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Abstract. Two-dimensional particle-in-cell simulations are presented for a laser-irradiated solid-density target with and
without an underdense preplasma. It is shown that an underdense preplasma can generate an energetic electron tail in addition
to the warm electrons generated at the critical surface. Preplasma electrons are accelerated in a quasi-static positively charged
channel formed by the laser. At ultra-relativistic laser intensities (a0 = 10), the acceleration mechanism is not sensitive to
the laser polarization. An energetic tail with energies signiﬁcantly exceeding the energy expected for a single electron in a
vacuum is present in simulations with s and p-polarized beams. This suggests that the mechanism of parametric ampliﬁcation
of laser-driven electron acceleration is a likely explanation for the observed phenomenon.
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1. INTRODUCTION
Sub-critical plasmas have an ability to generate relativistic energetic electrons when irradiated by a high-intensity laser
beam. This feature has been demonstrated experimentally and it can be utilized in a range of applications, including xray production [1], positron generation [2, 3], and ion acceleration [4]. The electron acceleration mechanism depends
signiﬁcantly on laser pulse duration. For example, a laser-produced wakeﬁeld plays the dominant role when the beam
is relatively short, with the duration shorter or comparable to the plasma wave period [5]. However, the wakeﬁeld
mechanism becomes less efﬁcient for longer laser pulses [6, 7]. Our interest in such pulses is motivated by experiments
with solid-density targets on fast proton generation with 1-5 ps pulse duration [8, 9].
In these experiments, an intense laser beam irradiates a ﬂat-foil solid-density target, generating a group of hot
electrons at the front surface of the target. The hot electrons then spread inside the target and set up a sheath electric
ﬁeld at the front and back surfaces of the target. The sheath ﬁeld conﬁnes the electrons inside the target, while at the
same time it accelerates those ions that are located at the surface. The rear surface of the target is typically covered
by a layer of contaminants, which contribute protons to an accelerating group of ions. The protons move ahead of the
other ions because of their relatively high charge-to-mass ratio, generating an energetic proton beam at the rear surface
of the target. The maximum and characteristic proton energies are determined by the electric ﬁeld in the sheath. The
amplitude of this ﬁeld is directly dependent on the energy distribution of the hot electrons generated by the laser and,
therefore, electron heating by the laser is a critical element in experiments aimed at generation of energetic proton
beams.
One way to enhance electron energies is by increasing the intensity of the laser. This however introduces a new
aspect that must be taken into consideration for systems with a signiﬁcant prepulse. As the peak intensity is increased,
the laser prepulse can become sufﬁcient to preheat the target and alter its geometry. For example, a radiationhydrodynamics simulation for Sandia National Laboratories’ Z-Petawatt prepulse parameters shows that a preheated
target expands signiﬁcantly, forming a transparent preplasma, many wavelengths thick, in front of the target [10].
Consequently, there are two spatially distinct areas of electron interaction with the main laser pulse if a signiﬁcant
prepulse is present: a steep boundary with a critical layer that absorbs and reﬂects the laser and an extended area of
transparent preplasma in front of the target. The characteristic energy of the electrons accelerated at the critical surface
is roughly equal to the electron oscillatory energy in the laser beam [11].
The extended interaction length in the preplasma is an advantage when it concerns the energy gain by electrons.
Ideed, a free electron irradiated by an ultrarelativistic laser beam is pushed forward and most of its energy is associated
with the axial motion rather than with the transverse oscillations. The maximum γ-factor that can be achieved by this
electron is γ = 1 + a20 /2, which signiﬁcantly exceeds the γ-factor associated with the transverse oscillations, γ⊥ ≈ a0 ,
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FIGURE 1. Electron spectra in targets with and without preplasma. The number of electrons is calculated assuming a width of 1
μm in the x direction. The dashed lines are two-parameter Maxwellian ﬁts A exp(−ε/T ), where A = 8.69 × 1011 and T = 2.52MeV
for a target without preplasma irradiated by an s-polarized beam (cyan); A = 8.39 × 1011 and T = 4.16MeV for a target without
preplasma irradiated by a p-polarized beam (magenta); A = 2.65 × 108 and T = 17.47MeV for a target with preplasma irradiated
by an s-polarized beam (blue); A = 9.79 × 108 and T = 22.12MeV for a target with preplasma irradiated by a p-polarized beam
(red).

where a0  1 is the normalized laser amplitude. However, this requires an extended interaction length, because the
electron has to travel roughly γ wave-lengths with the beam in order to gain this energy. It is this paper, we examine
laser interaction with an extended subcritical preplasma using two-dimensional particle-in-cell (PIC) simulations in
order to understand if a similar mechanism can generate copious hot electrons in addition to the ones produced at the
critical surface [11].

2. 2D PARTICLE-IN-CELL SIMULATION RESULTS
In order to determine the role of the preplasma, we have performed two-dimensional particle-in-cell simulations using
the Plasma Simulation Code (PSC) for a solid-density target with and without a preplasma. The main target is 250 μm
wide and 20 μm thick, with the peak density n0 = 1.115 × 1028 m−3 . The preplasma is 250 μm wide and 140 μm
thick, with the peak density n p = 1.75 × 10−3 n0 . The electron density proﬁle at the front side of the target (z < z0 ) is
given by


np
n0 − n p
1
ne =
+
,
(1)
1 + exp [(|z − z0 | − wz ) /Lz ] 1 + exp [(|z − z0 | − w pz ) /Lz ] 1 + exp [(|y − y0 | − wy ) /Ly ]
where z0 = 150 μm, Lz = 0.75 μm, wz = 10 μm, y0 = 150 μm, Ly = 0.75 μm, wy = 125 μm, and w pz = 70 μm. The
density proﬁle at the rear side of the target is also given by Eq. (1) with n p = 0. The density proﬁle for a target without
the preplasma is also given by Eq. (1) where one must set n p = 0. The cell size in (y, z) is 0.1 μm by 0.1 μm, with
each cell containing 9 electrons and 9 singly charged ions. We set the ion mass to be 1000 times the proton mass at the
front of the target and in the preplasma in order to eliminate effects related to ion motion. The typical electron energies
expected in the simulation are such that binary Coulomb collisions are negligible. We therefore turn off Coulomb
collisions in PSC, which signiﬁcantly speeds up the simulations and, most importantly, allows us to track individual
energetic electrons.
The target is irradiated by a laser beam focused at the front side of the target, whose wavelength is λ = 1μm, beam
waist is w0 = 8 μm, and the normalized amplitude is a0 = 10. The incidence angle is normal. In vacuum, the beam has
a Gaussian shape in y and a slowly varying envelope along z (the corresponding characteristic scale l is much longer
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FIGURE 2. Snapshots of the electric ﬁeld, electron density, and electron spectrum in a preplasma irradiated by an s-polarized
beam.

than λ ). The electric ﬁeld of an s-polarized beam used in the simulations is given by
⎛
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(2)
where E is the envelope, zR ≡ πw20 /2 is the Rayleigh length, and y = y−y0 and z = z−z0 −wz are the coordinates with
the origin at the focal spot. Note that this expression deﬁnes a Gaussian beam with a constant focal spot as opposed
to the expression for a 2D Gaussian beam given in [12]. The envelope in our simulations has a 160μm ﬂat top and a
rise length of 10μm. The amplitude of the pulse E0 is deﬁned as E0 = 2πa0 me c2 /|e|λ , where c is the speed of light
and me and e are the electron charge and mass. The components of the magnetic ﬁeld for the s-polarized wave follow
from Maxwell’s equations by substituting Ex given by Eq. (2). In the case of a p-polarized wave, Ex in Eq. (2) has to
be simply replaced by Bx , with the components of the electric ﬁeld Ey and Ez following from Maxwell’s equations.
In the ﬁrst two sets of simulations we computed the electron spectrum for the case of a target without a preplasma.
The corresponding spectra for the s and p-polarized beams and the corresponding Maxwellian ﬁts are shown in Fig. 1.
The p-polarized beam produces more energetic electrons than the s-polarized beam, but in both cases the temperature
of the energetic electrons is below 5 MeV. We have then added the preplasma deﬁned by Eq. (1) and calculated the
resulting electron spectra for both beams, shown in Fig. 1. Each spectrum has a well pronounced energetic tail in
addition to the warm population that was observed in the runs without the preplasma. The appearance of the energetic
tails in the presence of the preplasma agrees well with the premise that the preplasma provides an extended interaction
length for the electrons and therefore allows them to gain higher energies than during the interaction at the critical
surface, where the axial interaction length is limited. However, a closer examination of the electron spectrum reveals
that there are electrons with energies signiﬁcantly higher than the maximum energy expected for a free electron in a
vacuum, which is 25.5 MeV (γ = 1 + a20 /2) for a plane wave with a0 = 10.

365 to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
This article is copyrighted as indicated in the article. Reuse of AIP content is subject
128.83.205.78 On: Thu, 05 Mar 2015 21:01:25

FIGURE 3.

Schematic setup of the single-electron model.

A detailed look at the interaction of the laser beam with the preplasma reveals features not captured by the simple
picture of a free electron in a vacuum. Figure 2 shows snapshots of Ex2 and ne averaged over the laser period in
the preplasma for the s-polarized beam. The ponderomotive pressure of the laser beam expels a signiﬁcant number
of plasma electrons from the beam in the transverse direction. The plasma mitigates this expulsion by generating a
counteracting electric ﬁeld Ey via charge separation, shown in a lower-right panel of Fig. 2. As a result, the laser
creates and maintains a positively charged channel with a quasi-static transverse electric ﬁeld that evolves on an ion
time scale. Since the ions are artiﬁcially heavy in our simulation, the evolution caused by their motion in the ﬁeld of
the channel is insigniﬁcant during the laser pulse. The formation of the channel is not sensitive to the polarization of
the beam, so the quasi-static channel is present for both s and p-polarizations.
We have tracked the energetic electrons from the tail of the distribution and found that the overwhelming majority
of them have one unifying feature regardless of their initial position at the beginning of the simulation. These electrons
at some stage become injected into the quasi-static channel at the edge of the preplasma. After that they begin to
accelerate in the ﬁeld of the laser and become conﬁned in the channel. The electrons oscillate across the channel
without leaving it while moving along with the laser beam. The laser is reﬂected after it reaches the critical layer,
while the accelerated electrons are injected into the target.
A similar phenomenon at lower intensities has been previously demonstrated in particle-in-cell simulations [13].
However, the acceleration was only observed in the case of a p-polarized beam. The authors explained the observed
phenomenon as a betatron resonance [13]: “An energetic electron experiences transverse betatron oscillations in the
static ﬁelds. These oscillations are along the polarization of the laser pulse electric ﬁeld, and thus an efﬁcient energy
exchange is possible when the betatron frequency is close to the laser frequency, as witnessed by the relativistic
electron". This explanation implies that the laser ﬁeld acts as a driving force for betatron oscillations, which requires
proper polarization of the laser beam.
In contrast with that, our results show that the electron acceleration mechanism is not sensitive to the polarization of
the laser at ultra-relativistic intensities (a0 = 10). The lower-left panel in Fig. 2 shows a scatter plot of electrons with
energies above 45 MeV in the preplasma. All of the electron are located inside the channel formed by the s-polarized
laser beam. Since the laser is s-polarized, its electric ﬁeld is pointing in/out of the plane of the plot. There is no driving
force for the betatron oscillations in this case, which eliminates the betatron resonance as a mechanism responsible for
the electron acceleration. On the other hand, a previously overlooked mechanism reported recently in Ref. [14] can
explain both the observed energy gain and lack of sensitivity to the polarization at ultra-relativistic intensities. In the
next section we give a brief overview of the mechanism and summarize the key ﬁndings.

3. PARAMETRIC AMPLIFICATION OF BETATRON OSCILLATIONS
In order to discuss the mechanism responsible for the enhancement of electron acceleration in an s-polarized beam,
we consider the behavior of a single electron placed in a straight uniform ion channel and irradiated by a plane electromagnetic wave, as show in Fig. 3. The ions are assumed to be immobile. We choose a two-dimensional spatial setup
(y; z), with the y-axis directed across the channel and the z-axis directed along the channel axis. The plane wave
propagates in the positive direction along the z-axis. The electric and magnetic ﬁelds (E and B) acting on the electron
are thus given and the problem reduces to the analysis of the electron equations of motion,
dr c
= P,
dt
γ

(3)
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dP
|e|E
|e|
=−
−
P × B,
dt
me c γme c

(4)

where r is the electron position, t is the time in the laboratory (ion) frame of reference, e and me are the electron
√ charge
and mass, c is the speed of light, P is the dimensionless electron momentum normalized to me c, and γ = 1 + P2 is
the relativistic factor.
The electric ﬁeld, E = Eion + Ewave , is a sum of a static ﬁeld of the ion space-charge, Eion , and an oscillating ﬁeld
of the wave, Ewave . The static component in the uniform channel is Eion = ey ω p20 me y/|e|, where ey is a unit vector,

ω p0 ≡ 4πn0 e2 /me is the plasma frequency, and n0 is the density of the singly charged ions in the channel. The
magnetic ﬁeld, B = Bwave , is only due to the wave. It is convenient to express the wave ﬁeld in terms of a dimensionless
vector potential a:
Ewave = −

me c ∂ a
,
|e| ∂t

Bwave =

me c2
∇ × a.
|e|

(5)

The vector potential a depends on t and z only via a phase variable
ξ ≡ ω (t − z/c) ,

(6)

where ω is the frequency of the laser. We consider an s-polarized wave, so that a = a(ξ )ex , where ex is a unit vector
and a(ξ ) is a sinusoidal function with a slowly varying envelope. For simplicity, we assume that a(ξ ) = a0 sin(ξ ) after
some initial rise time, where a0 is the maximum amplitude.
As shown in Ref. [14], transverse oscillation of the electron across the channel is described by a general secondorder nonlinear differential equation that follows directly from Eqs. (3) and (4). This equation reduces to a linear
equation for an oscillator with a modulated eigenfrequency if the transverse displacement is small compared to c/ω p0 :

2 
a20 2
d 2 y ω p0
+ 2 1 + sin (ξ ) y = 0.
dξ 2
ω
2

(7)

A clear advantage of using the phase variable ξ as an independent variable instead of time t is that the frequency of the
1), then the second term
modulations is constant (it is equal to unity). If the wave amplitude is non-relativistic (a0
in the square brackets is negligible and the eigenfrequency is equal to ω p0 /ω. We are interested in a regime where
ω. In this case, the eigenfrequency is signiﬁcantly lower than the frequency of the
the plasma is underdense, ω p0
modulations, which makes the oscillations across the channel stable at non-relativistic intensities.
The conditions for instability become much more favorable at ultra-relativistic intensities (a0  1). In this case, the
ﬁrst-term in the square brackets in Eq. (7) is negligible and the equation reduces to
d 2 y a20 ω p0 2
+
sin (ξ )y = 0.
dξ 2
2 ω2
2

(8)

In contrast to the non-relativistic case, the eigenfrequency is now strongly modulated and, as a result, its maximum
value increases with a0 for a given ion density. Equation (8) is a Mathieu differential equation. A conventional stability
1. Its solutions become unstable if the parameter ω p0 a0 /ω
analysis shows that its solutions are stable for ω p0 a0 /ω
exceeds the instability threshold ω p0 a0 /ω ≈ 1.62 [14]. In contrast with the betatron resonance [13], this parametric
instability of transverse oscillations is caused by the eigenfrequency modulations.
The parametric ampliﬁcation of the transverse oscillations decreases the dephasing between the electron and the
wave. Indeed, there is an integral of motion for the electron in the considered problem, γ − Pz + ω p20 y2 /2c2 = const.
Since the axial dephasing rate is γ −Pz , it will decrease as the amplitude of transverse oscillations increases. As a result,
the electron stays in phase with the wave for a longer time and thereby gains more energy. It is shown in Ref. [14] that
this mechanism of axial electron acceleration caused by the parametric instability works regardless of the polarization.
The resulting maximum γ-factor is higher for a p-polarized wave, which implies that a p-polarized beam should
produce electrons with higher energies than an s-polarized beam. These observations are consistent with the spectra
shown in Fig. 1, which leads us to conclude that the mechanism of parametric ampliﬁcation of laser-driven electron
acceleration proposed in Ref. [14] is a likely cause of the electron acceleration observed in our 2D PIC simulations.
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4. SUMMARY AND CONCLUDING REMARKS
Our 2D PIC simulations of a target with and without preplasma show that an underdense preplasma can generate an
energetic electron tail in addition to the warm electrons generated at the critical surface. The electrons are accelerated
in a quasi-static positively charged channel formed by the laser. The acceleration mechanism is not sensitive to the
polarization of the beam, which suggests that the mechanism proposed in Ref. [14] is a likely explanation for the
observed phenomenon.
Considerable acceleration of electrons that has been previously observed experimentally in underdense plasmas
has similar features [1, 2, 15, 16, 17, 18]. It is therefore plausible that the mechanism of parametric ampliﬁcation of
laser-driven electron acceleration is involved in formation of energetic electron tails in these experiments. However, a
realistic modeling of the experiments is required for a conclusive assessment. The ampliﬁcation of electron oscillations
via the presented mechanism may also be beneﬁcial in those applications that employ transverse electron oscillations
in a conﬁning quasi-static ﬁeld to generate x- and gamma-rays [17, 19], provided that the mechanism is robust
with respect to spectral broadening of the laser beam [20]. The instability threshold in the single-electron model
is determined by a product ω p0 a0 /ω. Consequently, the plasma density threshold decreases with laser intensity
and the instability can develop even in a very underdense plasma. On the other hand, the channel might become
completely devoid of electrons at low densities. It is, therefore, important to determine a self-consistent instability
threshold by considering both electron acceleration and channel formation. Finally, electron pre-acceleration during
the injection into the channel provides the electron with initial axial momentum. As shown in Ref. [14], ﬁnite initial
axial momentum lowers the instability threshold. The maximum γ-factor achieved by the electron increases if the
electron is initially moving in the same direction as the laser beam with relativistic momentum. That is possibly
why the maximum electron energies observed in our simulations exceed the energies predicted by the single-electron
model. A simulation using test particles in a self-consistently generated channel might be useful to clarify this aspect.
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