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ABSTRACT  

Optical field ionized (OFI) plasma amplifiers have recently demonstrated sub-picosecond pulses when seeded with high 
order harmonics. In addition to this, the intensity and phase profile of the amplified harmonic beams carry information 
about possible plasma inhomogeneities (electron density, lasing ion abundance) that may appear in the amplifier. 1D and 
3D modelling has played a fundamental role in these results and it will be required to support present and future 
experiments. This modelling involves different physical processes and time-scales, from the nanoseconds 
(hydrodynamics) to the picoseconds (atomic physics) and femtoseconds (dynamics of the amplified beam). Here we 
briefly present the different codes that have been coupled to fully model this process, from the creation of the plasma to 
the amplification of XUV and soft X-ray,s and show how this framework can be applied to study the impact of plasma 
inhomogeneities in the intensity and phase profile of the amplified beam. 

Keywords: plasma based soft X-ray lasers, high order harmonics, plasma hydrodynamics, Maxwell-Bloch equations, 
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1. INTRODUCTION
Plasma based soft X-ray lasers (PBSXRL) seeded with high order harmonics (HOH) are a promising source of coherent 
XUV and soft X-ray beams. Different lasing schemes to create a plasma amplifier have already been demonstrated [1-6] 
and used to amplify HOH [7-10]. Indeed, PBSXRL have demonstrated hundreds of femtosecond pulses [10] and are 
expected to deliver sub-picosecond, miliJoule and fully coherent soft X-ray beams [11-13].   

Among all these different kind of plasma based lasers, optical field ionized (OFI) amplifiers have been used to 
demonstrate several key steps in the development of these sources: the first saturated amplification of high order 
harmonics in a plasma [7], the amplification of circularly polarized beams [14], the delivery of sub-picosecond pulses 
when seeding at high density [10] and the characterization of the intensity and phase profile of the amplified beam [15]. 

These recent advances required the use of advanced experimental and modelling techniques in order to interpret the 
results and unveil the dynamics of the plasma and the amplification process. In this article we will present the 
computational tools we used to fully model these multiscale, multiphysics experiments, from the hydrodynamics of the 
plasma (with characteristic time of the order of nanoseconds) to electron-ion collisions and atomic physics (picoseconds) 
and the dynamics of amplification of HOH (tens of femtoseconds). 

The layout of the article is as follows. We briefly explain the methodology followed to model plasma based seeded soft 
X-ray lasers based on the OFI scheme and using Nickel-like Krypton as lasing ion. The different codes used will be
described in each subsection. Afterwards, we will show some preliminary results on the impact of plasma
inhomogeneities, that appear mainly due to overionization, in the resulting amplified beam. These inhomogeneities
(which are an excess of electrons and a low abundance of lasing ions in some regions of the plasma) impact both the
intensity and phase of the amplified beam and can thus be diagnosed by comparing experimental results and modelling.
Finally, some conclusions and future prospects will be given.
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2. METHODOLOGY
In this section we will explain the computational tools we use to model the amplification of HOH in plasma based soft 
X-ray lasers. We use ARWEN [16,17] to model the creation and subsequent hydrodynamic evolution of the plasma. The
data obtained from ARWEN (electron density profile, mean ionization) is used as initial condition in Particle-In-Cell
(PIC) codes to model the propagation of the intense infrared (IR) pump laser through the millimeter-sized plasma
amplifier. We have used the PIC codes WAKE-EP [18,19] and FBPIC [20]. The propagated IR beam along the resulting
electron density profile and ionization abundance are fed to atomic codes, that compute collisional rates and the lasing
ion´s level populations, and Maxwell-Bloch codes that compute the amplification of HOH. We use the collisional-
radiative code OFIKinRad [21] to compute the atomic quantities that, along electron density and ionization abundance,
are fed to our Maxwell-Bloch codes, 1D-DeepOne [22] and 3D Dagon [23]. These codes allow to model the spatio-
temporal amplification dynamics of the seeded HOH.

Figure 1. Scheme of the different codes used to model OFI plasma amplifiers seeded with high order harmonics. Red arrows 
show the different couplings between codes (i.e. some of the data output is used as input and/or initial condition). 

2.1 Plasma hydrodynamics 

While plasma hydrodynamics plays a crucial role in the evolution and dynamics of plasma amplifiers created from solid 
targets, it might be neglected when modelling collisionally pumped OFI plasma amplifiers. This kind of amplifiers are 
created and pumped by the propagation of an intense IR laser through a millimeter-sized gas medium (Kr, for example). 
The intense electric field of the laser ionizes the atoms, creates the plasma and accelerates the free electrons, heating 
them. These electrons collide with the ions pumping the population inversion. All the processes involved have 
characteristic times of the order of picoseconds or smaller, while the plasma evolves hydrodynamically in nanosecond 
time scales. Thus, it is possible to neglect this process and assume fixed plasma properties. 

However, there is a kind of OFI amplifier that requires to take into account plasma hydrodynamics. Sub-picosecond 
amplified pulses can be achieved in OFI amplifiers when the electron density is high enough to overionize the lasing ion 
(Kr8+ in this case) effectively shutting temporally the amplification and thus reducing the duration of the amplified pulse 
[10]. However, the electron density required (~1020 cm-3) hinders the propagation of the IR pump pulse. It is thus 
necessary to create a plasma waveguide [24] by letting the plasma expand, resulting in an increasing parabolic density 
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profile that allows the IR pulse to propagate throughout all the amplifier length [25,26]. The plasma creation and 
subsequent evolution towards this waveguide shape or plasma channel has been modelled with ARWEN [16,17] 

ARWEN is a 2D adaptive mesh refinement (AMR) radiative hydrodynamics code. Plasma hydrodynamics is solved 
using an unsplit second-order Godunov method with multi-material capabilities. Electron heat conduction is modelled 
using flux-limited diffusion while radiative transfer uses a multi-group discrete-ordinate (Sn) synthetically accelerated 
transport method. The AMR paradigm is included using the BoxLib package [27]. Equations of state and opacities are 
provided in tabular form. They are based in the quotidian EOS [28] fitted to experimental data and the BigBART code 
[29,30] respectively.  

The formation and evolution of the plasma waveguide along 4 ns was studied with ARWEN [26]. The results compared 
well with experimental data, capturing the radial expansion velocity and the resulting parabolic density profile. However, 
the electron density and mean ionization were overestimated by a factor of approximately two. This problem might come 
from the local thermodynamic equilibrium assumption when computing the mean ionization, concluding that a time-
dependent computation of the transient ionization process would improve the accuracy of the model.  

2.2 Propagation of intense IR pulses through plasmas 

In this kind of OFI amplifiers, whether high or low density, an intense IR pulse propagates through a millimeter or even 
centimeter size plasma (a plasma waveguide in the former case or a low density plasma created by the head of the pulse 
in the latter). Since this IR beam creates the lasing ion and heats the electrons so they can collisionally pump the 
amplifier it is crucial to understand and control its propagation throughout the amplifier. For this task we have used the 
particle-in-cell (PIC) codes WAKE-EP [18,19] and FBPIC [20]. 

The propagation of an intense (I ~1018 Wcm-2) IR pulse through low density plasmas was modelled with the 2D 
axisymmetric code WAKE-EP. It is a fully relativistic, nonlinear particle code suited to model the interaction of short 
pulses with under-dense plasmas since it takes advantage of several approximations: electron motion is separated into a 
slowly varying component (due to the ponderomotive potential) and a fast quiver motion (due to the electric field 
oscillation); the quasi-static approximation, which assumes that the electrons travelling through the laser pulse are faster 
than the deformation of the laser beam and finally the laser propagation is computed using the envelope approximation. 
The radial electron density profile is approximated as a parabola and fed as an initial condition to the code. 

Figure 2. (left) Lasing ion (Kr8+) density (cm-3) at the entrance of a high density plasma waveguide (430-500 µm). The 
central region (0-5 µm) lacks lasing ion since the intensity of the laser pulse is high enough to overionize it. (right) Electron 
density (cm-3) profile in the same region of the amplifier.  

The modelization of low density plasma waveguides unveiled an oscillatory defocusing-focusing mechanism, similar to 
filamentation dynamics, in which ionization induced refraction defocus the laser beam while the radial density profile 
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and relativistic effects focus the beam. The intensity propagated allowed the existence of the lasing ion along all the 
length of the amplifier although overionized regions appeared in several parts of the amplifier. 

Due to the approximations implemented in WAKE-EP, this code is not adequated to model dense plasmas. For this kind 
of plasma we have used FBPIC [20]. FBPIC (Fourier-Bessel Particle-In-Cell) is a PIC code especially suited to model 
plasmas with cylindrical symmetry, as the aforementioned plasma waveguide, thanks to its cylindrical grid with 
azimuthal decomposition. Maxwell equations are solved in the spectral space, avoiding artifacts. In addition to this, 
FBPIC has parallel and CUDA capabilities, ensuring reduced costs in terms of computation time. Unlike WAKE-EP, 
FBPIC does not require the assumption of an under-dense plasma and thus it is well suited to model the propagation of 
intense IR pulses through dense plasma waveguides. 

The modelling shows similar results as the low density case. The IR pulse propagates throughout all the amplifier 
creating the lasing ion. However, its abundance is neither radially nor longitudinally homogeneous. The region in which 
the lasing ion is predominant reduces its radial width with the propagation length. Moreover, overionized regions appear 
in the amplifier. The existence and impact of these regions on the amplified beam has been recently confirmed [15]. 

2.3 Atomic physics modelling 

As aforementioned, the IR pump pulse creates the lasing ions by optical field ionization. The resulting electrons, which 
are non-maxwellian, relax to a Maxwell energy distribution function (EDF) by electron-electron collisions. In addition to 
this, electron-ion collisions excite the lasing ions creating a population inversion between two excited levels and futher 
ionizes them. All these processes are modelled using the code OFIKinRad [21]. The propagated intensity as given by 
PIC simulations along the mean ionization and electron density given by hydrodynamic modelling are used as initial 
conditions. The evolution of the EDF is obtained by solving a Fokker-Planck equation and rate equations are solved to 
compute the populations of the atomic levels of interest. From this modelling, the temporal evolution of the electron 
density, electron-ion collision frequency, collisional (de)excitation rates and level populations are extracted to be fed to 
our Maxwell-Bloch model.  

2.4 Amplification of XUV and soft X-rays in plasmas 

The amplification of XUV and soft X-rays in this kind of plasma amplifiers is modelled solving Maxwell-Bloch 
equations with our codes 1D-DeepOne [22] and 3D Dagon [23]. These codes solve the Maxwell wave equation for the 
electric field with paraxial and slowly varying envelope approximations. There is a constitutive relationship for the 
polarization that includes spontaneous emission (via a stochastic source term), collisional depolarization and 
amplification/absorption. Finally, a simplified atomic model, fed with data from more complete atomic physics codes 
like OFIKinRad, is solved to compute the populations of the levels involved in the lasing transition. With these codes the 
full 4D spatio-temporal dynamics of amplification is retrieved, allowing us to retrieve the intensity, wavefront, duration, 
energy, etc … of the amplified beam. 

Figure 3. (left) Spatio-temporal structure of an amplified high order harmonic as modelled with Dagon. The complex temporal 
structure can be seen in its central part. (right) Spatio-temporal structure of amplified spontaneous emission (ASE) as modelled with 
Dagon. Its stochastic nature is clearly captured by the model. 
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3. APPLICATION OF THE MODELLING FRAMEWORK TO INHOMOGENEOUS
PLASMA WAVEGUIDES 

In this section we will show an example of application of the modelling framework described in the previous section. 
This example consists on a Krypton optical field ionized dense plasma amplifier [10, 15]. A sequence of two infrared 
pulses creates a low ionized plasma that expands hydrodynamically, resulting in a plasma waveguide with an increasing 
parabolic radial density profile. An intense (I > 1018 Wcm-2) infrared pulse propagates through this waveguide, creating 
the lasing ion (Kr8+) by optical field ionization. The complex propagation process, as unveiled by PIC simulations, 
creates overionized regions lacking lasing ion and having an excess of electron density (which can be roughly 
approximated as a decreasing parabola [25]). In the regions where the lasing ion is abundant enough, strong gain 
appears, with a duration shorter than one picosecond, as shown in figure 4 left panel.  

Figure 4. (left) Gain temporal dynamics and (right) temporal variation of the relative density of Kr8+ (red stars), Kr9+ (black 
circles) and Kr10+ (blue diamonds). 

As expected, the gain temporal profile is linked to the abundance of the lasing ion Kr8+. This ion is created almost 
instantly by the IR pump laser, since the characteristic time of optical field ionization is of the order of femtoseconds. 
The gain does not rise so steeply, as it is created after the lasing ion by electron collisional excitation. The relatively high 
electron density achieved in this amplifier (ne > 1020 cm-3) creates the population inversion in hundreds of femtosecons 
but also ionizes further the lasing ion, shown in figure 4 right panel. This depletion of the lasing ion due to collisional 
ionization, the so-called collisional ionization gating [10] quenches the gain in hundreds of femtoseconds, resulting in a 
strong but short-lived gain expected to efficiently amplify HOH beams maintaining a sub-picosecond duration. 

The lasing ion abundance and electron density profile is introduced in our 3D Maxwell-Bloch model Dagon in order to 
study the impact of these inhomogeneities in the amplified beam intensity and phase profiles. Figure 5 shows the 
inhomogeneous plasma waveguide modelled. 

Since the intensity of the IR pump pulse is the highest at the entrance of the plasma waveguide, this region is strongly 
overionized. Amplification in this region is negligible due to the low abundance of lasing ions and thus the effect of this 
region in the amplified beam is a modulation of its phase profile, the higher the density the stronger the modulation is. 
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Figure 5. Electron density inhomogeneities in the plasma waveguide. The waveguide through which the IR pulse propagates 
is denoted as “preformed plasma channel”. The IR pulse propagates through it, increasing the ionization and thus the electron 
density. Two overionized regions are depicted here. 

The second region, named central overionized region in figure 5, appears due to focusing effects that increase the 
propagated IR intensity until it attains values that can further ionize the lasing ion. This central region differs from the 
initial one in two aspects. Fist, the intensity of the IR laser is lower and thus the electron density peak and the ionization 
is smaller than in the initial regions. Second, the lasing ion is depleted in a small radius region where the IR intensity is 
high enough to ionize all lasing ions but at higher radius there is still a noticeable abundance of lasing ions and thus 
amplification. The result is that this central region impacts both the intensity and phase profiles. 

For example, figure 6 shows the radial phase (left) and intensity (right) profile of an amplified high order harmonic 
when the plasma waveguide has only one overionized region at different positions in the amplifier: initial (upper panels) 
and central (lower panels). When only the initial overionized region is present, the intensity radial profile (upper right 
panel) is the one expected if only the lasing ion abundance was taken into account: a central region dominated by the 
parabolic profile of the plasma waveguide and Gaussian wings mimicking the radial decrease of lasing ion (which 
follows the IR pump radial profile, which is Gaussian). The phase profile, on the contrary, does not show the expected 
parabolic profile caused by the plasma waveguide shape but has a flat central region, produced by the inverse parabola 
shaped electron density profile.  

The central inhomogeneous region impacts both intensity and phase profiles, as shown in figure 6, lower panels. The 
reduced amplification only at low radius regions (due to the lack of lasing ions) creates a dip in the intensity profile that 
cannot be explained by the parabolic profile of the plasma waveguide only. In addition to this, the electron density peak 
imprints its shape in the phase profile, observing a strong inverse parabolic profile in its central part.  

Since the features in phase and intensity profiles depend in the shape of the overionized regions, they provide an 
excellent method to probe the lasing ion abundance and electron density of plasma waveguides, unveiling the shape of 
these inhomogeneities. 

It is worth mentioning that the propagation and amplification of the seeded HOH beam is not only affected by these 
electron density and lasing ion inhomogeneities but also by the propagation velocity mismatch between the IR pump 
pulse and the HOH. In the experimental configuration, the IR pump beam propagates through the plasma channel, 
creating the gain that lasts several hundreds of femtoseconds. The HOH is seeded with some optimized delay. This is 
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the case shown in figure 7 left panel. The HOH seed (in false color) is always matching the gain (grayscale) since both, 
IR pump beam (and consequently gain) and HOH seed propagate at the same velocity.  

Figure 6. Phase (left) and intensity (right) radial profiles of an amplified high order harmonic when seeded in an 
inhomogeneous plasma waveguide with one overionized region at the entrance (upper panels) and at the central part (lower 
panels). 

However, since the electron density in the channel is of the order of 10% the critical density of the IR pump pulse, it 
propagates with a velocity slightly lower than that of the HOH. Thus, the delay between the IR pump pulse and the 
HOH seed is being reduced along the amplifier and, at some point, the HOH overtakes the IR pump pulse and the gain 
region. The head of the HOH beam is no longer amplified and it is the tail that is in the gain region. The resulting beam 
has a slightly longer duration than the gain profile and a complex spatio-temporal profile, as depicted in figure 7 right 
panel. 

4. CONCLUSIONS
In this paper we have presented the modelling framework we use to study plasma based seeded soft X-ray lasers (see 
also Sect. 2 [31] ). The full modelling of these amplifiers is a multiphysics and multiscale problem that requires the 
coupling of different codes. Plasma hydrodynamics is modelled using the 2D radiative hydrodynamics code 
ARWEN. Propagation of intense IR pulses in plasmas is modelled using Particle-In-Cell codes, like WAKE-EP and 
FBPIC. The collisional-radiative code OFIKinRad is used to compute collisional excitation and deexcitation rates, 
ion abundances, level populations, etc… 
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Finally, the amplification of high order harmonics is computed with Maxwell-Bloch models, 1D-DeepOne and 3D 
Dagon.  

Figure 7. HOH seed beam intensity (false color) and gain (grayscale) when the IR pump pulse and HOH propagate at the same 
velocity (left) and when the reduced group velocity of the IR pump pulse is taken into account (right). 

This framework has been applied to study an optical field ionized dense plasma amplifier seeded by high order 
harmonics. The plasma has an increasing radial parabolic profile that acts as a waveguide to ease the propagation of the 
intense IR pump pulse. The resulting amplifier presents inhomogeneities in lasing ion abundance and electron density 
that impact the intensity and phase profile of the amplified beam. Since these profiles can be measured experimentally, it 
is a promising method to diagnose the plasma. 
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