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In recent years, hydrodynamic optical-field-ionized (HOFI) channels have emerged as a promising
technique to create laser waveguides suitable for guiding tightly-focused laser pulses in a plasma, as
needed for laser-plasma accelerators. While experimental advances in HOFI channels continue to be
made, the underlying mechanisms and the role of the main parameters remain largely unexplored.
In this work, we propose a start-to-end simulation pipeline of the HOFI process and the resulting
guiding properties, and use it to explore the tunability of HOFI waveguides. This approach is
benchmarked against experimental measurements. HOFI channels are shown to feature excellent
guiding properties over a wide range of parameters, making them a promising and tunable waveguide
option for laser-plasma accelerators.

I. INTRODUCTION

Laser-plasma accelerators [1, 2] (LPAs) enable the
compact acceleration of charged particles with gradients
well above the GeVm−1 level [3–5], orders of magnitude
higher than conventional technologies. Proof-of-principle
experiments and design studies demonstrated the poten-
tial of LPA-accelerated electron beams for applications
such as high-energy photon sources [6–9], free-electron
lasers [10], and high-energy physics [11]. Progress in LPA
performance has been strongly coupled to advances in
laser technology, such as the advent of chirped pulse
amplification [12], and further developments are still re-
quired to match the capabilities of conventional acceler-
ators. In particular, guiding of the driving laser pulse
through the plasma is necessary for maintaining high ac-
celerating gradients over multiple Rayleigh lengths, en-
abling energy-efficient electron acceleration in the GeV
range [13–15].
In recent years, Hydrodynamic Optical-Field-Ionized

(HOFI) channels [16] have attracted considerable at-
tention as a promising all-optical approach to gener-
ate plasma waveguides with on-axis densities as low as
1017 cm−3, which is required for multi-GeV electron en-
ergy gain. HOFI channels enable the guiding of tightly-
focused (∼10 µm–50 µm spot size) laser pulses, which
is difficult using other guiding methods. In particular
waveguides based on an electrical discharge in a gas-filled
capillary [17, 18], require thin capillaries (easily damaged
by misalignment), or advanced plasma shaping [13]. Fi-
nally, recent experiments demonstrated their tunability
and suitability for plasma-based acceleration at high rep-
etition rate [14, 15, 19–24].
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The HOFI process takes place in two steps. First, an
ultrashort laser pulse, hereafter called the HOFI pulse,
is focused into a low-density gas to field-ionize it and
thereby generate a thin plasma filament with high elec-
tron temperature. The HOFI pulse peak intensity is cho-
sen to be above the over-the-barrier ionization intensity
(∼ 1.4×1014 Wcm−2) to reach full ionization at the cen-
ter of the filament. Second, due to the thermal pressure,
the hot filament expands radially, producing a density
profile with a dip on axis, suitable for guiding the driving
laser pulse of the LPA, hereafter called the LPA pulse.

In a further step, the power attenuation length of the
channel can be increased by several orders of magnitude,
to tens of metres, by ionizing the neutral gas collar sur-
rounding the HOFI channel with a subsequent high-order
Bessel pulse [22], or a low-order Gaussian pulse guided
along the axis of the HOFI channel [20, 23, 25]. These
channels are referred to as Conditioned HOFI (CHOFI)
channels.

Despite auspicious experimental realizations in the last
few years, only modest progress has been made towards
accurately simulating and understanding the full chain
of the HOFI process, from the plasma formation to the
guiding of the LPA pulse. Difficulties for such simula-
tions are twofold. First, the system is largely multi-scale
and multi-physics: field ionization occurs over attosecond
to femtosecond time scales, thermalization takes place
over picoseconds, and plasma expansion and collisional
ionization occur over nanoseconds. Second, the fast ion-
ization by the HOFI pulse creates conditions for the hy-
drodynamic expansion that are far from equilibrium. To
the best of our knowledge, published simulation results
of HOFI dynamics [14, 16, 19, 20] do not capture both
points.

In this work, we present a multiphysics simulation
pipeline covering ionization, hydrodynamic expansion
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and laser guiding to clarify, for the first time, the full
dynamics of the HOFI process. From the properties
of the HOFI pulse, the simulations enable accurate
predictions—validated against experiments—of the chan-
nel expansion and the guiding properties of a HOFI chan-
nel. In this pipeline, the fast ionization from the HOFI
pulse is described by particle-in-cell simulations [26] car-
ried out with WarpX [27]. Then, following the success of
previous authors for a wide variety of plasma problems
[20, 28–31], the subsequent expansion of the hot plasma
is simulated with hydrodynamic plasma model that does
not assume Local Thermodynamic Equilibrium (LTE).
Instead, the composition of the plasma is computed using
reaction rates. This is critical to accurately capture the
early dynamics of the blast. Finally, the guiding prop-
erties of the resulting channel are determined using a
modal solver and simplified laser propagation models in
Wake-T [32, 33].
The hydrodynamic simulation model, which we have

implemented as a custom model in the COMSOL Multi-
physics framework, is presented in Sec. II. Considerations
specific to HOFI simulations, including initial conditions,
are presented in Sec. III. Validation of the model against
experiments is shown in Sec. IV. Finally, Sec. V discusses
the implications in terms of laser guiding, and a discus-
sion and perspectives are given in Sec.VI.

II. HYQUP SIMULATION MODEL

In the HYdrodynamic QUasineutral Plasma (HYQUP)
model, the plasma is described as a quasi-neutral, weakly
magnetized, two-temperature, reacting fluid, in an ap-
proach similar to Refs. [29]. The main equations and hy-
potheses are presented below.
First, the plasma is described as a single fluid combin-

ing all species, whose compressible laminar mass flow is
governed by the Navier-Stokes equations [34]. These are
the mass continuity equation

∂ρ

∂t
+ ~∇ · (ρ~v) = 0 (1)

where ρ is the mass density, t is the time and ~v is the flow
velocity vector, and the momentum conservation equa-
tion

ρ
∂~v

∂t
+ ρ(~v · ~∇)~v = ~∇ · (−pI + τ ) + ~Fext (2)

where p is the pressure, ~Fext is the sum of external forces
acting on the fluid (negligible for HOFI applications), I
is the identity matrix and τ is the viscous stress tensor.
In the model we assume a scalar viscosity µ with τ =

µ[ ~∇~v + ( ~∇~v)T − 2
3 (
~∇ · ~v)I].

Due to the significantly different collisional energy ex-
change rates, the HYQUP model uses two separate tem-
peratures for the light particles (electrons) and the heavy
particles (ions, neutrals and molecules). The difference

between the temperatures can be large (e.g. laser ion-
ization heats electrons to many eV, whereas the ions re-
main close to room temperature), and the electron-ion
thermal equilibrium time is on the order of nanoseconds.
The pressure in the Navier-Stokes equations is the sum of
the partial pressures of these two populations. While the
electrons mass is negligible to the flow, they often dom-
inate the pressure in highly ionized plasma. The model
calculates the heat transfer using separate energy con-
servation equations [35] for the two particle populations.
The heavy particle energy conservation equation reads

ρCh

(

∂Th
∂t

+ ~v · ~∇Th

)

− ~∇ · (λh ~∇Th)

=
∂ph
∂t

+ ~v · ~∇ph + τ : ~∇~v + neν
ǫ
eh

3

2
kb(Te − Th) +Qh

(3)

where Ch is the specific heat capacity at constant pres-
sure, Th is the temperature, ph is the partial pressure,
λh is the heat conductivity and Qh are additional heat
sources (e.g. from ion current heating), each for heavy
particle species. ne is the number density of electrons
and νǫeh is the total average energy-transfer collision fre-
quency between electrons and heavy particles. The dou-
ble dot operation (:) denotes a contraction of tensors
a : b =

∑

n,m an,mbn,m.
The electron energy conservation equation is

ρCe

(

∂Te
∂t

+ ~v · ~∇Te

)

− ~∇ · (λe ~∇Te)

=
∂pe
∂t

+ ~v · ~∇pe − neν
ǫ
eh

3

2
kb(Te − Th) +Qe (4)

with similar notations as in Eq. (3) (subscript e stands for
electrons, h for heavy particles). The Qe term represents
additional electron heat sources e.g. due to reactions
involving electrons.
For Eqs. (3) and (4),the left-hand-side terms repre-

sent the energy change and transport by fluid flow, and
heat conduction respectively. The first two right-hand-
side terms represent compression heating, followed by the
coupling between electrons and heavy particles, friction
heating (only for heavy particles, viscosity is negligible
for electrons due to their low mass), and other external
heat sources, respectively.
Finally, the HYQUP model calculates the composition

of particle species in the plasma mixture, which may in-
clude different gas species and chemical and ionic states.
The local mass fraction of each species is tracked as they
undergo reactions and diffusion, allowing for accurate
representation of non-equilibrium plasma states and fi-
nite reaction rates (important for HOFI). For all but one
heavy species α there is a conservation equation [35]:

ρ
∂ωα

∂t
+ ρ(~v · ~∇)ωα + ~∇ · ~jα = Rα (5)

where ωα is the mass fraction, ~jα is the diffusion flux
and Rα is the mass rate of particles being created or
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destroyed in reactions, all for particle species α. The left-
hand-side terms represent the change in mass fraction,
transport by fluid flow and diffusion. The mass fraction
of the last remaining heavy species is calculated from
∑

α ωα = 1, to ensure the conservation of mass. Finally
the electron density distribution is calculated from the
ion distributions according to quasi-neutrality.
The Equations (1)-(5) make up the core of the HYQUP

model and have been implemented as a custom model in
the COMSOLmultiphysics software. Solving these differ-
ential equations requires the transport properties µ, Ch,
Ce, λh, λe, ν

ǫ
eh and Rα, along with terms that describe

the diffusive flux ~jα. They are calculated from statistical
analysis of the microscopic collisions in the plasma. De-
tails of these calculations can be found in AppendixA–D.
It is sensible to keep the model simple by reducing the
choice of particle species and reactions to those signifi-
cantly contributing to a given problem, e.g. ionization
and recombination due to electron collisions. Further
details on the treatment of the reacting mixture for a
Hydrogen plasma can be found in AppendicesD–E.
In this work, electromagnetic fields do not require con-

sideration in the hydrodynamic part, which allows for
fast simulations, taking a few minutes for one axisym-
metric simulation, as described below, on a workstation
(with 8-core, 3.80 GHz Intel i7-9800X CPU and 38 GB
RAM). In the future, simplified electric and magnetic
field solvers will be included, allowing HYQUP to have
a broad range of plasma applications, similar to MHD
codes such as PLASIMO [30] and FLASH [36]. In partic-
ular, supporting non-equilibrium dynamics allows for the
simulation of fast processes relevant for plasma sources
and plasma-based acceleration. In what follows, HYQUP
is integrated into a simulation pipeline enabling the first
experimentally benchmarked simulations of HOFI chan-
nels.

III. HOFI SIMULATION PIPELINE

When simulating HOFI dynamics, three further as-
sumptions are made with respect to the HYQUP model
described in Sec. II. First, the gas is initially uniform
and the HOFI pulse focus is axisymmetric, so we assume
cylindrical symmetry for the simulations. Second, we
consider infinitely long plasma channels, such that the
problem does not depend on the longitudinal coordinate.
This assumption still permits the simulation of a finite-
length HOFI channel, as long as its length is much larger
than its width, see Sec. IV. With these two assumptions,
the problem is 1D radial, and Neumann conditions are
applied at the upper boundary (located at r = 400 µm,
far enough for the results to be independent of the bound-
ary condition). Third, we only consider HOFI channels in
hydrogen gas with a species mixture composed of atomic
hydrogen, ionized hydrogen and electrons, unless speci-
fied otherwise. Specifics on the transport properties and
reactions of the hydrogen composition, as well as an esti-

mation of the influence of molecular hydrogen on the sim-
ulation results, can be found in AppendixE. Hereafter,
the mixture is described by the (free) electron density
ne and the atomic density na, the latter being the den-
sity of atomic nuclei, regardless of ionization, excitation
or molecular states. In a purely atomic mixture this is
equivalent to the heavy particle density.

The simulation pipeline we developed to obtain an ac-
curate description of HOFI dynamics is shown in Fig. 1
(a). The initial conditions for HYQUP HOFI simu-
lations consist in radially-resolved density and temper-
ature profiles of all species (electrons, ions, neutrals).
In the first step of the pipeline, starting from a cold
(300K) unionized gas, ionization properties are obtained
by WarpX [27] simulations where field ionization is cap-
tured by the ADK model [37] with the empirical correc-
tion of Ref. [38]. The simulation gives, right after the
passage of the HOFI pulse, the ionization fraction and
the kinetic energy density of the electron population,
mostly residual canonical momentum obtained at the
ionization time. The electron temperature is calculated
from the kinetic energy density, neglecting phenomena
like ion acoustic wave excitation or collisional ionization
during electron thermalization. The average free time
between electron-electron collisions, estimated as the in-
verse of the electron collision rate (similar to Eq. (A1)),
is found to be on the order of ∼ ps in these conditions,
justifying the simplification that thermalization happens
quickly, before the hydrodynamic expansion (on the ∼ ns
timescale) starts. Other initial properties are trivially ob-
tained assuming quasi-neutrality and cold (300K) ions
and neutrals.

For practical reasons, this method was used to build
ionization tables: for a given set of laser polarization
state, pulse duration and wavelength, the resulting ion-
ization fraction and electron temperature were obtained
from PIC simulations assuming a laser plane wave, as-
suming a temporal Gaussian pulse profile and scanning
over a wide range of peak intensities. The resulting tab-
ulated functions ne, Te = f(IHOFI) are used to calculate
the ionization properties of an arbitrary intensity pro-
file without running a PIC simulation. This approach is
appropriate when ionization-induced refraction is negli-
gible, as is the case for this study.

In the second step, the formation of the HOFI channel
by hydrodynamic expansion of the initial plasma filament
over several nanoseconds is simulated using the HYQUP
model, yielding detailed information about the evolution
of density, mixture and temperature profiles over time.
The 1D simulation space is represented by a regular grid
of 14000 points and the time steps taken by the solver
change adaptively from ∼ ps for initialization to almost
∼ ns at the end.

In the last step of the simulation pipeline, the guid-
ing properties of the channel profiles obtained from each
time iteration of the HYQUP simulation are determined
through a modal solver together with guiding simulations
in Wake-T [33]. Further details of this step are described
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the initial ionization profile in the wings of the pulse in-
tensity where the measured signal approaches the limits
of the camera’s dynamic range or in the conversion to
and assumption of a radially symmetric expansion. The
larger disagreement observed at the longest delay may
be due to experimental limitations, leading to an under-
estimation of the phase shift. The internal oscillations
of the HOFI channel, causing the on-axis bump at 1 ns
delay, also seems to be observable in the experiment, al-
though less pronounced. In Fig. 3 (c), we obtain the ra-
dial integral of the phase shift for each time step, which
is effectively the combined phase shift of all matter in
the measured volume. The simulated initial rise due to
collisional ionization is in good agreement with the mea-
surement, emphasizing the need for the finite reaction
rates of the non-LTE model.
Figure 3 (b) presents a scan over the hydrogen pressure

in a 4mm long gas cell, showing the state of the channel
after 4 ns. The initial condition was not measured in this
scan, so the initial gas density was inferred from other
measurements to be 9.05 × 1017 cm−3, 2.09 × 1018 cm−3

and 3.16×1018 cm−3 for the three pressures respectively.
Nevertheless, a very good agreement of the magnitude of
the phase shift was found, while there is a slight differ-
ence in the peak positions, that may be explained by the
neglected refraction of the HOFI pulse or ionization of
molecular instead of atomic hydrogen, which is further
discussed in Appendix E.
Overall, Fig. 3 demonstrates, for the first time, excel-

lent quantitative agreement between numerical simula-
tions and experimental measurements of the HOFI chan-
nel expansion, using only few free parameters. In the
following section, this predictive simulation capability is
used to explore the guiding properties of the resulting
density profiles. Understanding these properties and how
to tune them for the optimal guiding of a laser pulse is
a significant step for realizing high-performance energy-
efficient LPAs.

V. GUIDING PROPERTIES

The guiding properties of a plasma waveguide are de-
termined by its radial electron density profile. In the
case of a parabolic plasma waveguide n(r) = n0 +
r2/(πrew

4
m), there exists an infinite number of bound

modes (Laguerre-Gauss) [42], the lowest order of which
is characterised by a 1/e2 intensity radius, wm, referred
to as the matched spot size. For real plasma waveguides,
in which the electron density increases radially from the
axis to a peak value and then reduces finally to zero be-
yond the plasma region, there are no fully bound modes,
but rather a set of leaky modes which propagate along the
waveguide with a constant attenuation rate [42, 43]. Typ-
ically, the lowest order mode in a real plasma waveguide
used in an LPA is close to Gaussian and will propagate
with the lowest losses. Thus, here it is useful to charac-
terize the matched spot or mode size, wm of a plasma

waveguide using the D4σ definition for beam radius [44]
which matches the definition above in the case of a pure
gaussian. Additionally, it is useful to quantify the modes
similarity to a purely Gaussian mode, for the indenti-
fication of strongly irregular (e.g. ring-shaped) modes
that are not typically used for driving an LPA. This is
quantified here by the squared amplitude a200 of the fun-
damental Laguerre-Gauss mode contained in the guided
intensity profile (a200 ≤ 1, where a200 = 1 corresponds to
a purely Gaussian mode). In addition to the properties
of the mode, the capability of maintaining the pulse en-
ergy within the channel is an important measure for its
suitability as a waveguide. To characterize this, the rela-
tive leakage rate Rleak is defined as the fraction of pulse
energy tunneling out of the channel per unit propaga-
tion distance. Finally, due to the radial variation of the
plasma density, an effective density value neff is obtained
from the observed group velocity vg in the channel using
the expression neff = (meǫ0/e

2)w2
0(1 − v2g/c

2), where ω0

the laser angular frequency.

These properties are obtained from Wake-T simula-
tions [33] of the laser pulse propagation, where its evo-
lution in the plasma channel is modeled with an enve-
lope solver [32]. The laser pulse is initialized with an
approximation of the matched radial intensity profile ob-
tained by recasting the paraxial Helmholtz equation as
an eigenvalue problem and numerically solving for the
modes of the plasma waveguide using standard finite-
difference methods. The pulse is then propagated in
the channel until convergence to the matched mode is
reached. A typical pulse duration of 30 fs is assumed,
and the non-linear plasma response is neglected, which is
valid assuming the normalized laser amplitude parameter
a0 is much smaller than unity.

The guiding provided by refraction due to the plasma
electrons is studied for the two extreme cases of HOFI
and an optimal CHOFI for each channel. On the one
hand, if the intensity of the guided pulse is not sufficient
to induce further ionization, the guiding is only provided
by the basic HOFI channel, i.e. the electron density ob-
served from the HYQUP simulation. On the other hand,
when guiding a high-power pulse (able to fully ionize the
background gas) or using an additional preconditioning
pulse to create a CHOFI channel, the resulting electron
plasma population is instead given by the atomic density
(as the plasma is fully ionized over a region much larger
than the channel radius).

The results of this simulation approach, when applied
to the HOFI channel shown in Fig. 1, are summarized in
Fig. 4. A strong temporal dependence can be observed,
with profiles not suitable for guiding Gaussian-like pulses
when t . 2 ns, and with a varying matched spot size at
later times. Significant differences can also be observed
between the HOFI and CHOFI channels. While the fully-
ionized atomic background in a CHOFI channel allows for
negligible leakage and quasi-Gaussian modes, the initial
electron density profile of the HOFI channel results in a
leakage of up to ∼1%/mm and less ideal profiles, match-
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2D & 3D capabilities) will enable the simulation of HOFI
channels in various conditions (e.g., suitable for ioniza-
tion injection in laser-plasma accelerators), as well as its
extension to simulate further hydrodynamic process like
capillary discharge.
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Appendix A: Momentum-transfer collision

frequencies

The average collision frequency of momentum-transfer
Coulomb collisions (e− −H+) and (H+ −H+) are calcu-
lated numerically with

νei =
4

3

√

2π

me

nee
4Λei

(4πǫ0)2 (kBTe)
3/2

, (A1)

νii =
4

3

√

π

mi

nie
4Λii

(4πǫ0)2 (kBTh)
3/2

, (A2)

where ǫ0 is the vacuum permittivity, kB is Boltzmann’s
constant, ne, ni, Te, Th,me andmi represent the electron
density, ion density, electron temperature, ion tempera-
ture, electron mass and ion mass respectively, and Λei,
Λii are the Coulomb logarithms of electron-ion and ion-
ion collisions for hydrogen. The Coulomb logarithms are
calculated by

Λei = ln





3

2
√
π

√

√

√

√

(4πǫ0kBTe)
3

e6ne

(

1 + Te

Th

)



, (A3)

Λii = ln





3

4
√
π

√

√

√

√

(4πǫ0)
3
(kBTh)

2
kBTe

e6ne

(

1 + Te

Th

)



. (A4)

A lower limit is applied to the Coulomb logarithm, i.e.
Λei → max

(

Λei,
1
2 ln 2

)

, to reduce inaccuracy for low
temperatures [45].
In general, the average collision frequency for a sin-

gle particle of species α colliding with a background of
species β (with number density nβ) is defined via

ναβ = nβ
4

3

√

2ǫ

mαβ
σαβ (ǫ) , (A5)

where ǫ = 4
πkBTα is the average energy, σαβ is the corre-

sponding cross-section, and mαβ = (mαmβ)/(mα +mβ)
is the reduced mass. Equation (A5) can be used to rep-
resent collisions involving neutral species given the cor-
responding momentum-transfer cross-sections (see Ap-
pendix E).
The energy transfer in a collision is dependent on the

masses of the particles involved. The energy-transfer
collision frequency, νǫ, is related to the corresponding
momentum-transfer collision frequency, ν via,

νǫαβ ≈ 2mαβ

mα +mβ
ναβ , (A6)

such that the total average energy-transfer collision
frequency for an electron and all heavy species is
νǫeH =

∑

h ν
ǫ
eh ≈ 2me

mH

∑

h νeh. This parameter is used in

Eqs. (3) and (4) to describe the thermal equilibration
between the electrons and heavy species.

Appendix B: Thermal conductivity and viscosity

The dynamics described by Eqs. (1)–(4) are influenced
by microscopic particle interactions. The macroscopic
effects on the ensemble are described by the transport
properties, i.e. thermal conductivity and viscosity. The
thermal conductivity of electrons is given by [46],

λe =
1

1 + γe
νei

νeH

15

2π

k2BneTe
meνeH

, (B1)

where νei is the average electron-ion momentum-transfer
collision frequency given in Eq. (A1), and νeH =

∑

h νeh
is the total average momentum-transfer collision fre-
quency for electrons with all heavy species, with each
νeh defined analogously to Eq. (A5). The prefactor γe in
Eq. (B1) is chosen to ensure consistency with the fully
ionized result [46, 47].
The thermal conductivity for the mixture of heavy

species is given by λH =
∑

h λh, where

λh =
1

1 + γh
νei

νeH

15

2π

nhk
2
BTh

∑

gmhgνhg
, (B2)

where the index g counts over the relevant heavy-species
collisions, with each νhg defined analogously to Eq. (A5),
and where the prefactor γh in Eq. (B2) is chosen to ensure
consistency with the fully ionized result [46, 47].
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The viscosity coefficient µ =
∑

h µh can be deduced
from the heavy species thermal conductivity simply via
the Chapman-Enskog approximation [48],

µh =
4

15

mh

kB
λh. (B3)

Appendix C: Diffusion

The ~jα term in Equation (5) represents the mass flux
relative to the average velocity, and, assuming a mixture-
averaged diffusion model, can be written as the general-
ized Fick’s law,

~jα = −ρωαD
m
α

~∇xα
xα

+ ρωα

N
∑

β=1

ωβD
m
β

~∇xβ
xβ

(C1)

where N is the number of different species, xα =
ωα

mα

(

∑N
β=1

ωβ

mβ

)−1

is the mole fraction, mα is the mass,

and Dm
α is the mixture-averaged diffusion coefficient,

Dm
α =

1− ωα
∑

β 6=α
xβ

Dαβ

, (C2)

all defined for species α. The Dαβ coefficients represent
the binary Maxwell-Stefan diffusivity for species α and
β. In this work, the binary Maxwell-Stefan diffusivities
are approximated using the expression from Hartgers et
al. [49], i.e.,

Dαβ =
pαpβ
pfαβ

≈ kBTh
mαβναβ

. (C3)

where fαβ =
nαnβ∑

i
ni
mαβναβ is the frictional force cor-

responding to the binary momentum-transfer cross-
section σαβ , as in Eq. (A5), and once again mαβ =
(mαmβ)/(mα +mβ) is the reduced mass.

Appendix D: Reactions

The reaction source term in species conservation equa-
tions (5) is a sum over all considered reactions i, i.e.

Rα = mα

∑

i

ciαri, (D1)

where mα is the particle mass of species α, ciα is the
stoichiometric number (the change of number of particles
per reaction) for species α in reaction i and ri is the rate
of reaction i. The reaction rates can be written in the
form,

ri = ki
∏

β

nβ
biβ (D2)

where nβ is the number density of species β, and biβ are
the stoichiometric coefficients of the reactants (number of
reactants needed per reaction). The reaction constants
ki are independent of the density, and are often given in
the Arrhenius form (see Appendix E).
Each forward reaction, r→i , can have a corresponding

reverse reaction, r←i , e.g. the collisional ionization of a
neutral atom by a free electron and the recombination
by a three-body collision between two electrons and an
ion. The rate constant of the reverse reaction can be
calculated from the forward reaction rate constant. Ac-
cording to the principle of detailed balance for a mixture
in chemical equilibrium, each reaction is balanced with
its reverse reaction, i.e. r→i − r←i = 0. Putting Eq.(D2)
in this balance we get

k←i = k→i

[

∏

β,reactants nβ
biβ

∏

β,products nβ
biβ

]

eq

≡ k→i
Keq

i

, (D3)

where the label ‘eq’ indicates that these are values in
chemical equilibrium. The equillibrium constant Keq

i
can then be calculated, e.g. via the Saha equations.
Note that, although the reverse reaction rates are de-
duced from the requirements of equilibrium, in general
the population densities nβ 6= neq

β , and thus r→i 6= r←i .
The reactions between the various species use or release

energy to the plasma. For each reaction channel we define
a heating term

Qchem
i = −(r→i − r←i )ǫi, (D4)

where r→i , r←i and ǫi are the forward and backward reac-
tion rates and the reaction energy of the reaction channel
i (e.g. H + e− ⇔ H+ + 2e−). In this work, all used reac-
tion channels are based on electron collisions, where all
the reaction heating contributes exclusively to the elec-
tron energy balance. The change in the average temper-
ature on account of the changing number of particles due
to reactions is included via a heat source term for each
species α, i.e.

Qnum
α = −

∑

i

(r→i − r←i )ciα
5

2
kBTα, (D5)

where 5
2kBTα is the enthalpy per particle of species α.

In the present work, unless otherwise stated, molec-
ular hydrogen is neglected (and similarly, associa-
tion/dissociation processes), such that the total heavy
species density is unchanging due to reactions. The reac-
tive heat sources in Eqs. (3)–(4) are subsequently given
by

Qe =
∑

i

Qchem
i +Qnum

e , (D6)

Qh = 0, (D7)

where the sum over i represents the direct and step-wise
ionization processes.





12

neutral gas. The phase shift is obtained via

∆ψ(r) = − 2π

λpr

∫ L

0

(ηe(r, z) + ηn(r, z)− 2)dz, (F1)

where λpr is the wavelength of the probe pulse, L is
the length of the gas cell and ηe and ηn are the refrac-
tive indices of the electrons and neutral hydrogen density
respectively. The Ions contribution is omitted as negligi-
ble. The refractive index of the neutral atomic hydrogen
is calculated from a reference value of molecular hydro-
gen at atmospheric conditions, assuming that two neu-
tral atoms contribute the same as one molecule. From
the Lorentz-Lorenz equation [58] we derive

ηn =

√

2K(r) + 1

1−K(r)
, (F2)

K(r) =
nn(r)

2natm

ηatm
2 − 1

ηatm2 + 2
, (F3)

where nn is the neutral hydrogen number density, natm =
2.69 × 1019cm−3 is the atmospheric number density at
0 °C and ηatm is the refractive index of molecular hydro-
gen at atmospheric number density [59]

ηatm = 1 +
0.0148956

180.7−
(

1[µm]
λpr

)2 +
0.0049037

92−
(

1[µm]
λpr

)2 . (F4)

The refractive index of free plasma electrons can be
calculated from the critical plasma density ncr using

ηe =

√

1− ne

ncr
, (F5)

ncr = meǫ0

(

2πc0
eλpr

)2

, (F6)

where me is the electron mass, c0 is the vacuum speed
of light and e is the elemental charge. Finally the phase
shift is calibrated by the propagation in undisturbed gas
to match with the measurement. For this we use

∆φ(r) = ∆ψ(r)−∆ψ(rmax), (F7)

with the phase shift at the boundary of the simulation
box rmax, where the gas remains undisturbed through
the simulation.

Appendix G: Initial state dependency

In Sec. III we found the Sedov-Taylor model to be in-
sufficient to describe the expansion of a HOFI channel.
This raises the question if there is a different way to pre-
dict the blast radius from the initial energy deposited,
which can be found under the form of potential energy
and thermal energy Ei

tot = Ei
pot + Ei

th. The thermal en-
ergy strongly depends on the wavelength of the HOFI

Case w0 (µm) λ0 (nm) Ei
tot (mJm−1) Ei

th/E
i
tot (%)

1 36.9 400 43.8 39
2 25.2 800 43.8 71
3 18.6 1200 43.8 84
4 52.1 400 87.5 39
5 35.6 800 87.5 71
6 26.3 1200 87.5 84

TABLE II. Properties of the HOFI pulse (beam waist w0 and
wavelength λ0) and corresponding total energy Ei

tot and frac-
tion of thermal energy Ei

th/E
i
tot for the simulations in Fig. 7a)

(cases 1-3) and Fig. 7b) (cases 4-6). The fraction of potential
energy is simply given by Ei

po/E
i
tot = 1− Ei

th/E
i
tot.

0

50

T e
(e

V)

EHOFI = 44.0 mJ

(a)

EHOFI = 87.0 mJ

(b)

0 200 400
r ( m)

0

1

Z
(%

)

(c)

HOFI (nm):
400
800
1200

0 200 400
r ( m)

(d)

HOFI (nm):
400
800
1200

100

200

r m
ax

(
m

)
(e)

0 2 4 6 8 10
t (ns)

50

100

150

w
M

(
m

)

(f)

FIG. 7. Influence of the initial energy distribution on the hy-
drodynamic expansion. (a) and (c) Radial profile of the ini-
tial electron temperature and ionization fraction, respectively,
for three configurations of the HOFI pulse. The parameters
(beam waist and central wavelength) were chosen to vary the
balance between thermal and potential energy while keeping
the sum (total energy) constant to 43.7mJm−1. (b) and (d)
Same as (a) and (c) for a total energy of 87.4mJm−1. De-
tails are shown in Table II. (e) Evolution of the atomic density
peak position for the 6 simulations in (a)-(d). (f) Evolution
of the matched spot size for the same simulations.

pulse λHOFI (Ethi ∝ λ2HOFI) [60], so the balance be-
tween thermal and potential energies can be adjusted by
changing the HOFI pulse width and wavelength, while
keeping the total deposited energy constant. This is il-
lustrated on Fig. 7 (a)-(d), showing initial conditions of
plasma channels for two values of the total energy with
three variations of the energy distribution each, detailed
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in Table II. The simulated peak position dynamics of
these six cases, shown on Fig. 7 (e), are approximately
the same for a given total energy, after ∼ 2 ns. This is
suggesting a simple model, similarly to S-T, should still
be viable, using the total energy deposited by the HOFI
laser.
Nevertheless, the main interest lies not with the peak

position, but the guiding properties of the HOFI channels
formed around the center. The evolution of the matched
spot size in the CHOFI channels formed in the six cases
is shown in Fig. 7 (f), where the lines are limited to sec-
tions where the quality of the waveguide is good (negligi-
ble losses, and Gaussian mode (a200 > 0.9). The guiding

properties of the channel are again largely independent
of the peak position shown above, demonstrating that a
simplified blast model cannot be used to infer the guiding
properties as they vary strongly with the different distri-
bution of initial energy deposition. On the one hand,
it demonstrates the wide range of tunability that simple
changes of the HOFI laser can provide, without impeding
on the quality of the waveguide. On the other hand, this
shows that detailed knowledge of the HOFI laser is crit-
ical to predict the guiding properties. It also opens up
the question of how instability of the HOFI laser could
disturb the operational stability of HOFI channels over
many shots, which warrants further studies.
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