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Abstract

3D numerical simulations of the interaction of a powerful

CO2 laser with hydrogen jets demonstrating the role of ion-

ization and laser beam quality are presented. Simulations

are performed in support of the plasma wakefield accelerator

experiments being conducted at the BNL Accelerator Test

Facility (ATF). The CO2 laser at BNL ATF has several po-

tential advantages for laser wakefield acceleration compared

to widely used solid-state lasers. SPACE, a parallel relativis-

tic Particle-in-Cell code, developed at SBU and BNL, has

been used in these studies. A novelty of the code is its set of

efficient atomic physics algorithms that compute ionization

and recombination rates on the grid and transfer them to

particles. The primary goal of the initial BNL experiments

was to characterize the plasma density by measuring the side-

bands in the spectrum of the probe laser. Simulations, that

resolve hydrogen ionization and laser spectra, help explain

several trends that were observed in the experiments [1].

INTRODUCTION

Modern laser wake-field accelerators (LWFA) have

achieved GeV-scale electron beams with very low transverse

emittance [2]. But they have used inefficient solid-state laser

drivers of petawatt peak power, producing small size plasma

bubbles that are very chalenging for external electron injec-

tion, characterization and control, and suffered from large

energy spreads and significant shot-to-shot instability, in-

hibiting FEL and HEP applications. CO2 lasers are among

the world’s most efficient lasers, capable of producing large

plasma bubbles, provide a promising alternative path to

LWFA [3], [4]. Exploration of CO2 laser power for LWFA

is the main goal of the BNL ATF experimental program.

Highly resolved simulations of a spectrum of physics pro-

cesses occurring during the interaction of a BNL-specs CO2

laser with a hydrogen jet have been performed using a 3D par-

allel electromagnetic PIC code SPACE, developed at BNL

and Stony Brook University [5]. SPACE is a general pur-

pose PIC code and can be used in the study of a variety of

beam-plasma and laser-plasma interaction problems. An

important feature of the code is implementation of complex

atomic physics processes. Simulations accurately resolve

ionization processes in hydrogen gas and the formation of

plasma, relativistic self-focusing of powerful laser beams,

self-upshifting of the CO2 laser frequency due to spatial
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distributions of plasma density, and strong Stokes and anti-

Stokes peaks in the electromagnetic spectrum caused by a

nonlinear interaction with plasma wakes. In addition, the

effect of laser beam quality parameter (M2) on laser self-

focusing, intensity of the Stoke/anti-Stokes side bands, and

plasma wakes has been studied. The goal of these simula-

tions is to guide future experiments at BNL ATF.

PROPAGATION OF CO2 LASER IN H2 GAS

When a TW− peak power CO2 laser with parameters

presented in Table 1 propagates in a hydrogen jet, several

important phenomena occur which influence the structure

and characteristics of the plasma wakes produced.

Laser Self-modulation and Relativistic Self-

focusing

Laser peak power

(

P > Pc ≈ 17
(

λp

λ

)2
)

and length of

the pulse
(

L = cτL > λp
)

satisfy the conditions of self-

modulated laser wakefield acceleration (SMLWFA) wherein

a single laser pulse breaks up into smaller pulses via forward

Raman scattering, producing periodic regions of focusing

and diffraction [6]. This process is further enhanced by rela-

tivistic self-focusing which maintains the laser pulse at high

normalized vector potential for several Rayleigh lengths [7].

The ponderomotive force of the laser expels electrons from

the laser path and accelerates them to relativistic velocities

leading to the relativistic mass increase. Combination of

these two processes reduce the plasma frequency ωp and

increase the plasma refractive index ηR along the laser path

relative to these quantities at the edge of the laser. In the

presence of high-energy electromagnetic waves in plasma,

ηR can be expressed as

ηR =

√

1 −
ω2

p

ω2
, where ωp =

√

nee2

γm0ǫ0
. (1)

Here ne is a local electron number density and γm0 is the

electron relativistic mass. Along the laser path, the pondero-

motive forces decrease ne and increase γ. Since the phase

velocity vφ is c/ηR, a bigger refractive index in the center

leads to self-focusing of the laser.

Table 1: Laser Parameters

Wavelength Beam Waist Duration a0

10.6 µm 20 µm 2 ps(FWHM) 2.9
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Scattering of Laser with Electron Plasma Waves

When the electromagnetic radiation from the laser in-

teracts with the electron plasma wave (EPW) created by 
the interaction of laser with hydrogen gas, it induces laser 
modulation that manifests itself as Stokes and anti-Stokes 
waves [6]. The frequency and wavenumber of these waves

are given by (ω0 − ωp, k0 − kp ) and (ω0 + ωp, k0 + kp ) re-

spectively, where (ω0, k0) is the frequency and wavenumber 
of the laser and (ωp, kp ) is that of the plasma. In order to 
properly characterize the wakes generated by laser-plasma 
interaction, it is important to understand the relative width 
and spectral and spatial structure of these spectral side bands. 
The dependence of intensity of these side bands on the reso-

lution of ionization processes and laser beam quality will be 
presented in the next section.

Ionization Model in SPACE

Accurate resolution of ionization processes is very im-

portant in simulations of the laser-matter interaction. Ion-

ization effects such as creation of plasma through tunneling 
ionization, frequency up-shifting of the laser, harmonic gen-

eration and scattering instabilities play a major role in laser 
wakefield acceleration process [8]. A tunneling ionization 
algorithm has been implemented in code SPACE. A novelty 
of the code is its set of efficient atomic physics algorithms 
that compute ionization and recombination rates on the grid 
and transfer them to particles. Ionization probability rate, 
W (s−1), depends only on local electric field (GV/m) and 
the ionization energy (eV ) of neutral atoms as follows:

W (s−1) ≈ 1.52e15 4n
⋆

ξi (eV )

n⋆Γ(2n⋆)
*
,
20.5

ξ1.5
i

(eV )

E(GV/m)
+
-

exp *
,
−6.83

ξ1.5
i

(eV )

E(GV/m)
+
-

(2)

where n⋆ = 3.69Z/
√
ξieV is the effective principal quan-

tum number, Z being the atomic number of the neutral gas.

Number of electron-ion pairs to be generated are calculated

using fractional ionization formula 1 − exp
(

W (s−1)dt
)

at

every time step where W (s−1) is calculated from equation

(2).

The current study examines the role of dynamic ionization

on the interaction of the laser pulse with plasma wakes. Al-

though assuming pre-ionized plasma in the simulation shows

proper non-linear wakes on axis of propagation and high

frequency linear wakes off-axis but it fails to correctly model

the modulation in the laser pulse and Raman scattering insta-

bilities. This effect of ionization on modulation of the laser

pulse and scattering of laser’s electromagnetic waves with

electron plasma waves can be attributed to an approximately

linear increase in plasma density in the propagation direction

of the laser pulse.

SIMULATION PARAMETERS

Simulation results reported here were performed using the

parallel relativistic Particle-in-Cell code, SPACE, developed

at SBU and BNL. Minimum of 10 cells per wavelength in the

propagation direction and a minimum of 20 cells per beam

waist in polarization direction were used. Simulations use

32 macroparticles per cell. Numerical convergence studies

confirmed that this resolution is sufficient for the study of

targeted problems.

RESULTS AND DISCUSSIONS

First, we present results of the propagation of CO2 laser in

pre-ionized plasma with the density of 5.0 × 1017 cc−1. Mod-

ulation of the on-axis laser electric field and corresponding

spectrum are shown in Figures 1a and 1b, respectively. The

spectrum shows a strong Stokes side band at k0 − kp , where

k0 and kp are laser and plasma wavenumbers respectively.

The corresponding amplitude of the anti-Stokes peak is much

smaller.
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(a) on-axis laser field for propa-

gation in pre-ionized plasma
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Figure 1: Self-modulation of laser field and corresponding

spectrum

Next, we present the effects of including ionization model

in the simulation. All numerical and physical parameters

have been kept the same with only difference being the inclu-

sion of ionization model. Figure 2 shows the charge density

plot. Modulation of the on-axis laser electric field and the

corresponding spectrum are shown in Figures 3a and 3b, re-

spectively. The spectrum shows both Stokes and anti-Stokes

side-bands of comparable amplitude at k0 − kp and k0 + kp ,

respectively. Very strong modulation in the initial part of

the laser pulse can be seen in this case. These effects can

be attributed to an approximately linear increase in plasma

density in the direction of propagation of the laser pulse as

shown in figure.

Finally, we present the effects of laser beam quality on the

intensity of Stokes/anti-Stokes peaks. Laser beam quality

is quantified by the beam parameter product (BPP), which

for a Gaussian beam is the product of the beam’s divergence

and waist size w0. Laser beam quality factor M2, which

is defined as the ratio of the BPP of the real beam to that

of an ideal Gaussian beam at the same wavelength is one

for an ideal Gaussian beam but it increases as the beam

quality worsens. Beams delivered by the laser systems used

in experiments have M2 value greater than one and are far

from being ideal Gaussian, and therefore it is important to

simulate non-Gaussian beams having higher M2.
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Figure 2: Charge density distribution showing formation of

wakes
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(a) on-axis laser field after prop-

agating through H2 gas
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(b) Spectrum of on-axis laser

field after propagating through

H2 gas

Figure 3: Self-modulation of laser field and corresponding

spectrum

In order to calculate M2 of the simulated beam, ISO stan-

dard procedure was followed [9]. Diameter of the laser beam

was determined at several locations in the path of the beam

using D4σ method by calculating first and second order

moments of the intensity distribution. The measured diame-

ters were then fit to the hyperbolic function
√

a + bz + cz2,

where z is the location of diameter measurement and the fit-

ting parameters a, b and c were determined using non-linear

least square fitting algorithm. M2 was then determined using

the formula:

M2
=

π

8λ

√

4ac − b2. (3)

Figure 4 shows one typical M2 measurement procedure.
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Figure 4: M2 measurement of simulated beam

In the simulations presented above, the M2 quality factor

of the last beam was equal to 1.4. Now, we present two ad-

ditional simulations which used the hydrogen gas ionization

model and last beams with the quality factors M2 of 2.08

and 2.8 respectively. Figure 5 shows the decrease in Stokes

and anti-Stokes peaks with decreasing laser beam quality.
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Figure 5: Effect of laser beam quality on EM spectra

CONCLUSION

3D numerical simulations of the interaction of a CO2

laser with hydrogen jets have been presented. Simulations

indicate that the self-modulation of the laser field and Ra-

man scattering instabilities differ in the cases of pre-ionized

plasma and the generation of plasma by the laser ionization

of neutral hydrogen. In the case of pre-ionized plasma, a

strong signal corresponding to Stokes frequency is present

but the signal corresponding to the anti-Stokes frequency

is very week. Simulation with the ionization model shows

strong Stokes and anti-Stokes peaks which is attributed to

the variation in plasma density in the propagation direction

due to dynamic ionization. In addition, with the increase

in the laser beam quality parameter (M2), the intensity of

the Stoke/anti-Stokes side bands decrease. In the presence

of ionization, an increase of the plasma density along the

laser path leads to the self-upshift of the laser frequency.

Similar upshift of the laser frequency in the case of pre-

ionized plasma is caused by the initially created gradient of

the plasma density at the plasma edge.
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