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In the scheme of fast ignition of inertial confinement fusion, the fuel temperature mainly relies on fast electrons, which act
as an energy carrier, transferring the laser energy to the fuel. Both conversion efficiency from the laser to the fast electron
and the energy spectrum of the fast electron are essentially important to achieve highly effective heating. In this study, a
two-dimensional particle in cell simulation is applied to study the generation of fast electrons from solid-density plasmas
with different laser waveforms. The results have shown that the slope of the rising edge has a significant effect on fast
electron generation and energy absorption. For the negative skew pulse with a relatively slow rising edge, the J × B mecha-
nism can most effectively accelerate the electrons. The overall absorption efficiency of the laser energy is optimized, and
the fast electron yield in the middle- and low-energy range is also improved.
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1. Introduction

In inertial confinement fusion (ICF) schemes such as fast igni-
tion[1] and double cone ignition[2], first high-energy nanosecond
laser beams are used to compress the target into a high-density
plasma (with density approaching 100 g=cm3). Then the fast
electron beam generated by the high-power petawatt laser
quickly heats the precompressed fuel in a short period of time.
In order to obtain better heating effect, higher laser energy and
higher heating efficiency are needed. It is very costly and difficult
to further promote laser energy due to the limitations on high-
power laser devices and optics, especially the large aperture gra-
tings. Under such conditions, it is particularly important to
improve the heating efficiency of fast electrons. Under the typ-
ical compression state in fast ignition, the penetration depth of
fast electrons with energy of 0.5–2MeV is similar to that of alpha
particles and has a higher heating efficiency. The electrons of
lower energy cannot penetrate through the high-density plasma,
while electrons with higher energy penetrate through the dense
core region with residual kinetic energy, both leading to reduced
heating efficiency. Johzaki et al. have used the Fokker–Planck

simulation program to reproduce this physical process
by simulating the heating of the core pellet by fast electrons
guided by a conical target[3,4]. Therefore, for the heating stage,
the fast electron yield in the range of 0.5–2 MeV is more
important.
Theoretical and experimental research has been carried out to

study the properties of fast electrons generated in the interaction
between laser and solid-density plasma (including the yield,
energy distribution, angular distribution, etc.). Studies have
shown that the generation of fast electrons is closely related
to the target and laser parameters. For the target, researchers
have studied the material, thickness, geometry, and preplasma
in detail and have proposed optimization schemes[5–8]. The
results have shown that a conical structure has the advantage
of effectively guiding the laser and the electrons and has become
the preferred choice for fast ignition[9]. The coupling efficiency
of laser energy can be further improved and the fast electron
divergence angle can be optimized by an external magnetic
field[10]. For laser parameters, theoretical and experimental
studies have mainly focused on the influence of laser energy,
intensity, pulse width, and polarization[11–15].
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Besides the parameters described above, the laser waveform is
one of the important parameters affecting the interaction
between laser and solid-density plasma. Theoretical and exper-
imental results have shown that the waveform, the rising edge,
and the asymmetry of the laser pulse have an influence on the
wake field electron acceleration[16–19], the generation of tera-
hertz radiation[20], and electron acceleration from vacuum[21].
With the development of laser technology, including the
pulse-shaping technology such as programmable spatial light
modulators, acousto-optic modulators, moving mirrors,
deformable mirrors, and plasma optics, it is now possible to
achieve asymmetric laser waveforms in experiments[22–26].
These technologies have provided the possibility studying the
generation of fast electrons from asymmetric laser pulses. In this
paper, we use the two-dimensional PIC code EPOCH[27] to sim-
ulate the fast electrons generated by laser pulses with different
waveforms (including positive, Gaussian, and negative skew
pulses). The simulation results show that the asymmetric laser
pulse waveform can affect the generation of fast electrons and
the energy absorption while the laser energy and the peak inten-
sity are kept the same. The J × B mechanism works most effi-
ciently in the case of negative skew pulses (with slow rising
edges). The absorption efficiency of laser energy and the yield
of fast electrons in the medium- and low-energy range have also
been efficiently improved.

2. Simulation Conditions

In this paper, simulations of laser–plasma interaction are per-
formed with varying laser temporal profile as well as constant
laser energy and peak power. The effects of laser waveforms
on fast electron generation are investigated. The p-polarized
laser with wavelength λ = 1.05 μm irradiates the target at normal
incidence, and its spatial beam profile in the y direction is uni-
form. The laser temporal profiles are shown in Fig. 1(a), where
shape-1 is a positive skew pulse with a 50 fs rise time and a 750 fs
fall time, shape-2 is a Gaussian pulse with a full width at half-
maximum of 320 fs, and shape-3 is a negative skew pulse with
a 750 fs rise time and a 50 fs fall time. For most of the laser facili-
ties, the limitation of picosecond laser output is power damage
threshold, so in our simulations, the peak intensity was kept con-
stant as 1.5 × 1019 W=cm2. The size of the simulation box is
170 μm × 16 μm with a grid size of λ=64. The whole simulation
box contains 10880 × 1024 grid elements, and 20 particles are
placed in each grid element. The thickness of the target was
intentionally set as 120 µm in order to avoid the influence of
the return current from the target rear surface and from the right
boundary of the simulation box when we count the accelerated
electrons. The initial density was set to 20nc (nc is the critical
plasma density, expressed as nc =mw2=4πe2, where m is the
electron mass, w is the laser frequency, and e is the electron
charge)[28], the ionization degree was 40, and the initial temper-
ature was 1 keV. Boundary conditions in the x direction are open
for particles and electromagnetic waves. In the y direction,

periodic boundary conditions are applied for both particles
and electromagnetic waves.

3. Results and Analysis

Time-integrated energy spectra of fast electrons for the three
cases are shown in Fig. 2. A region with a thickness of 1 µm
at the position of X = 5 μm was selected for electron counting,
with 25 fs intervals. The inset of Fig. 2 shows the energy spectra

Fig. 1. (a) Laser temporal profiles in three simulated cases; (b) two-dimen-
sional profile of electron density of the target plasma.

Fig. 2. Time-integrated energy spectra of fast electrons with three laser
waveforms (a dashed line is utilized to indicate the temperature slope).
The black line indicates the positive skew case. The red line indicates the
Gaussian case. The blue line indicates the negative skew case.
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of fast electrons in the range of 0–15MeV. Itmay be seen that the
fast electron yield with energy >0.5MeV under the negative
skew case is significantly higher than the other two cases.
Second, the slope temperatures of the electrons are compared.
For a positive skew pulse (with steep rising edges), the slope tem-
perature of the electrons (> 0.5MeV) is about 0.86 MeV, while
the temperatures are 1.0 and 1.2 MeV for the Gaussian pulse
(symmetric waveforms) and the negative skew pulse (with slow
rising edges), respectively.
The electron intensities in different energy ranges, 0–

0.5 MeV, 0.5–2 MeV, 2–5 MeV, and > 5MeV, are investigated
and compared for the three pulses. The results shows that the
number of electrons at 0.5–2 MeV in the negative skew case
is 9.0% larger than that in the Gaussian case, and 19.5% larger
than that in the positive skew case. The electron amount in the
energy range of 2–5 MeV exceeds in the Gaussian and positive
skew cases by 41.9% and 217.4%, respectively.
When the ultra-intense laser pulse interacts with plasma, the

laser energy can be absorbed by electrons through vacuum heat-
ing[29], resonance absorption[30], and the J × Bmechanism[31,32].
Figure 3 shows the electronmomentum (normalized tomec) dis-
tribution in phase space (X, PX) in three simulated cases. It can
be clearly seen that the electron beam with an interval of half a
laser wavelength propagates into the target, which is consistent
with the characteristics of the J × B mechanism, indicating that
the J × B mechanism is the dominant acceleration mechanism
under the current simulation parameters.
Figure 4 shows the spatial distribution of longitudinal

momentum when the laser peak arrives at the target surface,
which is 150 fs for the positive skew pulses, 500 fs for the
Gaussian pulses, and 850 fs for the negative skew pulses.
When the laser peak reaches the target surface, the maximum
longitudinal momentum of the electrons at the front surface
driven by the pondermotive force can reach 40mec for the neg-
ative skew pulse, while it is only 8mec for the positive pulse,
although the peak laser intensity is exactly the same.
Figure 5 shows the time evolution of the maximum longi-

tudinal momentum of the electrons around the target surface
(in the region of −1 μm < X < 1 μm) for the three pulses.
The laser waveforms are included, respectively, in the figure.
It can be seen that for the positive skew waveforms with steep
rising edges, the peak of the longitudinal momentum appears
behind the laser peak significantly. For Gaussian waveforms,
the delay time is shortened. For the negative skew pulses with
slow rising edges, the peak of the longitudinal momentum
almost coincides with the laser peak time. For the positive skew
pulse, the electrons were not effectively accelerated when the
laser peak interacted with the target surface, while in the case
of the negative skew pulse, the electrons were most effectively
accelerated. The maximum longitudinal momentum of the elec-
trons accelerated by the negative skew pulses is significantly
higher than those in the positive and Gaussian pulse shapes.
Although the peak intensity and laser energy of the three laser

waveforms are the same, there are obvious differences in accel-
erated fast electrons. The main reason is the fact that the plasma
conditions caused by the different rising edges of the three pulses

differ. Figure 6 shows the plasma density distribution when the
laser peak reaches the target surface under three laser
waveforms.
As can be seen from Fig. 6, the scale length of the plasma is

close to 0 when the laser peak reaches the target surface for pos-
itive skew pulse due to the very steep rising edges. The plasma
has no time to expand before the laser peak arrives. At the same
time, the steepening of the density profile is attributed to the
ponderomotive force, leading to an increase in plasma density
at the front surface, surpassing the initial density. Since the
strength of the electrostatic field is proportional to the plasma
density and is inversely proportional to the density scale length,

Fig. 3. Phase space (X, PX) distribution of the electrons. (a) Positive skew
pulses, 200 fs; (b) Gaussian pulses, 500 fs; (c) negative skew pulses, 850 fs.
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the electrostatic field thus has a more serious deceleration effect
on the electrons. This is the main reason why the positive skew
pulses cannot effectively accelerate the fast electrons at the peak
time. After the peak intensity has passed, the plasma gradually
expands, and the effect of the separation field becomes weak.
However, the laser intensity has dropped, and the electrons can-
not gain energy effectively from the laser at the later time as well.
For the negative skew pulse, the plasma has expanded before the
laser peak is reached, the influence of the electrostatic separation
field is relatively weak, and the electrons on the front surface of
the target can obtain more kinetic energy. As a result, the tem-
perature of the fast electrons generated by the negative skew
pulse is higher. Extensive theoretical and experimental stud-
ies[33–35] have also shown that the preplasma and its density
scale length play a significant role in the fast electron generation
in the J × B mechanism.

As shown in Figs. 7(a)–7(c), the time evolution of the energy
absorbed by electrons from the laser has been further investi-
gated. The total energy of electrons in the simulation box and
with different energy ranges is illustrated. In Figs. 7(d)–7(f),
the time evolutions of electron energy under three kinds of
pulses are compared. It can be seen that the total energy of fast
electrons with energies more than 500 keV, 1 MeV, and 5 MeV
for negative skew pulses is significantly higher than that of the
other two pulses, and the energy absorption efficiency of the
laser is higher. In addition, it was found that the peaks of electron
energy appear at about 400, 625, and 850 fs for positive,
Gaussian and negative skew pulses. Compared with the laser
peak, the peak time of electron energy in the three waveforms
is delayed by 250, 125, and 0 fs. The energy absorption of the
electrons in the case of the positive skew pulse is obviously

Fig. 4. Distribution of electrons’ longitudinal momentum when the laser peak
reaches the target surface. (a) Positive skew pulses, 150 fs; (b) Gaussian
pulses, 500 fs; (c) negative skew pulses, 850 fs.

Fig. 5. Evolution of the maximum longitudinal momentum at the target sur-
face for different laser waveforms. The black square line indicates the positive
skew case. The red square line indicates the Gaussian case. The blue square
line indicates the negative skew case.

Fig. 6. Distribution of plasma density along the x direction when the laser
peak reaches the front surface of the target for the different laser
waveforms.
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lagging behind the energy input of the laser, while the energy
absorption of the electrons for the negative skew pulse is basi-
cally consistent with the input of the laser energy.
Since the J × B mechanism depends on the magnetic field of

the laser, the plasma region before the laser reflection is the
region where the J × B mechanism can work effectively. Due
to the short rising time of the positive skew pulse, the peak value
reaches the target surface too early, and the high-density plasma
at the front surface strongly reflects the laser. In this way, the
region where the J × B mechanism can work is very thin, which
results in a low absorption efficiency of laser energy. In time,
although the plasma continues to expands and the thickness
of the absorption area continues to increase, the laser energy
decreases significantly. For the negative skew pulse, when the
laser peak arrives at the front surface, the thickness of the
absorption area is significantly larger than that of the positive
skew pulse. In this way, more electrons can be driven by the laser
ponderomotive force to obtain energy, leading to more absorp-
tion and higher conversion efficiency.

4. Conclusion

In this paper, the interactions among three laser waveforms and
high-density plasma have been discussed. The simulation results
have suggested that the asymmetric laser pulse waveform has a

significant effect on the generation and energy absorption of fast
electrons. The absorption efficiency of laser energy and the yield
of fast electrons in the medium- and low-energy range can be
efficiently improved by selecting a negative skew pulse (a laser
waveform with a slow rising edge), which can lead to more effi-
cient energy deposition in the fuel region. The above simulation
results have been explained by comparing the plasma scale
length at the front surface and the thickness of the absorption
area. It has to be pointed out that in the case of the negative skew
pulse, more high-energy fast electrons (> 5MeV) have been
inevitably generated as well, which needs to be avoided in the
fast ignition scheme. This is a problem that needs further inves-
tigation in future studies.
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