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Abstract
As lasers become progressively higher in power, optical damage thresholds will become a
limiting factor. Using the non-linear optics of plasma may be a way to circumvent these limits.
In this paper, we report on simulations showing an enhancement to plasma wakefield
self-compression of femtosecond laser pulses due to an ionization gradient at the leading edge
of the pulse. By operating in a regime where wakefield generation is driven by moderately
relativistic (∼1018 W cm−2) laser pulses and proper choice of gas species, the ionization front
of the pulse can lead to a frequency shift that enhances the ponderomotive force and therefore
both the wakefield generation and subsequent pulse compression.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Generation of intense few-cycle pulses is of great interest
in high-field science in areas such as laser driven particle
acceleration [1] and attosecond pulses from high-order
harmonic generation [2]. Kerr nonlinearity and/or ionization-
induced phase modulation have been utilized as sources
of spectral broadening in plasma filaments [3], gas-filled
waveguides [4], and bulk media [5] in previous experimental
and theoretical work. Compensation for dispersion of a light
pulse in a medium is possible by using additional dispersive
optical elements such as chirped mirrors, by self-compression
schemes in a filament [3] or multi-dimensional spatio-temporal
reshaping mechanism in a plasma medium [4, 6]. A
relativistically intense pulse driving a plasma wave can also
lead to self-compression [7–14]. It is, however, an important
and challenging problem to achieve homogenous temporal
pulse compression with a focusable spatial profile and high
energy throughput efficiency. In addition, demonstration of a
high degree of pulse stability is of crucial importance.

For a slowly varying (compared with the laser frequency)
laser envelope and density perturbation, the refractive index in

a plasma is given by η =
√

1 − ω2
pr(r)/ω2

0, where ωpr(r) =√
e2ne/(〈γ 〉meε0) is the local plasma frequency for electron

density ne, with the averaged Lorentz factor 〈γ 〉 arising as a
consequence of the quiver energy of electrons in the laser focus.
In a relativistically intense laser focus, I � 1017 W cm−2, both
the variation in 〈γ 〉 and the density modulation of the plasma
wave generated by the ponderomotive expulsion of electrons
give rise to gradients in refractive index. As a consequence,
the laser frequency is shifted on the gradients in such a way
that self-compression occurs via group velocity dispersion
(GVD). This type of compression can be effective, but previous
results have demonstrated low transmission [11, 12]. For
lower pulse intensity, I < 1017 W cm−2, ionization-induced
nonlinearities can also be used for spectral broadening and
pulse compression [4, 6, 15]. However, since ionization also
results in a transverse refractive index variation, compensation
for the defocusing of the pulse must be done by using an
external guiding structure [4].

In this paper, we study the effect of direct laser ionization
in the self-compression of relativistically intense laser pulses in
a laser generated plasma wakefield using particle-in-cell (PIC)
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simulations. Operating in a moderately relativistic regime
with a0 ∼ 1, where a0 = eA/mec is the normalized vector
potential (corresponding to an intensity of approximately
2 × 1018 W cm−2 for 800 nm light), we observed more than
over-two-fold pulse compression of a 35 fs pulse produced by a
tightly focused Ti : Sapphire based chirped pulse amplification
(CPA) laser system at pulse energy level as low as multi-
millijoule. A thin plasma (∼100 µm scalelength) was used to
match the short Rayleigh distance associated with a relatively
tight focusing geometry. We will show that an enhancement of
the wakefield generation occurs due to the ionization gradient
nonlinearity at the pulse front, which therefore also enhances
pulse compression. This enhancement was also observed using
a much higher pulse energy with a larger focal spot as the
ionization front behaves similarly with the same gas. Hence,
we demonstrate that this method can be easily scaled to work
with a wide range of laser energies.

2. Numerical experiments

Simulations were performed using the two-dimensional (2D)
PIC code OSIRIS 2.0 [16]—a fully explicit relativistic
electromagnetic PIC code that includes a suite of ionization
physics models. The PIC approach contains the full range of
electromagnetic and collisionless plasma physics, yet the non-
linear response of bound electrons in atoms and molecules such
as the Kerr effect is not included in the code. Although the non-
linear refractive index is important at lower intensities, as the
plasma ionizes, the ratio of third order susceptibilities for the
ion relative to the neutral atom, χ

(3)
i /χ

(3)
0 , scales as the ratio

of ionization potentials cubed, (U0/Ui)
3 [17], where U0 is the

ionization potential of the neutral atom and Ui is that of an ion
with charge state i. Therefore, it rapidly becomes negligible
compared with the plasma refractive index as the plasma
ionizes. The ionization rate typically increases very rapidly
with laser intensity. It should be pointed out that for the laser
intensity in our simulations, the laser pulse begins to ionize the
gas a few hundred µm before the laser focus. Therefore, given
the scalelength of the gas profile, the self-phase modulation
contributed by Kerr nonlinearity may be considered negligible.
This validates the use of PIC for the computational experiments
under the parameters considered here.

Simulations were carried out in a moving window of
dimensions 64 µm × 230 µm on a Cartesian grid with step
sizes �x = λ/12 (the propagation direction) and �y = λ/5
(the transverse direction). The transverse dimension is chosen
to be sufficient to contain the large diffraction angle of a tightly
focused laser beam. Ionization physics can be optionally
included using the ADK tunnel ionization model [18]. For
each ionization level, particles with a charge-to-mass ratio
equivalent to that of an electron were used, with 4×4 particles-
per-cell. The maximum available ionization level is 2 and 8 for
helium and argon respectively. Alternatively, the electrons can
be initiated in the simulations with neutralizing immobile ions
to model the case of a pre-formed plasma with no ionization
effects. The electron or neutral density profile has a truncated
Gaussian profile with a FWHM width of 150 µm to simulate
a realistic gas jet. When using different gas species, the peak

density is chosen such that the plasma has the same electron
density when the maximum ionization level is reached.

We first simulated a 10 mJ pulse, a full-width-at-half-
maximum pulse duration of 37 fs propagating in a gas or
plasma with a peak plasma density, ne, ranging from 0 to 0.07nc

using tunnel-ionizable argon gas, wherenc = 1.74×1021 cm−3

is the plasma critical density for 800 nm light The laser is
focused in the ascending part of the Gaussian density profile.

The transverse pulse profile and the magnitude of the peak
intensity of the output laser pulse is shown in figure 1 with
the spatial-temporal intensity distribution depicted in three-
dimensional surface plots. At higher densities (ne > 0.05nc),
the laser pulse begins to suffer modulational instability and
breaks up into sub-pulses as seen in figure 1(d)–(e).

Simulations were performed using the same laser
conditions and electron densities with a pre-formed plasma
as well as a neutral helium gas. Along with the case of argon,
the results are shown in figure 2 for the output pulse width
as a function of the peak plasma density. First we define the
pulse width τ using the peak intensity of the output pulse Iout

normalized to the intensity of the same input pulse propagating
in vacuum, Ivac, as τ = τ0Ivac/Iout, where τ0 = 37 fs
is the initial FWHM pulse duration. Note this definition
incorporates transverse effects such as self-focusing, plasma
defocusing and filamentation instability. To quantify the
complicated sub-pulse structures especially at higher densities,
we also plot using a RMS pulse width definition, given by
2.36

√
〈I 2〉 − 〈I 〉2, where 〈I n〉 = ∫ ∞

−∞ tnI (t) dt/
∫ ∞
−∞ I (t) dt

is the n-th moment of the temporal intensity profile. A
constant scaling factor of 2.36 is used to normalize the result
to the FWHM pulse duration of a Gaussian pulse (initial pulse
profile). The optimal density for the maximal homogeneous
compression occurs at about 0.05 nc, which yields the highest
peak intensity after compression. This can be also seen from
figure 1(c). Under the same conditions, the use of argon plasma
results in a compressed pulse that is 25% shorter than that of
pre-ionized or helium plasma, but may be more susceptible to
plasma defocusing or beam break-up at higher densities.

We examine the Wigner distribution [19] to visualize the
local frequency distribution within the pulse. The results
are plotted in figure 3 for the laser pulse at the end of the
simulation for the cases of vacuum, pre-ionized plasma, helium
and argon. For the same electron density (fully ionized), argon
exhibits more spectral broadening, especially a greater red
shift compared to the pre-ionized and helium cases. Ionization
blueshift [20] at the pulse front is also discernible in figures 3(c)
and (d).

This effect can be utilized at higher pulse energies by
simply increasing the spot size to maintain the same ionization
gradient at the pulse front for a specific choice of gas. In
figure 4, we show the on-axis pulse evolution with ionization
(from argon) and without (pre-formed plasma) for both the
low energy case and a high energy pulse. A laser pulse of 36 fs
duration and 1 J energy passes through a short argon plasma.
A slightly shorter plasma with a Gaussian width of 120 µm
instead of 150 µm is used to avoid detrimental beam break-up
that we observe for the longer propagation distance. This is
because the high energy pulse has a longer Raleigh range for
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Figure 1. Simulation of a 37 fs (FWHM pulse width), 10 mJ pulse propagating through an argon plasma that has a Gaussian density profile.
(a)–(e) The intensity distributions of the pulse at the end of the simulation with a peak electron density ne = 0(vacuum),
0.03nc, 0.05nc, 0.06nc, 0.07nc.
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Figure 2. The output pulse duration as a function of electron density for a pre-ionized plasma (circles) and tunnel-ionizable gases of helium
(diamonds) or argon (squares). Filled points/solid lines are plotted for the pulse width based on the peak intensity and empty points/dashed
lines are for the RMS pulse width.

the same focused intensity and therefore longer for transverse
focusing instabilities to develop. A focal diameter (FWHM)
of 30 µm is used in order to provide a peak intensity close to
that of the low energy case. The high energy pulse becomes
similarly self-compressed to 15 fs and 22 fs with argon and
pre-formed plasma respectively.

Figure 5 shows the spatial distribution of the high energy
compressed pulse. The spatial profile of the pulse retains
good transverse homogeneity without filamentation due to the
short plasma length. Thus we have demonstrated the energy
scalability of this concept by showing that in both the low and
high energy pulse cases, the peak power/intensity has been
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Figure 3. Wigner distributions of the laser pulse at the end of the simulations for: (a) propagation in vaccum; (b) pre-ionized plasma; (c)
helium and (d) argon. (b)–(d) have the same electron density profile when ionized (peak ne = 0.05nc). The arrow indicates the propagation
direction.

Figure 4. The evolution of the on-axis temporal intensity profile along the propagation direction x in the PIC simulations. The peak
intensity has been normalized to 1 at every spatial slice to the compression of the laser pulse. (a)–(c) are shown for a low energy pulse
(10 mJ) focused to a spot size of 2.5 µm and (d)–(f ) for a high energy pulse (1 J) with a larger focal spot size (30 µm). The actual peak
intensity value (red solid/dashed lines) is plotted in panel (c) and (f ) for both cases together with the reference vacuum scenario (blue dotted
line). Data shown are with a peak electron density ne = 0.05nc located at 300 µm.

doubled with a similar compression factor, stemming from the
same ionization gradient.

3. Discussion

These simulations suggest that the ionization process plays a
significant role in enhancing pulse compression, despite the
main mechanism being from a combination of relativistic self-
phase modulation and wakefield generation. As it propagates,
the leading edge of the pulse generates a strong ionization
gradient that causes blue-shifting of the front of the pulse.
The resulting group velocity dispersion in the plasma leads to
the front edge developing a steep gradient, as the blue shifted

portion separates from the main pulse. This portion represents
only a small amount of energy at the foot of the pulse. However,
an almost discontinuous change in frequency develops, from
red shifted to blue shifted with respect to the fundamental
frequency, as the pulse crosses from the upward density ramp
of the wakefield to the downward ramp of the ionization
gradient. As a result, a feedback loop occurs, whereby the
steep gradient in E2/ω2 enhances the ponderomotive force,
thereby generating a larger amplitude wakefield compared to
the situation with no ionization effects. This in turn leads
to further red shifting of the front of the pulse within the
wakefield, thus enhancing the effect.

The plasma waves in the wake of the laser pulse are shown
in figure 6 by plotting the on-axis electron density profiles from
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Figure 5. The intensity distribution of a 1 J pulse after propagating in (a) vacuum (b) argon plasma with a peak electron density
ne = 0.05nc. The FWHM focal size is 30 µm.

Propagation axis (µm)

n e/n
c

340 350 360 370 380 390
0

0.01

0.02

0.03

0.04

0.05

0.06

Propagation axis (µm)

n e/n
c

340 350 360 370 380 390
0

0.01

0.02

0.03

0.04

0.05

0.06

Propagation axis (µm)

n e/n
c

340 350 360 370 380 390
0

0.01

0.02

0.03

0.04

0.05

0.06(a) (b) (c)
pre-ionized

plasma 
helium argon

Figure 6. On axis electron density profiles at the propagation distance about 370 µm shown for (a) pre-ionized plasma (b) helium (c) argon.
The shaded area represents the pulse intensity profiles normalized to the same pulse height.

our 2D simulations with 10 mJ laser pulse using pre-ionized
plasma, helium and argon. Significant wakefield amplitude
enhancement can be seen due to the ionization of helium/argon.

The wave equation in the presence of an ionization front
can be expressed in terms of the wave frame coordinates
ξ = z − ct and τ = t and is given by [21]

(
2c

∂

∂ξ
− ∂

∂τ

)
∂

∂τ
E(ξ, τ ) = ω2

p(ξ, τ )E(ξ, τ ), (1)

where ω2
p(ξ, τ ) = e2ne(ξ, τ )/meε0 is the local plasma

frequency. Using a slowly varying envelope approximation,
the solution for the amplitude of the electric field is

E(τ) = E0
ω0

ω(τ)
, (2)

where E0 is the initial electric field and the time varying
frequency is

ω(τ) =
(

ω0 +
1

ξ

∫ τ

0
ω2

p(ξ, τ ′) dτ ′
)1/2

. (3)

The vector potential A(τ) is therefore related to the electric
field, equation (2), by

A(τ) = A0
ω0

2

ω(τ)2
. (4)

This situation is in contrast to the situation of a pulse on
a density up-ramp due to a wakefield perturbation, in which
case the vector potential is given by A(τ) = A0ω0/ω(τ)

(i.e. conserving photon number), with a similar expression for
ω(τ) [21].

The generalized relativistic ponderomotive force is [22]

d〈p〉
dt

= − e2

2m〈γ 〉∇〈A2〉, (5)

where the angle brackets denote the time average over a laser
period. For the phase dependent frequency shifts a cycle
average is more difficult to define, however it can be shown
that for a single electron in a plane wave, expressed in terms of
the vector potential in the Coulomb gauge, the Lorentz force
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(a)

(b)

Figure 7. (a) The intensity envelope of a 1D laser pulse after
propagating through a 300 µm plasma with a density of
ne = 0.024nc. (b) The spatial derivative of the intensity envelope
showing the ponderomotive force. The pulse is propagating to the
right.

can be expressed in the exact form

du

dτ
= − e2

2mγ
k̂

∂

∂ξ

(
A2

)
, (6)

where u = p − eA is the canonical momentum, k̂ is the
direction of wave propagation and no averaging has been
performed. Inserting equation (4) into equation (6);

du

dτ
= − e2

2mγ
k̂

∂

∂ξ

(
A2

0
ω0

4

ω(τ)4

)
, (7)

This expression indicates that the longitudinal force in the
presence of ionization gradients depends inversely on the
gradient in ω(τ)4 relative to the envelope without frequency
shifts, A0

2. It is therefore very sensitive to the ionization-
induced frequency shift.

We performed one-dimensional (1D) PIC simulations to
understand the ionization gradient effect on the ponderomotive
force. Since this simple model eliminates multi-dimensional
effects as well as any density gradient effect by using a
uniform density profile, the 1D pulse has a peak a0 = 0.8
and propagates in a uniform plasma with ne = 0.024nc. The
intensity envelope of the pulse is shown in figure 7(a) for the
three cases of a pre-ionized plasma, helium and argon. We
plot the spatial derivative −∂E2/∂x in figure 7(b) using the
electric field from the simulation. Although this expression
is not precisely the ponderomotive force, a gradient in E2

would be even steeper for A2 due to the frequency shifting.
Indeed, the steeper gradient induced by ionization of argon
leads to a −∂E2/∂x that is almost twice that observed in the
pre-ionized/helium case. As a consequence, the wakefield
amplitude is observed to grow significantly faster in the
simulation with argon ionization, leading to an increased
degree of pulse compression.

4. Conclusion

In conclusion, we report on an effective enhancement of
self-compression of laser pulses in a plasma wakefield by
using the frequency shifts induced by the ionization gradient
in higher-Z gas relative to helium. Ionization-induced
pulse steepening leads to a greater ponderomotive force
that subsequently enhances the wakefield generation and
therefore pulse compression. It may be difficult to use this
wakefield enhancement process for electron acceleration since
long propagation distances would be required that may be
susceptible to filamentation instability. However, this could be
used as a separate stage to seed a stronger gradient for wakefield
generation in a subsequent pre-ionized plasma. As has been
previously investigated, the laser contrast ratio can affect the
electron acceleration [23], which may be due to ionization
effects. Our study may shed light on future experiments
where the ionization processes play a role. For example, laser
beam imperfections in realistic experiments, such as hot spots,
may lead to ionization filamentation. For pulse compression,
optimal conditions can be found for a large range of pulse
energies with appropriate choice of f -number for focusing
and gas species, such that the pulse intensity is matched with
the ionization intensity.
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