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Nonlinear self-guided propagation of intense long-wave infrared (LWIR) laser pulses is of significant
recent interest, as it promises high power transmission without beam breakup and multifilamentation.
Central to self-guiding is the mechanism for the arrest of self-focusing collapse. Here, we show that discrete
avalanche sites centered on submicron aerosols can arrest self-focusing, providing a new mechanism for
self-guided propagation of moderate intensity LWIR pulses in outdoor environments. Our conclusions are
supported by simulations of LWIR pulse propagation using an effective index approach that incorporates
the time-resolved plasma dynamics of discrete avalanche breakdown sites.
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Femtosecond filamentation in gases and condensed
media arises when nonlinear self-focusing of a high power
laser pulse overcomes diffraction, with self-focusing
rapidly increasing until it becomes self-limiting (pulse
collapse arrest). The dynamic interplay of self-focusing,
collapse arrest, and diffraction enables self-guided propa-
gation of high-intensity beams (filaments) over extended
distances [1]. Pulse collapse occurs for pulses whose peak
power P exceeds a critical value Pcr ¼ 3.77λ2=8πn0n2 for
Gaussian beams, where λ is the laser wavelength, and n0
and n2 are the medium’s linear and nonlinear indices of
refraction. For ultrashort (< ∼ 100 fs) near-IR pulses
in air with P≳ Pcr, self-focusing (from electronic and
rotational nonlinearities in N2 and O2 [2]) continues until
multiphoton or tunneling ionization of air molecules arrests
the collapse via plasma defocusing, leading to ∼100 μm
diameter high-intensity filaments. As input power is
increased well beyond Pcr, the beam breaks up into
multiple filaments, limiting the peak power delivered in
a single high-intensity channel. The Pcr ∝ λ2 scaling gives
higher beam breakup thresholds for longer wavelengths,
stimulating recent interest in mid-IR and long-wave IR
(LWIR) filamentation [3–12]. In addition, for LWIR pulses,
new collapse arrest mechanisms have been proposed,
including carrier-wave steepening and harmonic walk-off
for short (<1 ps) pulses [3–10] and avalanche ionization
seeded by many-body-induced ionization for longer
(>1 ps) pulses [11–13]. A recent high sensitivity experi-
ment [14], however, has shown that many-body ionization
in atmospheric density gases is undetectable, leaving recent
observations of self-guiding of ∼3 ps LWIR pulses [12]
unexplained.
In this Letter, we describe and simulate a new self-

guiding mechanism in the LWIR based on aerosol-seeded
avalanche ionization at discrete breakdown sites. This
mechanism appears essential for atmospheric self-guiding

of moderate intensity LWIR pulses in outdoor conditions.
In the absence of aerosols, we find that air avalanche is
insufficient to prevent premature pulse collapse to narrow
beams, even when including the contaminants measured in
our prior experiments [14]. Aerosols, on the other hand,
lead to enhanced, saturable ionization early in the pulse,
enabling avalanche-mediated collapse arrest and self-
guiding of few picosecond LWIR pulses at moderate
intensity in wider beams, consistent with recent
experiments [12]. Our results are qualitatively summarized
in Fig. 1, which depicts simulations (to be explained below)
of ∼1 TW=cm2, 3.5 ps, w0 ¼ 4 mm LWIR pulses at
λ ¼ 10.2 μm propagating in air with and without aerosols

(a)

(b)

(c)

FIG. 1. Comparative propagation simulations [15] for initial
1 TW=cm2, w0 ¼ 4 mm (1=e2 intensity radius), 3.5 ps pulses.
(a) λ ¼ 10.2 μm LWIR pulse. Aerosols (yellow balls) seed rapid
discrete avalanche breakdowns of characteristic size rd, which
arrest the collapse of a high power pulse, leading to a wide self-
guided channel. (b) λ ¼ 10.2 μm LWIR pulse. Here, in aerosol
free air, avalanche breakdown initiated by single electrons from
tunneling ionization proceeds too slowly to arrest collapse;
collapse is arrested by continuous plasma formation and har-
monic walk-off, leading to a smaller, high-intensity channel. This
is not what is observed in experiments [12]. (c) λ ¼ 0.8 μm near-
IR pulse. Beam slices show filamentation and beam breakup.
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present [(a) and (b)], showing that under these conditions
aerosol plasmas are essential to arrest pulse collapse,
leading to wide diameter self-guided beams. Illustrating
the advantages of LWIR, Fig. 1(c) shows a simulation for a
near-IR pulse (λ ¼ 0.8 μm, w0 ¼ 4mm, 3.5 ps), also at
∼1 TW=cm2, where the pulse collapses and splinters into
multiple narrow filaments.
We first review our new simulation framework, which

includes a method for including discrete, transient break-
down sites in a high-intensity laser propagation simulation,
and an improved avalanche model, incorporating the latest
understanding of LWIR ionization processes in air provided
by our recent experiments [14,28,29].
To proceed, we first consider how avalanche breakdown

at discrete sites in a background gas [14,28,29] affects laser
propagation. In avalanche breakdown, a free electron
undergoes laser-driven dephasing elastic collisions with
neutral molecules until it has enough kinetic energy to
collisionally ionize them. The resulting growth in the local
number of electrons at an avalanche site is exponential,
ne ¼ neoeνit, where νi ¼ hσiviNn is the electron collisional
growth rate, neo is the local number of initial electrons
(seeds), Nn is the local neutral molecule density,
and hσivi ¼

R∞
0 dv fðvÞσiðvÞv for electron velocity dis-

tribution fðvÞ and collisional ionization cross section σi.
Growth saturates as the neutral density is depleted
(Nn ¼ Nno − Ne) for increasing electron density Ne.
A typical breakdown site plasma radius is limited by

diffusion to rd ∼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2τkBTe=meνen

p ¼ 0.3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ½ps�Te½eV�

p
μm

for electron temperature Te and electron-neutral collision
rate νen ∼ 2–4 ps−1 [30,31]. This gives rd ∼ 5 μm even for
kBTe ∼ 100 eV for a <3.5 ps pulse, a baseline size we use
in our propagation simulations below. The laser will not
interact with a continuous plasma unless the seed electron
density satisfies Ne0 > 1=r3d ∼ 109–1011 cm−3. The dis-
tribution of such diffusion-limited breakdown sites relative
to a laser beam is shown schematically in Fig. 1.
In general, the effect of such discrete scatterers on laser

propagation occurs through forward Mie scattering [32],
and also requires 3D simulation of propagation through
randomly distributed scatterers. Under our conditions,
however, significant simplification is possible. As shown
in [32], scattering from randomly distributed scattering
sites of uniform size leads to an effective continuum
refractive index provided there are many scatterers
within a characteristic propagation volume. Here, if we
consider this volume to be the cross sectional area of the
beam multiplied by one-tenth of the Rayleigh length, or
Vp ∼ π2w4

0=10λ for beam waist w0, then the propagation
volume is on the order of ∼1 cm3 even for w0 ∼ 1 mm, and
NscVp ≫ 1 × if the number density of scatterers
Nsc ≫ 1 cm−3, a condition satisfied throughout this
Letter. Further, we note that the changes in refractive index
and laser propagation phase across an individual break-
down site of radius a, jΔnj ¼ jn − 1j ∼ Ne=2Ncr and

jΔΦj ¼ 4πajΔnj=λ, are both are small (≪1) for site
average plasma density well below critical density,
Ne ≪ Ncr ¼ 1.1 × 1021 cm−3=λ2 ½μm�. Thus, scattering
occurs in the so-called Rayleigh-Gans (RG) regime,
(defined by jΔnj ≪ 1 and a ≪ λ=jΔnj [32]). Closely
following the approach of [32], we find that in the RG
regime, a medium composed of an ensemble of
avalanche breakdown sites has an effective index
neff ¼ 1þ NscVΔn ¼ 1 − NscVðNe=2NcrÞ, for average
breakdown site volume V (full derivation in [15]). This
index is equivalent to that of a continuous plasma of density
NscVNe, as covered in previous work on exploding
nanoplasmas [33]. The RG approximation breaks down
as Ne approaches Ncr at individual breakdown sites,
necessitating Mie scattering calculations. This limits our
use of RG-based neff to breakdowns with Ne < Ncr=2 ∼
5 × 1018 cm−3 (at λ ¼ 10.2 μm), corresponding to ∼6 ×
109 electrons in a a ¼ rd ¼ 5 μm breakdown volume, for
which Mie calculations and the RG approach give effective
refractive indices within 20% [15]. Above this density, our
simulations have limited fidelity.
To couple the ensemble of discrete plasmas to a

propagation simulation, we next need a model for laser-
driven avalanche. The best, albeit forbidding, approach is to
calculate νi by solving the Boltzmann equation for the full
time-resolved laser-driven electron distribution function
fðvÞ [34–37], accounting for angle-resolved scattering
over wide primary and secondary electron energy
ranges. Instead, we improve upon a temperature-based
model [38–40], briefly described here.
Free electrons in a laser field of intensity I have a

cycle-averaged ponderomotive kinetic energy Up ≅
0.93I ½TW=cm2�ðλ½μm�Þ2 eV, which through electron-neu-
tral collisions at rate νen drive collisional heating at a rate
per electron of Wcoll ¼ 2Upνenð1þ ν2en=ω2Þ−1 ∼ 2Upνen
(for laser frequencies ω=νen ≫ 1 at atmospheric pressure).
Electron heating is offset by losses, including rovibrational
and electronic excitation, dissociation and ionization losses
of energy χl and excitation rate νl in N2 and O2 [30,31].
The rate of change in plasma internal energy density is then

dU
dt

¼ 3

2

dðkBNeTÞ
dt

¼ 3

2
kB

�
dNe

dt
T þ dT

dt
Ne

�

¼ 2νenNeUp þ νiNeUp −
X

l

Neνlχl; ð1Þ

where kB is Boltzmann’s constant. In the present work, we
have added the term UpðdNe=dtÞ ¼ νiNeUp to account for
the effective heating of electrons collisionally released
during the laser cycle. We ignore diffusive losses for laser
spot sizes much larger than rd: temperature gradients are
weak because νen greatly exceeds the electron-electron and
electron-ion collision rates, with no spatial dependence
until saturation at the end of the breakdown [15].
Rearranging gives
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dkBT
dt

¼ 2

3
ð2Upνen þ νiUp − ΣlνlχlÞ − νiT; ð2Þ

where N−1
e ðdNe=dtÞT ¼ νiT tracks thermal energy redis-

tribution in a growing electron population [38–40]. Here, to
obtain νen, νi, and the νl, we directly integrated the relevant
cross sections in N2 and O2 [30,31] over a Maxwellian
distribution up to kBT ¼ 1 keV, rather than using low
energy tabulated rates [38–41]. With these rates as a
function of temperature, Eq. (2) is then coupled to our
laser propagation model (see later).
To provide a physical scale for the rates applicable to our

propagation regime of interest, in Fig. 2(a) we plot the
heating and loss rates from Eq. (2), ðdkBT=dtÞheating ¼
2Upð2νen þ νiÞ=3 and jðdkBT=dtÞlossj ¼ 2ðΣlνlχlÞ=3þ
νiT, vs temperature for a λ ¼ 10.2 μm, 1 TW=cm2 pulse.
The right scale shows the ionization rate νiðkBTÞ as a
function of temperature and, for comparison, the rate νiðEÞ

for a monoenergetic electron distribution. Compared to a
full Boltzmann treatment, the temperature-based approach
of Eq. (2) greatly reduces the computational complexity, is
insensitive to our assumption of a Maxwellian electron
energy distribution, and captures the key physics. This is
shown in the Supplemental Material [15] by comparing
with experiments, full Boltzmann models, and limit-
ing cases.
The initial free electron seeding of LWIR avalanche

plays a crucial role in the details of collapse arrest. In
aerosol-free air, free electrons are generated by tunneling
and multiphoton ionization of N2 and O2, as shown in
Fig. 2(b). In addition, we recently measured a ubiquitous
air contaminant with ionization potential χp ∼ 6 eV at
relative concentrations ∼10−9 − 10−11 (number density
108 − 1010 cm−3) [14], which dominates ionization below
∼10 TW=cm2. Separately, aerosols (solid density partic-
ulates including dust, water droplets or fog, etc.) are readily
ionized due to near-field enhancement or existing static
charge. We recently estimated aerosol concentrations of
∼104 cm−3 in our lab air by measuring the number of
avalanches inside a breakdown threshold volume with and
without particulate filtering [29]. Other detailed measure-
ments of aerosols in indoor environments show a range of
number concentration (Nsc ∼ 102 − 104 cm−3) and particle
size (∼0.1–10 μm) [42–44]. In general, aerosol con-
centrations are higher in outdoor “field” conditions envi-
sioned for applications of self-guiding.
We can estimate the requirements for avalanche-

mediated collapse arrest and self-guiding by equating the
nonlinear index shifts associated with Kerr focusing and
plasma refraction: ΔnKerr ¼ Δneff → n2I ¼ NscVNe=2Ncr.
For n2 ∼ 5 × 10−19 cm2=W [45,46] and V ¼ 4πr3d=3,
we get ðNscVNeÞ ∼ 1013 × I ½TW=cm2� cm−3. At I ¼
1 TW=cm2, one could have Nsc ∼ 104 cm−3 breakdown
sites avalanched to Ne ∼ Ncr=2, the limit of our effective
index approximation. Alternatively, one could have a larger
Nsc avalanched to a lower terminal Ne.
Propagation simulations consisted of the avalanche

model [ne ¼ neoeνit plus Eq. (2)] coupled to a 2Dþ time
axisymmetric unidirectional pulse propagation equation
(UPPE) solver [15,47,48]. To efficiently simulate multiple
meters of propagation on our single GPU, we modified the
UPPE algorithm by shifting the laser carrier frequency
to zero, effectively calculating the envelope evolution.
This reduces requirements on temporal resolution while
maintaining dispersion, spectral broadening, and intensity-
dependent effects, but neglects harmonic generation [15]
and thus fails in situations where harmonic walk-off is
dominant [9].
We now simulate a recent experiment observing long

range self-guiding of a picosecond CO2 laser pulse (3.5 J,
3.5 ps, λ ¼ 10.2 μm, P ∼ 2Pcr) initially focused to a
4 mm FWHM spot (4 TW=cm2, ∼5 m Rayleigh range)
in air [12]. The pulses initially self-focused and created a
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FIG. 2. (a) Temperature-dependent heating and loss
rates ðdkBT=dtÞheating ¼ 2Upð2νen þ νiÞ=3 (for λ ¼ 10.2 μm,
1 TW=cm2) and jðdkBT=dtÞlossj ¼ 2ðΣlνlχlÞ=3þ νiT (left scale,
log) in air. The corresponding ionization growth rate νi (right
scale) is shown as a function of electron energy E and temper-
ature T. (b) Generated electron density vs peak intensity from
ionization of air and a χp ∼ 6 eV contaminant [14] by a
λ ¼ 10.2 μm, 1 ps FWHM Gaussian pulse. Dashed lines indicate
bounds of approximate uncertainty in the number density of
contaminant species [14].
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tenuous visible plasma over ∼5 m, followed by beam
expansion to ∼1 cm FWHM and self-guiding over
∼30 m at peak intensities ∼1 TW=cm2, accompanied by
pulse shortening to ∼1.8 ps. Since generation of seed
electrons from tunneling ionization of air is negligible at
this intensity [Fig. 2(b)], the avalanche-generated plasma
responsible for self-guiding was thought to be seeded by
many-body induced ionization [11–13]. Our recent work
[14] cast doubt on this seed source and suggested that the
low level χp ∼ 6 eV contaminant might instead provide the
necessary seed electrons. Below, we separately test the
effect of this contaminant and of aerosols on LWIR pulse
propagation.
We first consider air that includes the χp ∼ 6 eV

contaminant but no aerosols, initializing propagation at
the beam waist (4 mm FWHM, 4 TW=cm2). Seed electrons
were contributed by tunneling or multiphoton ionization
[49] (see Fig. 2). Figure 3(a) shows the peak intensity and

plasma density (at the peak intensity and after the pulse)
versus propagation distance. The pulse self-focuses to
∼20 TW=cm2 after 2.25 m of propagation while also
undergoing self-shortening to ∼2 ps as the front and rear
diffract [Fig. 3(b)]. At this point, substantial tunneling
ionization occurs at the leading edge of the pulse, gen-
erating a seed electron density Nsc ∼ 1012 cm−3 > r−3d , in
the continuous density regime. The falling edge of the pulse
drives continued avalanche to high density, leading to
further pulse shortening [Fig. 3(c)]. Beyond ∼2.25 m,
our shifted-carrier model breaks down; a separate car-
rier-resolved UPPE simulation shows that harmonic gen-
eration and walk-off [9,10] arrest pulse collapse, rather than
plasma defocusing [15]. The final pulse continues to
filament with peak intensity I ∼ 20 TW=cm2 and ∼1 mm
FWHM beam size [10,15], very different from the
∼1 TW=cm2, ∼1 cm diameter self-guided beam observed
in [12].
The failure of avalanche in aerosol-free air to arrest

collapse before the onset of tunneling is inevitable given the
electron density growth rates in Fig. 2(a) and ionization
yields in Fig. 2(b). Even for the maximum growth rate of
νi ¼ 4.7 ps−1, an initial electron density Neo ∼ 109 is
needed to reach the effective density NscVNe ¼
1013 cm−3 we estimated for self-guiding at 1 TW=cm2.
This initial density in turn requires tunneling at
∼10 TW=cm2 in the leading edge of the pulse as shown
in Fig. 2, a conclusion unaffected by the presence of the
χp ∼ 6 eV contaminant. Thus, it is unlikely that the
∼1 TW=cm2 channeling observed in [12] is stabilized
by avalanche from electrons liberated by tunnel ionization.
Avalanche ionization in aerosols, however, introduces a

new propagation regime consistent with self-guiding of
modest intensity pulses. For the near-solid density of an
aerosol particle, the electron-neutral collision rate
(νen ∼ 1015 s−1) is much higher than infrared frequencies
(ω=νen ≪ 1) [35,50]. Thus collisional heating Wcoll ∝
Iν−1en ½1þ ðω=νenÞ2�−1 ≈ I=νen becomes wavelength inde-
pendent for λ≳ 300 nm, such that ionization rates calcu-
lated for breakdown in fused silica by λ ¼ 1 μm pulses in
Ref. [35] can be applied to the present simulation. Using
these growth rates, we find a 3.5 ps, 1 TW=cm2 pulse
ionizes atoms in a ∼0.2 μm radius particle in the far
leading edge of the pulse, after accounting for field
enhancement at the particle surface [15]. This plasma
would then explode into the surrounding air and continue
to avalanche. We assume the plasma is limited by diffusion
to the same radial size (rd ∼ 5 μm) as for single electron
seeds, and apply Eq. (2) to calculate further electron density
growth.
Accordingly, we ran a second set of propagation

simulations for a range of initial aerosol densities
(Nsc ∼ 103 − 3 × 104 cm−3), with results for Nsc ¼
2 × 104 cm−3 shown in Fig. 4. For simplicity and speci-
ficity, we assumed a uniform aerosol radius of a ¼ 0.2 μm.

(a)

(c)

(b)

FIG. 3. (a),(b) Pulse parameters over 3 m of propagation.
(a) Left axis, pulse peak intensity (TW=cm2). Right axis, density
at the intensity peak of the pulse (dashed) and after the pulse has
completely passed (solid). (b) Beam FWHM and temporal
FWHM. (c) On-axis intensity and plasma density and tempera-
ture after 2.25 m of propagation, showing a rapid increase in the
density Nsc of breakdown sites due to seed generation by
tunneling (dashed blue line), followed by slower increase in
volume average densityNe ¼ NscVNe due to avalanche. Temper-
ature (solid, right scale) roughly follows the pulse intensity
profile (dashed).
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In these simulations, shown in Fig. 4, the pulse is
immediately shortened as energy in the falling edge is
scattered off-axis by the rapidly formed plasmas. After this
transient, aerosol-enhanced plasma generation is sufficient
to arrest self-focusing, resulting in self-guiding of
0.5–1.5 ps pulses at ∼2 − 2.5 TW=cm2 in a 4–5 mm spot
over ∼10 m, as seen in Figs. 4(a) and 4(b). Runs for lower
aerosol densities (Nsc < 104 cm−3) showed slower self-
focusing, with collapse ultimately arrested by tunneling
ionization [15], leading to behavior similar to Fig. 3.
Figure 4(c) shows the on-axis plasma density evolution

and pulse shape at 6 m, well into self-guiding. In contrast to
Fig. 3, the aerosols provide a rapid increase in NscVNe
that arrests collapse over the full pulse envelope, with
ionization saturation limiting further pulse shortening.
Thus, avalanche breakdown of aerosols appears essential
for long distance stable self-guiding of moderate intensity
picosecond LWIR pulses.

In summary, we have presented a new self-focusing
collapse arrest mechanism leading to long range self-
guiding of long wavelength infrared (LWIR) picosecond
laser pulses in the atmosphere: an ensemble of transient
avalanche breakdown sites centered on aerosols. In aerosol-
free air, avalanche ionization seeded by tunneling is
insufficient to arrest pulse collapse before high intensities
and narrow filaments are reached; at sufficient laser power,
this process would lead to multifilamentation and beam
breakup. By contrast, aerosol-centered avalanche sites
enhance plasma generation and enable long range self-
guiding at moderate intensities with large channel dia-
meters, consistent with recent experiments [12].
While our simulations have made a complex problem

tractable and provided a clear physical picture for the role
of aerosols, our work calls for more detailed studies. In
particular, because local density can reach Ne ≥ Ncr=2 at
breakdown sites during the pulse, and because the saturated
aerosol plasma can further heat and expand into the
background air, the RG model breaks down and would
need to be replaced by full Mie scattering computations
coupled to plasma dynamics. This plasma growth to larger
discrete breakdowns could reduce the necessary aerosol
concentration to 102 − 103cm−3. A full carrier frequency-
resolved propagation simulation could also determine
whether harmonic walk-off [9,10] reduces the aerosol
concentration needed for collapse arrest. Future experi-
mental propagation studies of picosecond LWIR pulses in
controlled atmospheres will help further quantify these
effects.
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