling the time gap be-
tween the prepulse and the main pulse. Our experimental
results show the important effects of the plasma scale length
on the laser-plasma interaction process. Three distinct absorp-
tion peaks appear as the density scale length is increased. The
enhanced absorption, x-ray emission, and hot electron temper-
ature at large scale lengths for both p- and s-polarized lasers
are confirmed to be due to parametric instabilities.

FIGURE 8 Absorption as a function of the scale length L (in λ0) obtained
by 2D PIC simulations for a0 = 0.2 and 0.6

4.3 Studies of on propagation of hot electrons through
plasmas and solid materials

Propagation of hot electrons in plasmas is very im-
portant for the fast ignition concept. However, it is impossible
to directly investigate the behavior of the in-going hot elec-
trons in plasmas. The propagation characteristics can be only
achieved from hot electrons penetrating through plasmas and
measured behind the target. Experiments to study this sub-
ject were conducted and the results are discussed as follows.
We used two kinds of targets. One is 1 µm aluminum film
deposited on flat fused glass substrates by laser-plasma de-
posit technique. The other is simply a 5 µm aluminum film
stick parallel on fused glass substrates, with a gap of 20 µm
between each other. P-polarized laser pulses are incident on
the target at 10◦. Hot electrons produced can pass through
the plasma and target remains, then penetrate into the fused
glass and ionize it, leaving in the substrate a plasma channel
(path), which was monitored by the time resolved shadowgra-
phy technique. To realize this, a well synchronized laser pulse
of 30 fs of 400 nm acts as the probe beam perpendicularly to
the plasma channel.

Figure 10a shows a typical shadowgram for the 1 µm
Al coated fused glass slide at different time delays after the
interaction. In order to enhance the contrast of this particular
image, we have subtracted the image of the unperturbed glass
substrate in the presence of the probe beam. The dark region
in the image corresponds to a plasma density greater than
the critical density of 400-nm light, 6.9×1021/cm3. Besides
the plasmas before the Al film, there is a nearly isotropic dark
region behind the Al film. According to the calculated velocity
of its expansion edge into the glass (2×108 cm/s), this dark
region may be attributed to radiation driven thermal transport
ionization waves. What interested us is the narrow dark jet
within the ionization wave, originating from the interaction
region and ending far into the glass.

The self-focused laser light, the hard x-rays and hot
electrons can all induce the plasma tracks in the glass.
However, the 1µm Al coating on the glass can block the
incident laser during the interacting period. The contrast ratio
of the laser pulse is 10−5 at 1 ps as measured by a third-order
auto-correlator. Numerical simulation suggests that the laser
pedestal does not ablate the 1 µm Al film. The shock wave was
found to propagate through the 1 µm Al 100 ps later, which
is long after the interaction and the hot electron’s arrival at
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FIGURE 9 Frequency spectra of reflected light solid lines
and backscattered light dotted lines found from 2D PIC
simulations for p-polarized incidence of laser pulses at a0 =
0.2 and incident angle of 45◦. a L = 0; b L = λ0; c L =
3λ0; d L = 6λ0 . Frame e and f show the electron density
perturbations at L = λ0 and 6λ0, respectively; The white
dashed lines mark the layer of the quarter critical density
and that of half critical density where the laser pulse is
reflected

its journey end in the substrate. Then the presence of laser
light filaments in the glass can be ruled out. Strong x-rays are
another cause of ionized tracks. A composite target consisting
of a 5 µm Al foil stick on the fused glass is used to investigate
this possibility. The basic idea is using the space-charge field
in the rear plasma interface with the vacuum to reduce the
energy of hot electrons. The space-charge field is estimated
to be 7.6×1011V/m, which induces the ionization of the
material at the rear surface of the foil, forming the mushroom
like plasma as shown by Fig. 10b. Plasma tracks formed
in the glass with such composite targets is much shorter
than that with the deposited Al film target, excluding the
possibility of x-rays ionized plasma channel whose situation
is not susceptible to the change of space-charge field.

It is interest to note that in Fig. 10a there are two jets at
the center of the focal spot, and several jets parallel but away
from the axis of the laser beam. This phenomenon is due to
two possible reasons. The first originates from the process of
hot electron production. The focal spot is measured to have
a full width at half maximum of 10–20 µm. When energy
is increased, the laser beam quality is strongly modulated by
thermal effects and inhomogeneity of the dope concentration
in the Ti:sapphire crystal. Thus there exist hot spots in the laser
beam. When the beam is focused, the hot spots will become
many small local high intensity spots around the focus, which

is sufficiently high to produce hot electrons to induce ioniza-
tion plasma channels in the fused silica. The second cause is
from Weibel instability taking place in the propagation of hot
electrons in plasmas. Filaments can happen when the hot elec-
tron beam splits. Some filaments are diffused outward from
the center of the focal spot, and produce the plasma channel
away from the axis of the laser.

5 Hot electron generation by relativistic intensity
laser pulses

In this section, we will discuss the high energy elec-
trons produced in sub-picosecond laser-plasma interactions
from sub-relativistic laser intensities to relativistic intensities
when a large scale preplasma presents [57]. The relativistic
intensity laser pulses is capable of practical use in the fast
ignition, for forward hot electrons along the laser axis can
be produced and injected into the compressed core as igni-
tion trigger [1]. Experiments were carried out in ILE, Osaka
University. A 0.61 ps, 1.053-µm linearly polarized laser pulse
with an energy up to 10J was focused onto a 5 µm thick alu-
minum foil target. The pulse pedestal is about 3 × 10−3 start-
ing from 700 ps before the main laser peak [58]. Therefore,
the main laser beam interacted with a preplasma generated by
the Amplified Spontaneous Emission (ASE) pedestal.
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FIGURE 10 A typical shadowgraph of the plasma chan-
nels ionized by hot electrons from the Al film a and the
mushroom like plasma at the rear of the target b

Figure 11a shows the angular distribution of the forward
hot electrons behind a 5-µm thick aluminum target illumi-
nated by p-polarized laser pulse with an incidence angle of
45◦ from the sub-relativistic laser intensities to the relativistic.
Figure 11b shows the angular distributions of the hot electrons
in the laser polarization plane for s-polarized laser beam. For
p-polarization, at a0 ∼ 1, the widths of the cone angle is larger
than those at other intensities. This is reasonable based on the
basic understanding of hot electron generation. For a0 < 1
the main electron acceleration mechanisms are the resonance
absorption or vacuum heating etc. Hot electrons are emitted
along the density gradient or the normal direction of solid tar-
gets. While for a0 > 1 the hot electrons are accelerated mainly
in the longitudinal direction by V×B force, etc. However, for
a0 ∼ 1 these mechanisms compete with each other, so that

FIGURE 11 Angular distribution of the forward hot elec-
trons produced by p-polarized laser pulse a and by s-
polarized laser pulse at different laser intensities b. The
curve for the laser intensity of 40×10 17 W/cm2 is reduced
by five times in order to compare the data clearly in b

a wider cone angle of hot electrons occurs. The location of
the spectrum peak falling between the target normal and the
laser axis when a0 ≤ 1 indicates the combination effects from
the V×B force and the collective behavior of plasma wave
along target normal. Only when the laser intensity is several
times larger the laser intensity of 1.37 × 1018 W/cm2, can the
hot electron beam turn to the laser propagation direction and
become well-collimated.

For s-polarization, however, the electron beam is directed
to the laser axis, with a maximum fluctuation of 10◦ . In
our previous s-polarized femtosecond laser-solid target ex-
periments, for a0 far less than 1 (a0 ∼ 0.1) it has been found
that the two well-collimated hot electron beams are emit-
ted in front of the target in the laser polarization direction
due to the direct laser field acceleration. When a0 is between
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FIGURE 12 Energy distributions of the forward hot elec-
trons exiting from the aluminum foil for p-polarized laser
pulse a, s-polarized laser pulse b at different laser inten-
sities. The solid lines are the exponential fit to the experi-
mental data

0.1 ∼ 0.5, the divergence angles of the hot electron beams
in front of the target become wider and wider, and the peak
positions move to the backward laser vector [43]. In this ex-
periment we find the angular distribution of hot electrons for-
ward through the target shows similar trends. For a0 ≤ 1, the
divergence angles increase with the laser intensity. However,
when the laser intensity is several times larger the laser in-
tensity of 1.37 × 1018 W/cm2 the hot electron beam becomes
well-collimated again. This indicates that the forward electron
acceleration mechanisms dominate.

Figure 12a and b show the energy spectra of the hot elec-
trons measured behind the foil target for p-polarized laser
pulses and s-polarized laser pulses at different intensities, re-
spectively. The solid straight lines are the fitting curves using
a Boltzmann distribution. We can see that for laser intensi-
ties a0 ≤ 1, two group hot electrons with different effective
temperatures can be identified. However, as the laser intensity
becomes relativistic (a0 > 1), only one effective temperature
presents for both the p- and the s-polarization. It is obvious
that the longitudinal acceleration mechanism gradually be-
comes dominant over other mechanisms as the laser intensity
is increased to the relativistic. The measured energy of the hot
electrons is significant large than that observed in previous
experiments [44, 59, 60]. For example, for the p-polarized
laser pulse at an intensity of 41 × 1017 W/cm2, the effective
temperature obtained by fitting an exp(−E/kT) to the tail of the
energy distribution is about 3.0 MeV and the maximum energy
is up to 20 MeV. Such energy and temperature are much higher
than that expected by the ponderomotive potential scaling law
[61], and by the empirical scaling law proposed by Beg [62] if
41 × 1017 W/cm2 is supposed to be the interacting intensity
when hot electrons are generated. However, such intensity in
the present dense plasma is capable of relativistically focus-
ing or even channel trapping the interacting laser pulse, which
in turn generates more energetic electrons. Such process was
suggested in experiments about the correlation between hot
electron features and plasma density scale lengths [63].

To justify this hypothesis experimentally, we used inter-
ferometry technique to measure the electron density distri-
bution of the preplasma. No signs of plasma channels were
found. Based on the target thickness and the electron density
profile measured, we use a 1D3V fully relativistic particle-in-
cell (PIC) code to simulate the interactions. The computation
conditions are from the experimental parameters. Both the
electron spectrum obtained from the PIC simulation and the
experimental spectrum for p-polarized laser pulse are plotted
in Fig. 13a. The simulated electron spectrum well reproduces
the measured one for the hot electrons with higher energy

(>2MeV). The electrons can be accelerated to energy over
20 MeV. The low-energy hot electrons measured with the
spectrometer are seriously affected by the charge separation
field at the rear target surface. The number of the low energy
hot electrons from the target will be reduced by the reflection
and the re-circulation movement of those electrons at the rear
target surface [64–66]. However, the PIC simulation spectrum
corresponds to the hot electron distribution inside the plasma.
This can explain the discrepancy of the simulation and the
measurement for the low energy component.

Besides the well-known V×B heating mechanism, other
hot electron generation mechanisms may also contribute. In
the experiments, the backward stimulated Brillouin scattering
(SBS) and the stimulated Raman scattering (SRS) can occur
in the large scale preplasma the laser ASE produced [67–68].
Our simulation shows that the integrated reflectivity of laser
beam is as high as ∼ 20% at an intensity of several 1018W/cm2.
The reflected light beams counter-propagates with the in-
cident laser beam. This interaction configuration of two

FIGURE 13 a Comparison of the simulated electron spectrum and the
experimental spectrum for p-polarized laser light at an intensity of 40 ×
1017 W/cm2; b Threshold amplitudes for stochastic motion in the incident (a1)
and reflected (a2) laser fields obtained numerically for electrons with different
initial velocities. Also shown are the thresholds for local stochastic motion
given by Mendonca and for the occurrence of bifurcation for trajectories
trapped in the fundamental island around (p×, η) = (0, 0)
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colliding laser pulses may accelerate electrons stochastically,
producing hot electrons more energetic than V×B force [29].
This mechanism works when the laser fields exceed some
threshold amplitudes (see Fig. 13b) for stochastic motion of
electrons.

Now, we would like to recall the interesting achievements
by Kodama et al. [58]. With similar experiment conditions,
they demonstrated electron jets in the specular reflection di-
rection. The self-focusing and the possible channel trapping
of the reflected laser pulse were invoked as well as the self-
generated 20–30 MG quasi-static magnetic field to explain
the well collimated electron beam.

The long scale pre-plasmas play essential roles in the sev-
eral hundred fs relativistically intense laser pulse experiments.
To eliminate the uncertainties in determination of the electron
acceleration mechanism, experiments were carried out with
short intense laser pulses of tens fs FWHM duration. As intro-
duced in Sect. 2, the laser system delivers pulses with contrast
ratio better than 10−5 at 1 ps pedestal. This helps avoid the
long scale pre-plasmas and allow the main body of the in-
cident pulse to interact with the surface of a solid density
plasma. The interacting laser pulse is s-polarized and inci-
dent on an Al foil target at 45◦ from target surface. The mea-
sured vacuum intensity of the 31 fs pulse is 2.1 × 1018W/cm2,
smaller than that used above. Shadowgraphy technique mea-
sured plasma profile shows only tenuous plasmas before the
critical surface. Angular distribution of hot electrons emitted
backward were measured. High energy electrons were found
to be ejected near the specular reflection, but departed toward
the target normal direction. PIC simulations of two spatial
dimensions with same parameters were used to explain this
observation. We studied the relation between the hot elec-
tron emission angle and its energy. Abundant hot electrons
were simulated to leave the target forward in the laser prop-
agation direction, the same as observed in Fig. 12 when the
intensity was increased to 41×1017W/cm2, but with lower
energies. This electron beam is directly accelerated by the
ponderomotive force. Another broad electron beam was also
generated near the specular reflection, in good agreements
with hot electron emission features achieved in the experi-
ments. The second electron beam is attributed to the pon-
deromotive force acceleration by the reflected laser pulse, as
the simulation diagnosis of the laser reflection ratio is de-
termined to be 54%. Both beams are proved to be affected
by the space-charge field 	 in front of targets. The hot elec-
tron emission angle is analytically related to its energy and
	 by

tan(θ )=
[
2(γ − 1)(1 + δ	) − δ	2

(γ − 1 − δ	)2
sin−2(α)+tan−2(α)

]−1/2

,

where α is the incident angle and equal to 45◦ in this case.
δ	 is the space-charge field experienced by hot electrons. θ

and γ is the emission angle and energy of the hot electron,
respectively [29]. This formula was used to fit the simulation
results. The space-charge field functions by limiting the hot
electron ejection angles. Theoretical works suggest that the
space-charge fields around the target also play significant roles
in the stochastic acceleration process by acting as a ‘disturbing
force’ [29]. This can be seen clearly by simulations using an

ultra-thin foil target, which is transparent for the relativistic
laser pulses. The laser absorption and the electron acceleration
were found enhanced significantly [64]. The effects of the
space-charge field both in front and rear of the target is obvious
after being fitted with the above formula as shown there.

In summary, the characteristics of hot electrons produced
by sub-picosecond laser plasma interactions have been sys-
temically studied for different laser polarizations at relativistic
laser intensities. The peak of the hot electron beam produced
by p-polarized laser beam moves expectedly to the laser prop-
agation direction from the target normal direction as the laser
intensity is increased to be relativistic. For s-polarized laser
pulse, the hot electrons are directed to the laser axis direction
mainly. The maximum energy of the hot electrons is accel-
erated to as high as 20 MeV and the average temperature of
the hot electrons reaches up to 3.0 MeV at a laser intensity
41 × 1017W/cm2, which is much higher than that expected by
the empirical scale law. The energy spectra of the hot elec-
trons evolve to be a single-temperature structure at relativistic
laser intensities from the two-temperature structure at sub-
relativistic intensities. The existence of a preplasma formed
by the laser ASE pedestal plays important role in the inter-
action. 1D PIC simulations reproduce most characteristics of
the experimental measurement. Experiments with 31 fs in-
tense laser pulses have shown the space-charge field effects
on the ejection angle of hot electrons.

6 Hot electrons from non-relativistic ultrashort
laser interactions with liquid droplets

The interaction between ultrashort high-power
laser pulses and clusters or micro-liquid droplets attracts sig-
nificant attentions because of its unique characteristics as the
droplets are at a near-solid density but with sub-micron sizes
that are comparable to the wavelength of interacting light.
Enhancements of laser absorptions and x-ray and hot elec-
tron emission are found, and attributed to the successfully
weakened electric conductivity in gas cluster where micro-
plasmas are located as islands. The resulted hot droplets show
prospects of being new sources of x-rays, protons, and even
neutrons [69–72]. The absorption of laser energy and the
emission of white light, soft x-rays, and hard x-rays in the
laser-droplet interactions have been studied. However, only
a few publications are involved in the study of hot electron
generation from the droplets. In this section we report on mea-
surements of the angular distribution and energy spectrum of
hot electrons from ethanol droplets irradiated by linearly po-
larized 150-fs laser pulses at intensity around 1016 W/cm2

[73, 74].
Two methods have been used to produce the wavelength-

scale droplets in the experiments. One is using a multiple
laser pulse train with a separation of 10 ns. The droplets can
be produced by the first pulse through condensation of water
vapor in the ablation plume and direct explosive emission
from the focus, like the generation of nanometer-size and
micrometer-size particles by pulsed laser ablation on solid
in air [75]. Then the succeeding pulses interact with them.
The size of the droplets is within 1–6 µm. The average size is
about 3 µm. The other method is using a pulsed valve system.
The system consists of a gas line backed with high-pressure
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FIGURE 14 Histogram of droplet diameter distribution from ethanol
droplets spray (T = 300 K, backing pressure 2 atm.) imaged using the
frequency-doubled light of the main laser pulses. The inset shows a typi-
cal image of the droplet stream produced by 500 µm orifice

nitrogen, a liquid reservoir with ethanol or water in it,
and a solenoid-driven pulsed valve with an orifice. The
high-pressure gas along the line propelled the ethanol over
the liquid reservoir to stream through the orifice. Thus high
density, polydisperse sprays containing several-micron-size
liquid droplets can be formed in vacuum. The droplet sizes
were measured using an optical imaging system. The droplet
spray from the 0.5 mm orifice was back illuminated with
frequency-doubled light (395 nm, 150 fs) of the main laser
pulses and their shadows were magnified and focused onto
a CCD camera. A histogram of size distribution of droplets,
shown in Fig. 14, was compiled over many shots. The inset
shows a typical magnification image of the droplet spray.
The distribution has a mean droplet diameter of 4.6 µm. The
number density of the spray is about 7.9 × 108/cm3.

Figure 15 displays the spatial distribution of electrons with
energies higher than 25 keV produced by multiple pulses at
the normal incidence. The dose is accumulated over 10,000
shots. A striking aspect is the presence of two distinct peaks,
symmetric with respect to the laser incident direction, in the
plane formed by the electric vector and the propagation vec-
tor. The direction of the two peaks is at 46◦ backward from
the electric vector with an FMHW (Gaussian profile) of 34◦.
When the plane of the laser polarization is rotated by 90◦ us-
ing a λ/2 wave plate, the direction of the electron emission is
found to rotate by 90◦ correspondingly.

FIGURE 15 Spatial distribution of hot electrons with en-
ergies > 25keV, produced in the femtosecond laser-droplet
interaction

FIGURE 16 A typical hot electron spectrum emitted from the ethanol
droplet plasma

Figure 16 shows the energy spectrum of hot electrons
from ethanol droplets. The following features are found: 1)
the maximum energy of hot electrons is over 600 keV, 2) the
number of hot electrons with energies over 300 keV is very
low as compared with those with energies less than 300 keV,
and 3) the peak of the electron spectrum is around 120 keV.
This implies that a charge separation potential was developed
and many hot electrons had been pushed back to the droplet
surface. Fitting the data to the Maxwillian distribution, an
effective temperature of hot electrons, 56 keV, is obtained.
This temperature is comparable to the one (66 keV) obtained
in laser-solid interactions under similar conditions [76]. It is
also comparable to the one (70 keV) found in laser-cluster
interactions under the condition that the atomic cluster be
irradiated by a laser pulse at a higher intensity (1017 W/cm2)
but with a shorter duration (28 fs) [77].

To explain our experimental results, 2D PIC simulations
are performed, where the spherical droplets are approximated
as infinitely long cylinders. In the simulations we take a0 =
0.1, which corresponds to a laser intensity at focus slightly
larger than 1016 W/cm2 used in our experiment. The laser
pulse is incident along the x-direction from left normally on to
the droplet plasma with a diameter of 5λ. Initially the electron
density increases exponentially along the radial direction of
the droplet from 0.2nc at the droplet edge (r = 2.5λ from the
droplet center) until 2.0nc at r = 0.5λ where nc is the critical
density. The electron density remains at 2.0nc from r = 0.5λ

until to the droplet center. The corresponding density scale
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FIGURE 17 Snapshots of the electron positions in (x, y) plot obtained from
the 2D PIC simulation resulting at the 50 laser cycles for a plasma droplet
irradiated by a linearly polarized laser pulse with its polarization along the y
direction

length below the critical density is L = 0.9λ. We find that
both the longitudinal and transverse components of the excited
electric field near the critical surface increase with time. When
t = 50 laser cycles, these electric fields reach the maximum,
which are much stronger than the incident laser electric field.
It is exactly the enhanced oscillating electric field around the
critical density surface that accelerates the electrons to high
energies. Figure 17 shows the electron position in the (x − y)
plot at t = 50. At 50 laser cycles, it is very apparent that two
group electrons are accelerated to high energies symmetrically
with respect to the laser axis. The strong emissions range
from ±40◦ to about ±90◦. This agrees well with the angular
distribution measured in our experiments.

In conclusion, we have directly measured the angular dis-
tribution and energy spectrum of hot electrons from droplets
irradiated by linearly polarized laser pulses with a duration of
150 fs at the intensity of 1016 W/cm2. We observed a symmet-
ric structure of the angular distribution of hot electrons and
two symmetric peaks of emission directions in large angles
from droplets with respect to the laser axis. The temperature
of hot electrons emitted from several-micron-size droplets is
found to be comparative to that from solid and cluster tar-
gets under similar laser parameters. Both the measurements
and the 2D PIC simulations suggest that resonance absorption
mainly contributes to hot electron generation in laser-droplet
interactions.

7 Summary

To summarize this topical review, we would like
to reiterate the encouraging demonstration of the fast ignition
scheme where the increased efficiency by about 50% obtained
as compared to the conventional fashion [78]. Experiments
were carried out in Osaka, Japan. The large laser facility with
several kJ energy was used to achieve the highly compressed
fuel core, while an 60 J, 100TW lasers delivers the igniting
pulses. However, the inertial confinement fusion project is
still at early stage and far from application. Such project is
one of the most expensive in the world. But with university-
level laser systems employing CPA technique, experiments
about physics in the project are possible, which bolsters
the study of ICS by making it much more popular. Topics
in this review mostly concentrate on the production of hot
electrons when CPA laser pulses interact with dense plasma

targets. Application research of the laser-plasma is probably a
promising choice among so many during the long-term period
project. Monoenergetic electron bunch, ultra-short hard x-ray
pulses and many other characteristics of the laser-plasma are
under investigations, or may be on the way of applications.
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