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Abstract

In this paper, the electrons energy spectrum produced by stochastic acceleration in the interaction of an intense laser pulse
with the underdense plasma is described by employing the fully kinetic 1D-3 V particle-in-cell simulation. In this way, two
finite laser pulses with the same length 200 fs and with two different rise times 30 and 60 fs are typically selected. It is
shown that the maximum energy of electrons in the laser pulse with the short rise time (30 fs) is about eight times
greater than the maximum energy of the electrons with the long rise time (60 fs). Furthermore, unlike the pulse with
the short rise time, the shape of energy spectrum and the electrons temperature in the long rise time laser pulse are
approximately unchanged over the time. These results originated from the fact that in the case of long rise time laser
pulse, all electrons are accelerated by the one chaotic mechanism because of the scattered fields generated in the
plasma, but in the case of short rise time laser pulse, three different mechanisms accelerate the electrons: first,
the stochastic acceleration because of the nonlinear wave breaking via plasma-vacuum boundary effect; second, the
stochastic acceleration initiated by the wave breaking; and third, the direct laser acceleration of the released electrons.

Keywords: Chaos; Electron energy spectrum; Laser–plasma interaction; Particle-in-cell simulation; Stochastic
acceleration

1. INTRODUCTION

The rapid advances in the generation and amplification of ultra-
short laser pulses (Strickland & Mourou, 1985; Mourou et al.,
1998) have led to the laser–plasma interaction is one of the
most motivating topics in physics. In this context, electron
acceleration by intense laser fields in plasmas has recently
attracted a vast number of attentions due to the advent of high-
power laser pulses and their potential applications. Different
acceleration mechanisms have been proposed, including the
wakefield acceleration (Ting et al., 1997; Litos et al., 2014),
the direct laser acceleration (Li et al., 2011; Shaw et al.,
2014; Zhang et al., 2015) and electron acceleration due to
the stochastic motion of electrons (Sheng et al., 2002; Zhang
et al., 2003a, b; Sheng et al., 2004; Paradkar et al., 2011;
Khalilzadeh et al., 2015). In the last case, electrons can be
accelerated significantly far beyond the ponderomotive
potential level of the incident pulse.

The motion of single electrons in a plane electromagnetic
wave is integrable (Sarachik & Schappert, 1970). However, if
there is a perturbation to electron motion in this plane wave,
such as another plane wave, a magnetic field, or a stochastic
field, the corresponding Hamiltonian cannot be integrable
(Smith & Kaufman, 1975; Escande & Doveil, 1981; Lichten-
berg & Lieberman, 1981; Mendonca, 1983; Bauer et al.,
1995). In this case, acceleration of electrons to much higher
energy is possible. Stochastic acceleration could be responsi-
ble for the high-energy electrons generation observed in the
previous simulation and experimental works (Adam et al.,
1997; Tzeng et al., 1997; Zhang et al., 2003a, b; Yazdani
et al., 2014). Sheng et al. (2002, 2004) have shown that
stochastic acceleration of electrons in vacuum and underdense
plasmas by an intense laser pulse can be triggered in the pres-
ence of another counter-propagating or intersecting laser
pulse. The other particle-in-cell (PIC) simulation results (Kha-
lilzadeh et al., 2015) indicate that the amplitude
of backscattered fields in proper long pulse length can be
high enough to act as a second counter-propagating wave
and generates the electrons with high energy and high
temperature.
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However, the previous numerical studies on the stochastic
acceleration have been limited to the high-energy electrons
generated in the presence of two electromagnetic waves, in
which the second wave can be either a laser pulse or the scat-
tered fields generated in the plasma (Sheng et al., 2002; Zhang
et al., 2003a, b; Sheng et al., 2004; Paradkar et al., 2011; Kha-
lilzadeh et al., 2015). On the other hand, in the interaction of a
high-intensity laser pulse with underdense plasma, with con-
sidering the full plasma reaction, the new electromagnetic and
the longitudinal electrostatic waves are produced. In this case,
it is expected that the high-energy electrons can be generated
through other chaotic mechanisms. In this paper, we describe
the electron energy spectrum produced by different chaotic
mechanisms in the laser–plasma interaction by employing
the fully kinetic 1D-3V PIC simulations. Two finite laser
pulses with the same length and with two different rise
times are typically selected. It is illustrated that the maximum
energy of electrons in the laser pulse with short rise time has
the higher amount; it is about eight times greater than the max-
imum energy of electrons in the laser pulse with long rise
time. Furthermore, the shape and the mean broadening of
the energy spectrum in the long rise time case are approxi-
mately unchanged over the time. This shows that in the inter-
action of the plasma with the long rise time laser pulse, all
electrons are affected by the one acceleration mechanism. In
this case, the amplitude of the scattered wave and the incident
wave can satisfy Mendonca stochastic criteria (Mendonca,
1983), for the occurring the chaos. If the rise time of the
pulse is short, chaos mechanism is initiated by the space-
charge wave breaking. In this case, some of the electrons,
which are released because of the wave breaking are acceler-
ated to the very high energies by the laser pulse field, directly.
These electrons remain in the tail part of the electron distribu-
tion function over the time. Generally, three mechanisms ac-
celerate the electrons over the time in the short rise time
laser pulse: the chaotic mechanism originated from the nonlin-
ear wave breaking via plasma-vacuum boundary effect, the
chaotic mechanism because of the wave breaking, and the
direct laser acceleration of the released electrons. Therefore,
the phase space pattern and the shape and mean broadening
of the energy spectrum change over the time. Also, in agree-
ment with chaotic nature of the motion, it is found that the
electrons energy will considerably be changed by applying
a minor change to the initial laser or plasma parameters.
This paper is organized in different sections. In Section 2, the

physical description of chaotic motion is considered using the
Lagrangian of the single electron in the electromagnetic fields.
In Section 3, the electron energy distribution extracted fromour
PIC simulations is described. The parametric analyses are
done by varying the laser intensities and the plasma densities
in Section 4. Finally, in Section 5, the paper is concluded.

2. THEORY

The motion of single electron in a plane electromagnetic
wave [A1(x, t)] is integrable. In the presence of another

plane electromagnetic wave [A2(x, t)], the Lagrangian of
the electron is (Jackson, 1962):

L0 = −mqc
2

�������
1− v2

c2

√
+ q

c
[V .(A1(x, t) + A2(x, t))], (1)

where, mq, c, V, and q are the mass electron, speed of light,
electron velocity, and electron charge, respectively. In this
case, the motion of the particle can be chaotic provided that
theMendonca criterion a1a2= 1/16 (a1 and a2 are the normal-
ized vector potential) is satisfied (Mendonca, 1983). In the
interaction of a high-intensity laser pulse with underdense
plasma, because of the full plasma reactions, the self-consistent
fields in the plasma can produce new electromagnetic and
longitudinal electrostatic waves. Therefore, the Lagrangian of
the single electron in the plasma is:

L = −mec
2

�������
1− v2

c2

√
+ q

c
[V .A(x, t)] − qφ(x, t), (2)

that A(x, t) = ∑
i Ai(x, t), where Ai(x, t) is the component of

electromagnetic radiations (scattered and incident waves) and
φ(x, t) = ∑

i φi(x, t), where φi(x, t) is the component of the
scalar potential. Two scalar potentials generated in the laser–-
plasma interaction are φw(x, t) and φth(x, t). Here φw(x, t) is the
space charge potential, wake potential in one dimension
(Sprangle et al., 1990), and φth (x, t) is the thermal Langmuir
wave potential (Bulanov et al., 1998). In fact, when the laser
pulse propagates in the plasma, the wake wave breaks due to
the inhomogeneity of the density on the vacuum-plasma sur-
face. This nonlinear wave breaking produces a new off-phase
potential [φth (x, t)]. In one dimension, consider one laser field
in interaction with the plasma. In this case, a frame can be
found, so that in which quasi-static approximation is estab-
lished. In fact, this frame travels with group velocity of the
laser field (commoving frame). In the quasi-static situation,
the fields a (a is normalized vector potential) and φw, which
derives the plasma wave are expected to be constant during a
transit time of the plasma through the laser field. Under quasi-
static approximation in the commoving frame, plasma wave
generation is described by

∂2fw

∂ζ2
= k2p

n

n0
− 1

[ ]
= k2p

2
1+ a2

(1+ fw)2
− 1

[ ]
, (3)

where ξ= x− vgrt (vgr is the group velocity of the laser field),
k2p = 4πn0q2/mec2 (n0 is the equilibrium electron density),
and φw= qfw/mec

2 is the normalized wake potential (Spran-
gle et al., 1990). For example in the short pulse limit, when
|fw|< 1 this equation can be solved for arbitrary laser field as:

fw = kp
2

∫0
ζ

a2(ζ′) sin(ζ′ − ζ)dζ′. (4)

If in Eq. (2) one of the potentials that has proper phase relation
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with other potentials is greater than the others, the electron is
mainly affected by this potential and the system is integrable.
Otherwise, it is expected that the electron motion can be cha-
otic through different chaotic mechanisms. In fact, when the
chaos occurs, the electron cannot choose one of the defined
paths. Each potential with a distinct phase specifies a clear
path for the electron. Depending on the initial conditions, the
electron chooses one of these different paths and can travel
from one path to the other. In this case, the maximum kinetic
energy of electrons cannot be determined, and acceleration of
electrons to much higher energy is possible. Since the analyt-
ical study of this issue is not possible, we use PIC simulation in
the next section to obtain precise results for the electron energy
in the light of the mentioned factors.

3. SIMULATION RESULTS AND DISCUSSION

To avoid the repeating of simulation parameters through this
section, the simulation parameters are summarized here.
These simulations are conducted using the code 1D-3V PIC
(Yazdanpanah & Anvary, 2012; Yazdanpanah & Anvary,
2014), which includes the physics of ionization (Khalilzadeh
et al., 2016). The laser wavelength has invariantly been con-
sidered λ= 1 μm in all the cases. For all run-instances, we
have used hydrogen atoms with initial profile that have been
step-like. High spatial resolution of 200 cells per laser wave-
length with at least 64 particles per cell is used in the simula-
tions. The spatial resolution guarantees the plasma against the
un-physical heating produced by the finite-grid instability by
appropriate resolution of the Debye length λD, that is, DX/
λD≈ 0.3. The size of simulation box is 600λ with open and
reflective boundary conditions being applied at its ends for
the fields and particles, respectively. The laser intensity and
the density of hydrogen atoms are I= 1018 w/cm2 and n=
0.02 ncr, respectively. The pulse envelope consists of three
parts: flat-top central part with TL2 duration time sided by
two sinusoidal-shaped rising and falling parts, each with
TL1 and TL3 duration times. For our simulations, two finite
laser pulses S1 with TL2= 80 fs and TL1= TL3= 60 fs,
and S2 with TL2= 140 fs and TL1= TL3= 30 fs are typical-
ly selected. In our simulations, since the pulse lengths satisfy
the condition Lp > λNLp [λNLp is the nonlinear plasma wave-
length (Sprangle et al., 1990)], they can cover a full plasma
period leading to the pulse modulation during the propagation.
The electron energy spectrum is shown in Figure 1 at dif-

ferent times 240, 480, and 720 fs, for two pulses: (a) S1 and
(b) S2. It is observed that the maximum energy of electrons in
the spectrum increases by increasing the interaction time for
the two cases S1 and S2. Furthermore, it is clear that there are
fundamental differences between the two Figures (a) and (b).
Though in the case S2 [Fig. 1(b)] only the rise time of the
laser pulse changes, but we can see a significant increase
in energy levels of electrons compared with Figure 1(a). As
shown, the maximum energy of electrons in the two cases
S1 and S2 is 5.2 and 42.4 MeV, respectively. In addition,
with increasing interaction time, the shape of distribution

function and mean broadening remain almost unchanged in
Figure 1(a). This indicates that all electrons are affected by
one acceleration mechanism and the temperature of electrons
does not vary considerably over the time. This is while in
Figure 1(b), at different interaction times, the different
shapes and the different mean broadenings of the energy
spectrum are perceptible. Therefore, the electrons energy is
affected by the rise time of the laser pulse. Now, the key
question is: What is the mechanism of the plasma electrons’
acceleration, which leads to such varying spectra with the
pulse rise time? In order to address this question, the longitu-
dinal momentum, the transverse vector potential, and the lon-
gitudinal electric field versus x at different times (a) t=
240 fs, (b) t= 480 fs and (c) t= 720 fs are plotted for the
two pulses S1 and S2 in Figures 2 and 3, respectively. It is
evident from Figure 2(a), during interaction progression;
the chaos pattern appears as soon as the plasma response is
taken into account. In this figure, because the rise time of
the pulse is long, a weak ponderomotive force is produced ac-
cording to the ponderomotive force relation:

Fp = −mc2∇γ ≅ −mc2∇ 1+ a2

2

( )
. (5)

In Eq. (5), γ= (1− v2/c2)−1/2 is the relativistic factor for
electron. In this case, the amplitude of the longitudinal elec-
tric field (space-charge field) due to the weak ponderomotive
force is relatively low. Therefore, the third item in Eq. (2) has
a negligible portion. In this case, the scattered fields could
have a major role in the appearing chaos (Khalilzadeh
et al., 2015). In fact, in this situation, bunching of the elec-
trons weakens and the coupling of the electromagnetic
waves with the electrostatic wave is fragile. When the ampli-
tude of waves (main and scattered waves) pass the stochastic
threshold amplitudes (Mendonca, 1983) pulse cannot scatter
in the proper phase from these unreliable bunches. Simulta-
neously, these fragile bunches are broken down, the chaotic
pattern appears. It should be noticed that by increasing the in-
teraction time in sections (b) and (c), despite an increase in
the electric field amplitude, this amplitude is not strong
enough to establish a phase relation between electromagnetic
waves, as a result the chaos happens. It is evident that with
increasing interaction time in Figure 2(a)–2(c), the momen-
tum space widens and the longitudinal momentum increases.
This is consistent with the energy spectrum observed in
Figure 1(a). As a result, in the pulse with the long rise
time, during interaction time, all electrons obey from one ac-
celeration mechanism which is stochastic acceleration be-
cause of the scattered fields generated in the plasma.
Therefore, it is expectable that the shape of the electron
energy spectrum remains stable in the different time steps.
On the other hand, all of electrons are affected by several off-
phase potentials in stochastic situation, and they are bounded
and accelerated in the body of these potential waves. Then,
the acceleration mechanism of the electrons is slow and
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continues, and they cannot be accelerated to the very high-
energy level over the time.
According to Figure 3(a), in the area of pulse no chaos

takes place and consequently all trajectories are regular.
This is while, in comparison with Figure 2(a), only the rise
time of the pulse has been changed. In Figure 3(a), due to
the short rise time, the amplitude of the space charge wave
is higher in comparison with the results of Figure 2(a).
This amplitude increases in the constant part of the pulse
due to the pulse modulation. On the other hand, the modula-
tion between the radiation waves and the scattered waves pro-
duces the strong ponderomotive force (Decker et al., 1996;
Esarey et al., 1998) that can derive the strong plasma longi-
tudinal electrostatic mode and bunch the electrons.

Therefore, φw(x, t) has a large portion in Eq. (2) and the elec-
trons are affected by it. In this case, the electrons sense a po-
tential because of the modulation of the incident and
scattered waves and show a regular pattern in the phase
space with integrable Hamiltonian. It is evident that the am-
plitude of the plasma oscillations increases efficiently at the
end of the pulse and the necessary condition for wave break-
ing is provided (Esarey et al., 1998). Another issue that needs
to be considered is that the phase mixing discerned behind
the pulse in the phase space is owing to the boundary
effect. When the laser pulse is propagating in the plasma,
due to the inhomogeneity of the density (Langmuir frequen-
cy) on the vacuum-plasma surface, the wake wave breaks and
makes possible to inject electrons into the acceleration phase

Fig. 1. The electron energy distribution function versus electron energy at different times 240, 480, and 720 fs, for the two pulses (a) S1
and (b) S2.

Fig. 2. The electron longitudinal momentum (left axis), the transverse
vector potential (left axis), the longitudinal electric field (right axis) versus
x, at different times (a) 240 fs, (b) 480 fs, and (c) 720 fs, for the pulse S1.

Fig. 3. The electron longitudinal momentum, the transverse vector potential,
the longitudinal electric field at different times (a), (b) 480 fs, and (c) 720 fs,
for the pulse S2.
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of the wave (Bulanov et al., 1998). This nonlinear wave
breaking produces the electrons with high velocity near the
pulse group velocity. In this case, the high-energy electron
beam is generated. This beam derived a new electrostatic
mode that does not have any relation phase with the space
charge electrostatic mode. As a result, an off-phase potential,
φth (x, t), can destroy the regular structure of the wave behind
the laser pulse and create chaos. It is expected with moving
away from the vacuum-plasma boundary, this effect weak-
ens. By increasing the interaction time in sections (b) and
(c), the most interesting mechanism happens. Paying detailed
attention to these sections, we can realize that due to the high
electrostatic field, the wave breaking occurs faster than sec-
tion (a). The electrons produced because of the wave break-
ing leads to two different configurations in the phase space.
The first configuration consists of the energetic electrons re-
leased owing to the wave breaking and so, they undergo the
direct laser acceleration mechanism (Li et al., 2011; Shaw
et al., 2014; Zhang et al., 2015). The second type belongs
to the electrons whose trajectories in the phase space are ir-
regular. These electrons are in the body of the broken longi-
tudinal wave. Hence, due to this wave breaking, laminar
motion of the layers in the phase space is broken down and
the layers are mixed. The electrons in the body of the
mixed layers represent chaotic pattern in the phase space
and their trajectories in the phase space are irregular.
In the pulse with short rise time, three acceleration mech-

anisms take place over the time: first, stochastic mechanism
initiated by the longitudinal space charge wave breaking;
second, direct laser acceleration of the released electrons;
and third, chaotic mechanism originated from the nonlinear
wave breaking via plasma-vacuum boundary effect. Under
these conditions, it is expectable that the phase space pattern

and the shape and mean broadening of the energy spectrum
change over the time. As a result, when the rise time of the
pulse is short, chaos mechanism is established due to the
space-charge wave breaking. Some of the electrons released
owing to the wave breaking, are directly accelerated to the
very high energies by the laser pulse field. These electrons
remain in the tail part of the electron distribution function
over time. Beside this mechanism, after the wave breaking,
several incoherent longitudinal waves or potentials affect
some of the electrons. Depending on the initial conditions,
the electron chooses one of these different paths. In this
case, the electrons trajectory in the phase space is irregular
and acceleration of electrons to much higher energy is possi-
ble. Therefore, the high-energy electrons observed in
Figure 1(b) are free electrons produced via direct laser accel-
eration and stochastic acceleration.

4. PARAMETRIC ANALYSES

It is evident that the strength and phase of each potential in
Eq. (1) depend largely on the initial condition. Therefore,
the stochastic acceleration can be highly sensitive to the ini-
tial laser and plasma parameters. Hence, in order to under-
stand the relation between the energy of electrons and the
different parameters, different simulations based on the PIC
simulation are performed by varying the laser intensity and
the plasma density for the two finite laser pulses S1 and
S2, in the following procedure.

To show the influence of variation in pulse intensity and
plasma density on the electron energy, the energy spectrum
and momentum phase are illustrated in detail in Figures 4
and 5 for the pulse S1. Figure. 4, illustrates the maximum
electron energy that is 0.5 MeV for a= 1, reach 1.6 MeV

Fig. 4. (a) The electron energy distribution function versus electron energy (b) The electron longitudinal momentum, the transverse vector
potential, and the longitudinal electric field versus x for n= 0.02 ncr at time t= 480 fs and at the different amplitudes a= 1, a= 1.5, and
a= 2 for the pulse S1.
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when the laser pulse intensity is increased to a= 1.5. This in-
crease continues with the increase in pulse intensity such that
when a= 2, the maximum energy of the electron reaches
3.7 MeV. Also, as shown in Figure 5, with an increase in
electron density from n= 0.01 ncr to n= 0.02 ncr and n=
0.03 ncr, the maximum energy of the electrons increase and
take the values 0.3, 0.5, and 2.25 MeV, respectively. In the
light of Figures 4 and 5, it is found that by increasing
the pulse intensity and electron density for the pulse with
the rise time 60 fs, the shape of distribution function is main-
tained. This indicates that the acceleration mechanism of elec-
trons does not change by changing the laser and plasma
parameters. This is consistent with the phase space diagram

in Figures 4 and 5 that show despite the increase in the electric
field amplitude due to the increase in the pulse amplitude and
the plasma density, the electric field amplitude is not strong
enough to establish a phase relation between electromagnetic
waves. Therefore, with a slight increase in the pulse amplitude
and the plasma density, the width of the stochastic pattern in
the phase space increases and the electrons can reach higher
energy.
In Figures 6 and 7, the energy spectrum and the electron

phase space are shown in detail for the pulse S2. It is evident
from Figure 6 that when the pulse intensity amplitude in-
creases, the electrons energy in the spectrum increases such
that for a= 1, 1.5, and 2, the maximum energy of the

Fig. 5. (a) The electron energy distribution function versus electron energy and (b) The electron longitudinal momentum, the transverse
vector potential, and the longitudinal electric field versus x for a= 1 at time t= 480 fs and at different densities n= 0.01 ncr, n= 0.02 ncr,
and n= 0.03 ncr for the pulse S1.

Fig. 6. (a) The electron energy distribution function versus electron energy and (b) The electron longitudinal momentum, the transverse
vector potential, and the longitudinal electric field versus x for n= 0.02 ncr at time t= 480 fs and at the different amplitudes a= 1, a= 1.5,
and a= 2 for the pulse S2.
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electrons reaches the value 6.4, 15.7, and 26.3 MeV, respec-
tively. Also, the shape of distribution function varies by
changing the laser pulse intensity. It is attributed to this
fact that the acceleration mechanism of the electrons is differ-
ent in three intensities. As shown in phase space diagram, for
a= 1, the wave breaking due to increasing the amplitude of
the electric field is the only mechanism for generation of the
high-energy electron. For a= 1.5 and 2, after the wave is
broken, laminar motion of the layers in phase space starts
to mix and then stochastic pattern in the motion of some elec-
trons is appeared. However, some of the electrons can be re-
leased due to the wave breaking and accelerate directly in the
laser field. These two types of electrons with their high energy
are distinguishable in the electron energy spectrum. Also, as
shown in Figure 7, the electrons energy grows with increasing
the plasma density. The maximum electron energies increase
from 3.3, 6.4, and 9.7 MeV, as the electron density increase
from n= 0.01 ncr to n= 0.02 ncr and n= 0.03 ncr, respective-
ly. According to the changes in the shape of the distribution
function in the different plasma densities, the electrons are ex-
pected to accelerate by different mechanisms, as mentioned
previously. As shown in phase space diagram, for n=
0.01 ncr the nonlinear wave breaking originated from inhomo-
geneity of the density on the vacuum-plasma surface is the
only mechanism for generation of the high-energy electron.
For n= 0.02 ncr, the wave breaking due to increasing the elec-
tric field amplitude produces the high-energy electrons; and
for n= 0.03 ncr, two types of high-energy electrons with
two action types are seen in the phase space; in the one type
the electrons motion is regular (direct acceleration) and in
the other type, the electrons motion is chaotic (stochastic
acceleration).
In the end, the simulation results in Figures 4–7 show that

the electrons energy will considerably be changed by

applying a minor change to the initial laser or plasma param-
eters. This is consistent with chaotic nature of the motion.

5. CONCLUSION

By the use of PIC simulation, the energy distribution func-
tion of electrons in the interaction of the underdense
plasma with ultrashort laser pulse is studied. It is found
that different chaotic mechanisms can affect this energy
spectrum.

The result of our simulations shows that in respect to the
short rise time, electrons are accelerated to higher energy
level than the case with the long rise time. Time evolution
study of the energy distribution function indicates that with
the time progressing of the pulse propagation, in the shorter
rise time case electrons can reach energies about eight times
higher than the electron energy level of the case with the
longer rise time, in spite of the fact that the rise time of the
pulse is doubled. On the other hand, the energy spectrum
shape and mean broadening, in the longer rise time case,
are unchanged over the time approximately. This is a proof
that in the interaction of the plasma with the long rise time
laser pulse all electrons are affected by the one acceleration
mechanism and temperature of electrons does not vary con-
siderably over the time. In this case, the scattered wave am-
plitude and the amplitude of the incident wave can satisfy
Mendonca stochastic criteria (Mendonca, 1983), as two
counter-propagate waves, and electrons are accelerated via
this chaos mechanism. If the rise time of the pulse is short,
chaos mechanism is established due to the space-charge
wave breaking. Under this condition, several incoherent lon-
gitudinal waves or potentials, after wave breaking, affect the
electrons. These incoherent longitudinal waves on the one
hand can accelerate electrons and on the other hand can

Fig. 7. (a) The electron energy distribution function versus electron energy and (b) The electron longitudinal momentum, the transverse
vector potential, and the longitudinal electric field versus x for a= 1 at time t= 480 fs and at different densities n= 0.01 ncr, n= 0.02 ncr,
and n= 0.03 ncr for the pulse S2.
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heat the electrons considerably, via some mechanisms such
as nonlinear landau damping, over the time. On the other
point of view, some of the electrons which are released
owing to the wave breaking, are directly accelerated to the
very high energies by the laser pulse field. These electrons
remain in the tail part of the electron distribution function
over time. In this situation, as regards to the short rise time
pulse, three mechanisms take place: first, stochastic mecha-
nism initiated by the longitudinal space charge wave breaking;
second, direct laser acceleration of the released electrons; and
the third, chaotic mechanism originated from the nonlinear
wave breaking via plasma-vacuum boundary effect. There-
fore, the phase space pattern and the shape and mean broad-
ening of the energy spectrum change over the time.
Parametric analyses show that in the both cases, short and

long rise time pulses, increment of the laser amplitude and
the plasma density increase the electrons energies. In the
pulse with the longer rise time, when the pulse amplitude
is doubled the maximum energy of the electrons grows
seven times but the mean distribution broadening is approx-
imately doubled. However, when the plasma density is tri-
pled, variation in the mean distribution broadening is not
perceivable, but the tail of the electrons spectral energy ex-
tends nearly seven times. On the other hand, when the
pulse with the shorter rise time interacts with the plasma,
about one order of magnitude increment in the electrons
energy level is discernible. Additionally, in this case the
same as the previous case when the pulse amplitude is dou-
bled, the maximum energy of the electrons grows seven
times, but the mean distribution broadens virtually ten
times. Finally, when the plasma density is tripled, the mean
distribution broadening is doubled but the spectral energy
tail of the electrons extends about five times.
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