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Effect of optical field ionisation on the generation of wake fields
by femtosecond laser pulses in an inhomogeneous plasma

I.R. Umarov, N.E. Andreev

Abstract. We consider the interaction of a high-intensity short
laser pulse with an argon gas during optical field ionisation.
Modelling in a three-dimensional cylindrical symmetric geometry
is performed at various moderately relativistic intensities and
positions of the focal plane of the laser beam in the case of both
optical gas ionisation and a pre-ionised plasma. The influence of
the processes occurring during optical field ionisation of the gas
on the generation of wake waves is investigated, and the condi-
tions are found under which intense wake fields are produced in a
plasma formed from an inhomogeneous argon gas jet. The possi-
bility of using a gas with a large number of electrons on the outer
shell (argon) to excite intense wake waves and accelerate elec-
trons is demonstrated. Despite significant ionisation refraction of
the laser pulse on a radially inhomogeneous density profile of
plasma electrons formed during optical field ionisation, the region
of the parameters of the laser pulse and the gas target is deter-
mined at which ionisation refraction leads to the excitation of an
intense wake wave. It is found that in a pre-ionised plasma a wake
wave is not generated even at the same laser radiation intensity.

Keywords: wake fields, femtosecond laser pulses, inhomogeneous
plasma.

1. Introduction

Presently, many research programmes include laser-plasma
acceleration of particles. At the current level of development,
electron beams with energies of GeV or higher have already
been obtained. For example, the possibility of electron accel-
eration in the field of a wake wave to energies of ~8 GeV at
relatively small (~10 cm) distances was experimentally dem-
onstrated by Gonsalves et al. [1].

The processes occurring during optical field ionisation of
a gas by a laser pulse can play a dramatic role in laser-plasma
interaction. Thus, Emenko et al. [2] studied various processes,
including the appearance of large and small structures in a
plasma. Andreev et al. [3, 4] showed that optical field ionisa-
tion can significantly increase the amplitude of the excited
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wake wave in the case when the laser pulse is longer than the
plasma wavelength. In some cases, ionisation can give rise to
the laser pulse self-modulation [5] at such parameters of the
problem when this self-modulation is impossible without ion-
isation [4]. Other important processes include ionisation
refraction. Thus, Leemans et al. [6] examined the depen-
dence of ionisation refraction on the gas density, and
Andreev et al. [7] analysed how the number of electrons on
the outer shell of the atom affect ionisation refraction. They
found that when use is made of a gas with a large number of
electrons on the outer shell, ionisation refraction leads to sig-
nificant changes in the shape of the laser pulse and to a
decrease in its intensity. However, atoms with a large number
of electrons on the outer shell are used in schemes with ionisa-
tion injection, when electrons are captured from the inner
shells. Therefore, in many experiments, for example, in [8],
ionisation refraction with a small admixture of atoms with a
large number of electrons on the outer shell (argon) necessary
for ionisation injection is reduced by employing a plasma of
elements with a small number of valence electrons (hydro-
gen). Another way to reduce the effect of ionisation refraction
is to use pre-formed plasma channels without impurities, as,
for example, in [9], where ionisation trapping of electrons was
demonstrated in a nitrogen plasma.

The aim of this work, unlike the ones mentioned above, is
to consider the effect of optical field ionisation on laser-
plasma interaction and generation of wake waves in a plasma
of elements with a high atomic number without using impuri-
ties and pre-formed channels. As an example, we use an argon
gas jet at various parameters of the laser pulse.

2. Equations of the model

To describe the dynamics of the interaction of a laser pulse
with plasma electrons emerging during optical field ionisation
of the gas, we used the hydrodynamic model of a cold plasma
and Maxwell’s equations, which in the case of cylindrical
symmetry can be written as [10, 11]
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where A, is the radial component of the Laplacian; a is the
dimensionless envelope of the electric field of the laser pulse:
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€, is the unit polarisation vector perpendicular to the z axis [7]
(the laser pulse is assumed to be linearly polarised); w, is the
laser pulse frequency; and k= wy/c is the modulus of its wave
vector. Equation (1) describes the change in the laser pulse
envelope, equation (2) determines the potential of the wake
field @ (8@, is the contribution of the optical field ionisation
to the wake potential), and equation (3) relates the value of
the potential to the electron density: v = n/Nj is the electron
density normalised to a constant value Ny; vy = ng/Nj is the
normalised unperturbed density of electrons formed during
optical field ionisation by a laser pulse (for more details, see
[11, 12]). In these equations, use is made of the dimensionless
variables accompanying the laser pulse:

(S = pr(Z - C[), g = kpozn P = prrJ_a (5)

where kpy = wplc = (4ne*No/m)'*/c is the modulus of the
plasma wave vector. The relativistic gamma factor of elec-
trons averaged over fast oscillations in the electric field of a
laser pulse is y = [1 + |q|> + |a|*/2]"?, where ¢ = p/(mc) is the
dimensionless momentum of plasma electrons due to motion
in wake fields. The energy loss of a laser pulse due to ionisa-
tion is described in equation (1) by the dimensionless ionisa-
tion current Gj,,. In equations (1)—(3), the small longitudinal
component of the electric field E. of the laser pulse is neglected
[due to the smallness of the parameter (kyry)~'], where ry is the
radius of the laser pulse spot in the focal plane).

The unperturbed electron density 7, and the ionisation
current Gj,, arising in the process of gas ionisation by a laser
pulse are determined by the ionisation kinetics equations for
the ion densities Nx with the degree of ionisation k (k =
0,1,...,7Z,, where Z, is the nuclear charge). The electron
production rate averaged over the laser pulse period is
expressed as
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This rate is determined by the Ammosov—Delone—Krainov
formula Wi (|E|) averaged over the laser pulse period [13, 14]
(see also [15]), where |E| is the electric field envelope of the
laser pulse, defined by equation (1).

The equations describing the ionisation process and aver-
aged over the period of laser radiation can be written as

0Dy _ 3
o Do 7
66Dk (Wic1 D1 — WiDy), k=1,2,...,Z,—1, (®)

where Dy = Ni/n, are the ion densities with degrees of ionisa-
tion k, normalised to the time-independent gas density

Zn
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The solution to equations (7) and (8) allows us to deter-
mine the electron density 7, unperturbed by wake and laser
fields, arising from optical field ionisation, as well as the elec-
tron production rate I
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Equation (9) is the law of conservation of charge
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with the substitution
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making it possible not to solve the equation for Dg,.
Equation (10) is equation (6) written in terms of normalised
densities of ions Dy, for which equations (7) and (8) were
solved. Spatial and temporal dependences of the normalised
ion densities D (ry,z,t) determine the ionisation state of the
corresponding ion irrespective of the inhomogeneous den-
sity of atoms and allow the average multiplicity of gas ioni-
sation to be defined

Z
a(r,z,t) = Y kDi(ri,z,1).

k=1

(11

The distributions of the maximum average degree of ionisa-
tion on the laser pulse axis, &y, = a(r; = 0,z,¢t > ©), are
shown below in Figs 3—7.

In this case, the dimensionless ionisation current G;,, can
be expressed in terms of the electron production rate:
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is the normalised second harmonic of the electron production
rate [16], and U, is the ionisation energy of the kth electron.

3. Calculation parameters

We performed a series of calculations in the range of peak
laser intensities of (0.7—1.3) x 10'8 W cm™, which corresponds
to the range of peak laser pulse powers of 71133 GW, to the
range of laser pulse energies of 71-133 mJ, and to the dimen-
sionless field amplitude q, in the range of 0.57-0.78. A lin-
early polarised laser pulse with a wavelength 1, = 0.8 um had
a Gaussian envelope in time and a Gaussian radial profile

(Fig. 1):
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Figure 1. Spatial distribution of the field amplitude a in the focal plane;
z=0.

where ti,, = 47.3 fs is the laser pulse duration (full width at
half maximum of intensity); r, = 2.55 um is the radius of the
spot in the focal plane; and & is the position of the maximum.

We considered the interaction of laser radiation with an
inhomogeneous argon gas profile with a maximum density of
4.98 x 10" cm (Fig. 2):

2112
ny €Xp [_ (Zmin_ Z) /D ]’ z< Zmin>
Ny = 1 Nos Zpmin Szs Zmaxs

ny €Xp [_ (Z - Zmax)2/D2]> z> Zmax»

(14)

where z,;, = 270 um, zy, = 770 um, D = 150 pum, and ny =
4.98 x 10" ecm.

(95 )
T

—_
T

0 0 0.2 0.4 0.6 0.8

1
z/mm

Figure 2. Normalised spatial distribution of the density of argon atoms.

The calculations were performed for different conditions
for laser pulse focusing, namely, at different positions of the
focal plane relative to the beginning of the calculation domain,
as well as with allowance for ionisation and in a preliminarily
eightfold ionised argon plasma. We used the LAser-PLasma
ACceleration (LAPLAC) code [17], modified to take into
account optical field ionisation [11] and based on the grid
method. In our calculations, we used a grid of size 0.05 in &,
0.021inp, and 20 in &.

For convenience, we present the values of some dimen-
sionless quantities. The electron density was normalised to N,
=3.99 x 10%° cm™3, representing the atom density multiplied
by eight, which corresponds to the electron density on the pla-

teau during eightfold ionisation that was found in the region
of interest to us. The spatial parameters (&, £, p) are measured
in units of k;o' ~ 0.267 um. The electric field amplitude of the
laser pulse is represented by the dimensionless quantity ¢, and
a = 1 approximately corresponds to E ~ 4.01 x 10° V m™.

4. Simulation results

First, we consider a pulse with a peak intensity of 1.3 x
10" W ecm™ focused at the beginning of the calculation
domain (focal plane z = 0). Let us compare the cases of opti-
cal field ionisation of the gas by a laser pulse and the choice of
a plasma of preliminarily eightfold ionised argon (Fig. 3).

- amax

g 1.0 8
k51
g 0.8F
<
g 6
:-' 0.6
5
5 04 :
a

0.2
£ 2
@) ol
) 1.0+ Xmax
i === Umax
e o —— V0~ Vmin
g 0.8 0 32
3
= 0.6
E 8.0
B
= 7.8

0.2F
£
[ Ot 1 | | | | | 17.6

0 0.2 0.4 0.6 0.8 z/mm
b

Figure 3. Distributions of the maximum dimensionless amplitude of
the laser pulse field (@,y), the maximum amplitude of the wake wave
(Vo — Vminl)» the maximum degree of ionisation (@) and the nor-
malised gas concentration (v,) on the laser pulse propagation axis in the
cases of (a) optical field ionisation and (b) a pre-ionised plasma.

One can see that at the beginning of the calculation
domain of the region (z < 0.1 mm), where the gas density and,
accordingly, the density of plasma electrons are small, the
dynamics of parameters (such as the laser pulse amplitude
and electron density) characterising laser pulses and plasma
are almost identical. However, it is seen that in the case of
optical field ionisation, the laser pulse amplitude ceases to fall
and begins to grow already at a distance of 0.1 mm. This is
due to the fact that in the case of optical field ionisation, a
wake wave begins to be generated, while this does not occur
in a pre-ionised plasma at the same parameters. The genera-
tion of the wake wave in the case of optical field ionisation
stems from the scattering of part of the energy due to stronger
refraction of the laser pulse front, associated with the inho-
mogeneity of the electron density profile, as well as with ioni-
sation losses at the leading edge of the laser pulse. Therefore,
the laser pulse in the case of optical field ionisation acquires a
very sharp front, which contributes to the initial generation of
the wake wave (Fig. 4).
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Figure 4. Comparison of the time dependences of the laser pulse enve-
lopes (), electron densities (v), and degrees of ionisation () on the laser
beam axis in the cases of (a) optical field ionisation and (b) a pre-ionised
plasma at point = 500 (z = 133.4 um). In the case of optical field ioni-
sation, a sharp laser front is clearly visible near the —15 fs point, which
contributes to the emergence of a wake wave; ¢ = 0 corresponds to the
position in which the maximum amplitude of the laser pulse would be
located during propagation in a vacuum.

One can also see the onset of self-modulation and, accord-
ingly, self-focusing of the laser pulse in the generated wake
wave, which contributes to a further increase in its amplitude.
We stipulate in advance that in most subsequent cases, self-
focusing, if present, is simultaneously the result of both mech-
anisms, i.e. relativistic and ponderomotive (their influence in
the case of simultaneous presence was discussed in more
detail in [18]), except for the only case that will be discussed
separately. The resulting configurations of the wake field and
laser pulse are presented in more detail in Fig. 5. One can see
that the edges of the wake wave slightly lag behind its centre,
which produced alternating zones of increased and decreased
electron density on the laser pulse propagation axis relative to
the electron density at some distance from the axis; this leads
to the observed phenomena of the laser pulse self-focusing
and self-modulation.

The desired intensity of the laser pulse can be reduced if it
is focused not into the beginning of the calculation domain,
but into the gas. Thus, it is possible to obtain similar results,
but at half the intensity when the pulse is focused at a distance
¢ =300 (z=0.08 mm) (Fig. 6a). In the same way, a pulse with
an intensity of 1.0 x 10'® W cm was focused in the absence
of optical ionisation in a pre-ionised plasma (Fig. 6b).

Although we obtain an intensity sufficient for relativistic
self-focusing in a pre-ionised plasma (Fig. 6b), excitation of
wake waves still does not occur — this indicates the key role of
the processes that occur during optical field ionisation (in
particular, a change in the laser pulse shape) — in the case of
excitation of the wake wave in a preliminary unionised
plasma. A direct comparison of all four cases at point { =
1200 (z = 330.4 um) is shown in Fig. 7. One can clearly see
that in the case of focusing into the gas, the wake wave has a
larger amplitude even at half the intensity, while in the cases
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Figure 5. Two-dimensional distributions of (a) laser pulse amplitude
a(€,p) and (b) electron density v(&,p) at point ¢ = 1100 (z = 293.5 pm).
The zones of increased and decreased electron densities on the axis and
the corresponding zones of the laser pulse amplitude are clearly visible.

of a pre-ionised plasma, there are at least no noticeable per-
turbations of the electron density at the same and even higher
intensities, except for the regions near the focal planes of the
laser pulse. In these cases, the electron density changes as a
result of the displacement of electrons from the axis by the
ponderomotive forces of the laser pulse without excitation of
wake waves.

One of the main differences between a pre-ionised plasma
and a plasma obtained during optical field ionisation in the
case of a gas of relatively heavy atoms is the formation of an
inhomogeneous plasma profile with a maximum on the axis
of the laser pulse propagation, resulting in an inhomogeneous
distribution of the refractive index with a maximum on the
axis, which contributes to much faster refraction of the laser
pulse. It is this fact that is the main limitation in the case of
optical field ionisation in terms of choosing the focusing dis-
tance: At sufficiently large distances, the laser beam begins to
diverge due to refraction on an inhomogeneous electron den-
sity until it reaches its focal plane. For this reason, the laser
pulses were focused relatively shallowly, to a distance of { ~
300 (z = 80 um). As an example, Fig. 8 compares the dynam-
ics of the amplitudes of laser pulses (with initially specified
peak intensities in the focal plane, which, when propagate in
a vacuum, are 0.7 x 10'"® W cm™) in cases of focusing at dis-
tances from ¢ = 250 (z ~ 66 um) to { =450 (z ~ 120 um). The
most effective focusing distance was { = 300 (z = 80 wm).
However, this value is very sensitive to changes in the laser
pulse intensity and to the gas concentration and profile.
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Figure 6. Distributions of the maximum dimensionless amplitude of
the laser pulse field (a,,,), the maximum amplitude of the wake wave
(IVo = Vminl), the maximum degree of ionisation (,,,) and the normalised
gas density (v,) on the laser pulse propagation axis in the cases of (a)
optical field ionisation (intensity of 0.7x10'® W cm=2) and (b) a pre-
ionised plasma (1.0x10'"® W cm™) upon focusing of laser pulses at a
distance £ = 300 (z = 80 um).

5. Conclusions

We have analysed the spatial structure of wake fields and
investigated the influence of optical field ionisation on their
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Figure 8. Distributions of the laser pulse amplitude a,,,, on the laser
pulse propagation axis in the case of focusing to points at distances
from ¢ =250 (z = 66 um) to { = 450 (z ~ 120 um).

generation. In particular, we have found the possibility to
generate wake waves in the case of optical field ionisation of
gas for laser pulse parameters at which generation of wake
waves in the case of a pre-ionised plasma is impossible (see
Fig. 4). The consequence of this is a decrease in the threshold
peak intensity of the laser pulse at which the wake of the
plasma wave is generated in the case of optical gas ionisation.
We have found that optical field ionisation leads to the for-
mation of a sharp front of the laser pulse, which contributes
to the appearance of the wake wave (see Fig. 4a).

On the other hand, in the case of optical field ionisation,
there arises a restriction on the position of the focal plane of
the laser pulse, which is associated with spatial inhomogene-
ity of the degree of optical field ionisation and ionisation
refraction. With the used calculation parameters and focusing
at distances greater than 0.08 mm from the beginning of the
computational domain, the laser pulse cannot reach a critical
intensity for the onset of self-modulation and self-focusing
due to diffraction on the inhomogeneous electron density
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Figure 7. Comparison of the time dependences of the laser pulse envelopes (@), electron densities (v), and ionisation multiplicities («) on the laser
beam axis in the cases of (a) optical field ionisation [intensity of 1.3 x 10'® W cm™2, focusing to the beginning of the computational domain (£ = 0)],
(b) a pre-ionised plasma [intensity of 1.3 x 10! W cm2, focusing to the beginning of the computational domain (Z = 0)], (c) optical field ionisation
[intensity of 0.7 x 10'® W cm™2, focusing at a distance £ = 300 (z = 80 um)], and (d) a pre-ionised plasma [intensity of 1.0 x 10'® W cm2, focusing at

a distance ¢ = 300 (z = 80 um)] at point = 1200 (z = 330.4 um).
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profile resulting from optical field ionisation (Fig. 8). As a
result, a wake wave is not generated.

Thus, the possibility of using a gas of atoms with a large
number of electrons on the outer shell (argon, for example) to
excite wake waves and accelerate electrons has been demon-
strated. The main difference between this work and those per-
formed earlier is the use of ionisation refraction to create con-
ditions for the excitation of a wake wave in cases where, all
other things being equal, its occurrence is impossible without
optical field ionisation, while the laser pulse intensity is suffi-
cient. To achieve maximum efficiency of the considered
scheme, careful selection of the focusing position of the laser
pulse is required. The possibility of electron acceleration in
wake waves and their energy spectrum obtained in this way in
the case of both external electron injection and trapping of
background electrons (self-injection) requires further
research.
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