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Abstract. This contribution is concerned with the nonlinear behavior of a relativistic laser pulse focused
in an underdense plasma and with the subsequent generation of fast electrons. Specifically, we study the
interaction of laser pulses having their intensity I2 in the range [1019 , 1020 ] W/cm2 m2 , focused in a
plasma of electron density n0 such that the ratio n0 /nc lies in the interval [10−3 , 2 × 10−2 ], nc denoting the
critical density; the laser pulse power PL exceeds the critical power for laser channeling Pch . The laserplasma interaction in such conditions is investigated by means of 3D Particle in Cell (PIC) simulations. It
is observed that the laser front gives rise to the excitation of a surface wave which propagates along the
sharp boundaries of the electron free channel created by the laser pulse. The mechanism responsible for the
generation of the fast electrons observed in the PIC simulations is then analyzed by means of a test particles
code. It is thus found that the fast electrons are generated by the combination of the betatron process and
of the acceleration by the surface wave. The maximum electron energy observed in the simulations with
I2 = 1020 W/cm2 m2 and n0 /nc = 2 × 10−2 is 350 MeV.

The interaction of high-energy laser pulses at relativistic intensities with underdense plasmas is an
important area of research, for the studies of the fundamental aspects of the relativistic laser-plasma
interaction physics, for its physical applications [1] in particle acceleration and in radiation sources,
and for the fast ignition scenario [2] of the inertial confinement fusion. Several experiments, including
some very recent ones [3, 4] on the propagation of sub-picosecond and picosecond pulses in gas jet
plasmas, have motivated the examination of basic nonlinear physical processes such as relativistic selffocusing [5], self-modulation and induced focusing [6], laser pulse channeling [7] and channel stability
[8], surface wakes [9] and the electron acceleration in the evacuated channels [10]. We have studied all
these processes by means of 3D PIC simulations and analytical theory.
We made extensive 3D simulations for an incident laser beam characterized by the initial FWHM
w0 = 10 m, laser intensity I = 5 × 1019 W/cm2 , focused in a plasma of density n0 = 10−3 nc along the
z-direction; the laser field was linearly polarized along the x-direction, its wavelength 0 was 0 = 1 m,
and nc denotes the corresponding critical density. With these parameters, the laser beam power is 28 TW,
and the ratio PL /Pch is PL /Pch = 1.6; PL and Pch = 1.09 Pc denote the incident laser wave power and the
power threshold for channeling, respectively, Pc being the usual critical power for self-focusing. Figure 1
presents the numerical results obtained with the following parameters: laser pulse duration L = 400 fs,
physical time sim corresponding to the PIC simulations sim = 2200 fs.
In this regime, the full electron evacuation takes place very rapidly, leading to the formation of
a channel void of electrons, as predicted by Kim et al. [11]. The channel radius rch is rch = 12 m,
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Figure 1. Results from the PIC simulations: contour plots of Ez (a, b, c), Ey (d, e, f), and electron density (g, h, i)
in the y-z plane at three different times: 861 fs (left column), 1507 fs (middle column) and 2154 fs (right column).
In the lowest boxes are shown the longitudinal momentum pz /mc as a function of the longitudinal coordinate z.

in very close agreement with the prediction req = 11.6 m of Ref. [11]. The electron density profile
varies very rapidly in the vicinity of the cylinder located at r = rch : it is vanishing within the channel
r < rch , raises at its maximum at r = rch , and quickly decays to the background value for r > rch .
Such a steep density profile at the channel wall is favorable for the excitation of surface waves (SW)
[11, 12]. A rapid growth of a SW is indeed observed in our PIC simulation, as it can be seen in
Figure 1 which shows in the yz-plane the contour plots of the z-component, Ez , of the electromagnetic
field [Figs. 1(a, b, c)], the contour plots of its transverse y-component, Ey [Figs. 1(d, e, f)], and the
contour plots of the electron density [Figs. 1(g, h, i)], at the times t = 861 fs, 1507 fs, and 2154 fs (the
laser electric field, being linearly polarized along the direction x, has no component in the plane xz
shown in this figure). In Fig. 1(d, e, f), it can be clearly seen that, at a given y, the amplitude of Ey
oscillates as a function of z with the characteristic wavelength SW ≈ 36 m around a nonzero averaged
value. These oscillations show that the electric field Ey is the sum of the y-component of the SW
oscillating electric field ESW and of the positive charge separation electric field ECS in the electronfree channel.
It is remarkable that a single mode, characterized by the wave number kSW = 2/SW , grows
with time, whereas the SW dispersion relation predicts a continuum of wave-numbers for the SW
perturbations. We checked that the mechanism selecting the wave number kSW of the SW excited
by the laser wave front is the process described in Ref. [13]; namely, kSW is defined by the implicit
equation, SW − kSW VGL = 0 − k0 VGL , where SW denotes a solution to the SW dispersion relation
for the wave-number kSW ; VGL denotes the laser wave group velocity. Using a linear description for
the propagating front of the laser pulse, the latter equation leads to the solution SW /0 = 36, in
excellent agreement with our simulation results. Within the same linear approximation for the laser
pulse front, one may compute the SW phase velocity, VSW . One obtains VSW /c = VGL / c – (SW /0 )
(VL /c) (n0 /nc ), VL denoting the laser wave phase velocity; for our parameters, this relation leads to
VSW /c = 0.96, corresponding to the relativistic Lorentz factor SW ≈ 3, in very close agreement with
our numerical results VSW /c = 0.95 and SW ≈ 3. Thus the PIC results are all close to the theoretical
predictions [13] concerning the mechanism selecting the SW wavelength.
In the lowest boxes of Figure 1 are displayed the normalized longitudinal momentum z ≡ pz /mc as a
function of the longitudinal coordinate z. Two characteristic features can be stressed from these figures:
(i) the accelerated electrons form periodic bunches whose periodicity length is the SW wavelength
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Figure 2. The maximum electron Lorentz factor  obtained in the test-particle calculations carried out with the
parameters 0 = 1 m, initial FWHM w0 = 7 m, as a function of the parameter P/Pc .

SW ; (ii) at the time t = 1507 fs, the maximum electron z -factor is in the order of z ≈ 250. When
plotting the corresponding electron distribution function, one observes a characteristic tail of fast
electrons in the range [30, 250] for z . The question is therefore to determine the physical mechanism
responsible for this relativistic tail. In view of the periodic structure of z as a function of the longitudinal
coordinate z, it is natural to begin with putting estimates on the maximum energy that the electrons can
gain when the acceleration mechanism is simply the linear wave-particle interaction with the surface
wave along the parallel direction z. Following the Reference [14], the maximum Lorentz factor zmaxSW
that an electron may acquire because of trapping in a periodic electrostatic wave in the presence of a laser
wave, is given by (zmaxSW )2 = (L )2 + (pzmaxSW /mc)2 , where the term (L )2 accounts for the motion
caused by the laser wave, (L )2 ≡ 1 + (a0 )2 /2, and pzmaxSW /mc is the maximum normalized electron
momentum in the surface wave alone; a0 ≡ eEL /(m0 c) denotes the usual normalized laser electric
field amplitude EL . pzmaxSW /mc is given by pzmaxSW =   (L +  swz ) + f [(L +  swz )2 −
(L )2 ]1/2 , with  = v SW /c and  = 1/[1 − ( )2 ]1/2 , v SW being the SW phase velocity; swz
denotes the potential from which the SW electric field is derived, Eswz = −*z swz , and swz =
swzmax − swzmin ≈ 2 Eswz /ksw . One obtains pzmaxSW /mc ≈ 46 in the case of an electric field amplitude
as large as e Eswz /(m0 c) = 0.03 leading to zmaxSW ≈ 47, which is well below the -factors ≈ 200
observed in the PIC simulations. Thus, we may already conclude that the origin of the fast electrons
cannot simply be the acceleration caused by the SW electric field.
In order to find out the mechanism responsible for the observed fast electrons, we performed test
particles calculations by solving the equations of motion dp/dt = −(e/m)[E + v × B] for prescribed
electric and magnetic fields, including the laser electric field EL , the charge separation field ECS of the
evacuated ion channels, and the SW electric field ESW . The longitudinal component of the laser field ELz
was given by the divergence-free condition and the magnetic fields B were calculated from the Maxwell
equations. We first checked that all the features observed in the PIC simulations are correctly reproduced,
namely the periodic bunching of the fast electrons with -factors as large as 200, when all the fields are
included into the equations of motion. We then verified that the SW alone is not able to accelerate
electrons to energies as high as z = 200: indeed, when only keeping the SW electric field, we obtained
electron energies no larger than z = 50, consistently with the trapped electron dynamics discussed
above. We also considered the standard betatron acceleration [10, 15]. This mechanism corresponds
to retaining only the laser fields and the transverse charge separation field ECS in the equations of
motion. The test electrons were introduced initially with the energy z ≈ 50 and the final maximum
electron energy corresponded to z = 140, i.e. still significantly smaller than z ≈ 200 observed in the
PIC simulations. Thus the standard betatron effect by itself cannot explain our PIC results. On the other
hand, when we combined the betatron process with the acceleration by the longitudinal SW electric field
Eswz , we obtained periodic bunches of fast electrons with z -factors as large as z = 200, independently
of the test particles initial energy. Thus, we conclude that the origin of the fast electrons observed in our
PIC simulations is the combination of the betatron acceleration with the parallel acceleration due to the
longitudinal SW electric field.
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Finally we did several test particle calculations corresponding to the parameters 0 = 1 m,
initial FWHM w0 = 7 m; the intensity I and the plasma density n0 /nc were varied in the ranges
[0.62, 10] ×1019 W/cm2 and [10−3 , 2 × 10−2 ], respectively, in a way such that P/Pc varied in the
interval [2.1, 34]; the pulse duration was L = 600 fs. These parameters can be considered to be
representative of those of the experiments [3] carried out on the Omega EP facility, namely n0 /nc = 0.05
and I = 12.8 × 1019 W/cm2 . The results corresponding to our test particle calculations are displayed in
Figure 2, showing the maximum Lorentz factor  obtained as a function of P/Pc , thus demonstrating the
efficiency of the mechanism exhibited in this article.
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