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We present spatially resolved measurements of energy dep-
osition into atmospheric air by femtosecond laser filaments.
Single filaments formed with varying laser pulse energy and
pulsewidth were examined using longitudinal interferom-
etry, sonographic probing, and direct energy loss measure-
ments. We measure peak and average energy absorption of
∼4 μJ∕cm and ∼1 μJ∕cm for input pulse powers up to ∼6
times the critical power for self-focusing. © 2016 Optical
Society of America
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Femtosecond filamentation is a nonlinear propagation effect in
transparent media caused by the dynamic interplay between
self-focusing and plasma-induced defocusing. In recent years
it has found a variety of uses, including triggering of electric
discharges [1], coherent supercontinuum generation [2],
filament-induced breakdown spectroscopy [3], and generation
of THz radiation [4]. More recently, femtosecond filaments
have been used to generate air waveguides, utilizing the long
timescale gas density depression that remains in the wake of
a filamenting pulse [5]. Such waveguides have been shown
to be viable for the guiding of externally injected high-peak
and high-average-power laser pulses [5], and also for the remote
collection of optical signals for spectral analysis [6]. Crucial to
these schemes is the nonlinear deposition of energy into the
propagation medium, the magnitude and distribution of which
determines the depth and axial extent of the index perturbation
constituting the air waveguide. Because such waveguides are
generated using multi-filamenting beams generated by the col-
lapse of higher-order transverse modes [5,7], a basic goal is to
determine the energy deposition per unit length of propagation
for a single filament. Our results presented in this Letter are
distinct from other recent measurements [8–11] of laser propa-
gation and absorption under tight (non-filamentary) focusing
of an ultrashort pulse in air, where because the focusing is lens-
dominated rather than nonlinearity-dominated, the pulse
intensity can exceed the typical clamping intensity in air of

∼5 × 1013 W∕cm2 [12], with an attendant significant increase
in gas ionization and laser absorption.

As a filamenting pulse propagates through the atmosphere,
it deposits energy into the propagation medium through optical
field ionization and by non-resonant rotational Raman excita-
tion of the air molecules [13]. Other energy deposition chan-
nels are present, but are comparatively negligible: heating by
above-threshold ionization, whereby a photo-ionized electron
is born with nonzero kinetic energy [14], and inverse brems-
strahlung heating by laser-driven electron-ion collisions in the
dilute filament plasma [15]. All of the direct excitations of the
air by the filament are eventually converted to a localized
distribution of thermal energy of neutral air [16]; the weakly
ionized plasma channel produced by the filamenting pulse re-
combines in less than ∼10 ns [17], and the rotational excitation
collisionally decoheres on a ∼100 ps timescale [18]. These
times are much faster than the acoustic response timescale
of the filament-heated gas, τa ∼ a∕cs, ∼300 ns, where a ∼
100 μm is the filament diameter and cs ∼ 3 × 104 cm∕s is
the sound speed in ambient air. Femtosecond filament heating
of air creates a narrow and elongated region of elevated thermal
energy density that impulsively drives an outwardly propagat-
ing single-cycle acoustic wave [7,16], leaving behind a long-
lived gas density depression, or “density hole,” which dissipates
on millisecond timescales by thermal diffusion [16].

It is first useful to assess the fraction of absorbed laser energy
that goes into the acoustic wave. Once the single-cycle acoustic
wave propagates away from the laser-heated volume, the gas is
in pressure balance (that is, the pressure is uniform), leaving an
elevated temperature and reduced density at the density hole,
with the temperature and density transitioning to ambient
atmospheric temperature and density outside the hole [7,16].
For an ideal diatomic gas for which only translational and
rotational degrees of freedom are available, the thermal energy
density is related to the pressure by ϵ � �5∕2�P. (The filament-
induced gas temperature rise is insufficient to excite vibrations).
Thus, after the acoustic wave propagates away, the energy den-
sity throughout the region is constant and equal to its pre-laser
heating value. We therefore infer that the acoustic wave carries
away nearly 100% of the energy invested in the gas by the laser
pulse. Other possible energy dissipation channels are thermal
radiation and thermal conduction. For the initial filament-
induced temperature increase of ΔT ∼ 100 K [16], thermal
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radiation is negligible, and on the ∼1 μs timescale over which
the acoustic wave propagates away, thermal conduction has had
little time to affect the energy balance [16].

The above analysis shows that two independent methods
can be used as proportional measures of laser energy absorption:
microphone measurements of the acoustic wave, and interfero-
metric measurement of the density hole remaining after the
acoustic wave propagates away. If the initial absorbed energy
density from the filament is Δϵi � �5∕2�ΔPi, where ΔPi �
N 0kBΔT i is the initial pressure increase upon laser heating,
N 0 is the ambient air density, ΔT i is the initial temperature
increase, and kB is Boltzmann’s constant, a microphone placed
a fixed short distance R from the filament will register a peak
signal amplitude δSmic ∝ ΔPi∕R1∕2 ∝ Δϵi, a proportional
measure of laser energy absorption. Meanwhile, the residual
density hole left behind by the acoustic wave has a maximum
initial depth ΔN i � −ΔT i�N 0∕T 0�, which later evolves as
ΔN �t� � −ΔT �t��N 0∕T 0� as the temperature relaxes to
the ambient value T 0 by thermal diffusion [16]. Therefore,
an interferometric measurement of the depth of the density
hole at a fixed delay, after the acoustic wave has left, is also
a proportional measure of the initial laser energy absorption.

The experimental setup is shown in Fig. 1, incorporating
interferometric and microphone measurements of filament ab-
sorption [Fig. 1(a)], as well as a third independent technique, a
direct measurement of absorption using a broadband photo-
diode and integrating sphere [Fig. 1(b)]. Up to ∼2 m long
filaments were generated by weakly focusing λ � 800 nm
Ti:Sapphire laser pulses at f ∕600 with an f � 3 mMgF2 lens.
Incident pulse energy was varied by passing the beam through a
motorized waveplate followed by two reflections from thin film
polarizers, allowing excellent polarization contrast and fine

pulse energy variation between 0 and 4 mJ. Pulsewidth
was varied by changing the compressor grating separation.
Examination of the beam with a card along the filament
ensured that for all pulse energies chosen, propagation was
in the single filament regime.

For the direct absorption measurements [Fig. 1(b)], reflec-
tion from a thin glass window prior to the start of filamentation
gives a reference photodiode signal proportional to the incident
pulse energy. In the far-field, after self-termination of the fila-
ment, the beam is attenuated by near-normal incidence reflec-
tions (<3° from normal) from a series of glass wedges and sent
into an integrating sphere with an identical photodiode. The
UV-enhanced silicon photodiodes have a relatively flat spectral
response in the visible/NIR spectral region, as do the near-
normal incidence wedge reflections and the integrating sphere
internal coating. This setup accommodates the extreme spectral
broadening induced by filamentation.

The reference and integrating sphere photodiode signals
were absolutely calibrated against a commercial laser energy
meter and relatively calibrated against each another using a
long-pulse (∼10 ns), low-energy, linearly propagating (non-
filamenting) beam, derived from the Ti:Sapphire laser with
the oscillator seed pulse blocked. The photodiode signals were
found to be linearly proportional to each other and to the
incident pulse energy to within 1% throughout the entire range
of energies used in our experiments.

Direct absorption measurements are plotted in Fig. 2 as a
function of incident pulse energy for a range of pulsewidths.
The highest absorption of ∼4% (∼200 μJ) is observed for
the shortest and highest energy pulse (50 fs, 4 mJ). The data
points are replotted on log–log scales in the inset, where dashed
lines following energy (or intensity I ) squared dependences are
overlaid. It is seen in all plots that absorption for the low- to
mid-range of pulse energies (indicated by left- and right-hand
vertical dashed lines) is well-described by an I 2 dependence,
with faster variation at higher energies. Note that the left-hand

Fig. 1. (a) Pulses from a 10 Hz, 800 nm, Ti:sapphire amplifier are
focused at f ∕600 by an f � 3 mMgF2 lens to form a single filament
of length <2 m. (a) A 7 ns, 532 nm interferometer probe pulse (var-
iably delayed between 2–5 ms) is propagated longitudinally along the
filament-induced density hole and into a folded wavefront interferom-
eter for retrieval of Δn�r⊥�, the axially averaged refractive index shift
profile. The inset, (c), shows a typical Δn�r⊥� profile obtained from a
100-shot averaged phase shift profile. (b) Part of the incident pulse
energy is measured by a reference Si photodiode. After filament ter-
mination, the far-field beam mode is near-normally reflected by a se-
quence of wedges and collected by an integrating sphere, enabling a
direct, broadband, and sensitive measurement of absorbed energy.

Fig. 2. Laser pulse energy absorbed in single filamentation versus
input pulse energy, as measured using a pair of calibrated photodiodes
in the configuration of Fig. 1(b). Overlaid points represent measure-
ments of total energy absorption, E abs, determined by longitudinal
interferometry. Error bars on those points are the differences between
largest and smallest measured absorptions. Inset: data points of
(a) replotted on a log–log scale, overlaid with dashed lines depicting
absorption ∝ I2.
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dashed line extends to lower energies for shorter pulsewidths,
consistent with the wider range of intensities available in those
cases. The I2 absorption dependence is consistent with gas ab-
sorption by non-resonant two-photon rotational Raman exci-
tation in nitrogen and oxygen, as discussed in [13,18,19]. At
pulse energies beyond the right-hand dashed line, the absorp-
tion is seen to grow faster than I 2, in accord with the onset of
plasma generation and additional heating, and then saturate (in
the highest peak intensity 50 fs and 70 fs cases) owing to the
limitation of laser intensity by plasma defocusing, or intensity
clamping [12].

The gas hydrodynamic response, from which we infer the
laser energy absorption, was first measured interferometrically
and then sonographically. A variably delayed 7 ns, 532 nm
probe pulse counter-propagating with respect to the filament
[see Fig. 1(a)] provided time-resolved interferometric measure-
ments of the propagation path-averaged gas density depression
in the long time delay thermal regime (a few milliseconds). In
this regime, the mild transverse gas density gradients minimize
refraction and distortion of the probe. Beam propagation sim-
ulations [20] verify that the maximum phase error introduced
by probe refraction over ∼2 m filaments is <5% for our ex-
perimental parameters. To enable quasi-real-time background
subtraction for interferometric phase extraction, the pre-
filamenting beam is passed through an optical chopper with
a 50% duty cycle, alternating shots with and without the
filament.

Interferograms were analyzed using standard techniques
[21] to extract the 2D spatial phase pattern ΔΦ�r⊥� �
k
R
L
0 dzΔn�r⊥; z� imposed on the probe beam by its passage

through the filament-induced gas density hole. Here, Δn is
the air index change resulting from the gas density hole, z
is the filament propagation coordinate, r⊥ is the transverse
coordinate, L is the filament length, and k is the probe beam
vacuum wavenumber.

The initial energy density increase from filament heating can
also be written Δϵi � ρ0cvΔT i, where cv is the specific heat
capacity of air at constant volume, ρ0 is the initial air mass
density, and where

R
d2r⊥dzΔϵi�r⊥; z� � E abs, the total

absorbed energy. Immediately after the acoustic wave has
propagated away and pressure equilibrium is established, the
initial mass density distribution of the density hole follows
Δρi � −ΔT i�ρ0∕T 0� � −Δϵi∕cvT 0. As the temperature pro-
file relaxes by thermal diffusion, we can define an energy density
Δϵ�r⊥; z; t� � −cvΔρ�r⊥; z; t�T 0 which has the propertyR
d2r⊥dzΔϵ�r⊥;z;t��−cvT 0

R
d2r⊥dzΔρ�r⊥;z;t��E abs inde-

pendent of delay. In effect, the magnitude of the energy dep-
osition is encoded in the density profile that remains in the
filament’s wake after the acoustic wave propagates away.
Using Δρ � ρ0Δn∕�n − 1�, where n is the air refractive index
[22], the total energy loss along the filament is then
E abs�−cvT 0ρ0k−1�n−1�−1

R
d2r⊥ΔΦ�r⊥�, where T 0 � 297

K and ΔΦ�r⊥� is determined by interferometry, as discussed.
Interferometry-extracted values of total energy absorption

are overlaid on the curves of Fig. 2 using two input energies
and four probe delays at each energy. The error bars are the
difference between the largest and smallest measured absorp-
tions. These values for absorption are in reasonable agreement
with those obtained directly using the photodiode arrangement
of Fig. 1(b), except that they are consistently smaller, especially
for the highest intensity pulses where the direct absorption and

interferometry results differ by ∼30%. We are currently inves-
tigating this discrepancy, which points to a loss mechanism at
the highest intensities not contributing to thermal heating.

While the interferometry experiment provides overall energy
absorption, detailed longitudinal dependence of energy absorp-
tion was performed using sonographic probing, a technique
used in several filament-related experiments [7,9,15,19,23].
Here, a compact electret-type microphone was scanned along-
side the filament at a transverse distance of R � 1.5 mm
along its entire longitudinal extent. The microphone signal,
δSmic ∝ ΔPi∕R1∕2 ∝ Δϵi, was collected at 2 cm steps along
the filament.

Figure 3 shows longitudinal distributions of energy deposi-
tion per unit length dE abs∕dz for a range of sonographically
probed filaments, where the vertical scale is set by E abs as de-
termined by the longitudinal interferometry experiment, so
that Fig. 3 is a purely hydrodynamically determined result.
The values for E abs are in reasonable agreement with the direct
absorption measurements of Fig. 2. Alternatively, the vertical
scales of Fig. 3 could have been set by the direct absorption
measurements. We note that our results for dE abs∕dz are more
in line with the long pulse simulation results of Ref. [15] at
f ∕500 than the short pulse results in that Letter. An important
question is the dependence of absorption on f-number. We
have found through propagation simulations [15] that the peak
absorption rate in μJ∕cm can drop by a factor of two over
the range f ∕600 → f ∕∞, with average absorption roughly
constant.

For application of filament absorption to air waveguide
generation, it is useful to consider what limits the length of

Fig. 3. Sonographic maps of the linear energy deposition versus
position along the filament. The geometric focus of the f ∕600 optics
is at z � 0. At each position in the axial scan, 100 shots were taken.
The error bars are the standard deviation of the peak microphone sig-
nal at each position. The values of E abs in the legend are integrals of
each curve.
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a single filament. In all cases measured here, filamentary propa-
gation is observed to cease shortly after the vacuum focus with
only a small fraction of the total pulse energy absorbed. Our
measurements suggest that the energy loss does not play a sig-
nificant role in limiting filament length, because at filament
termination, the pulses still contain energy well above the criti-
cal power for self-focusing, P > Pcr. Prior results [24] have
shown that ∼8 m propagation of a non-lens-assisted filament
showed a loss of ∼13% and that a lens placed in the beam path
downstream of filament termination would initiate another fil-
ament. In our case, the dominant effect limiting the length of
filaments appears to be divergence of the background reservoir,
the region outside the filament core that exchanges energy with
it [25,26]. Diffraction-limited focusing of an f ∕600 beam at
λ � 800 nm would normally give a confocal parameter of
2z0∼60 cm, which would roughly describe the axial extent
of the high-intensity region of the filament reservoir.
Nonlinear propagation of both the core and the reservoir ex-
tends this somewhat, as seen in the sonograms of Fig. 3, but the
overall length scale of the filament conforms to the confocal
parameter.

The depth of the gas density hole created by a single fila-
ment directly controls the index contrast between the core and
cladding of the multi-filament-generated air waveguide [5],
which in turn directly determines its numerical aperture. As
seen from the results, increasing the pulse energy (intensity)
in single filamentation increases the energy density absorbed
by the propagation medium. Further increasing the energy,
for example, in each lobe of a higher-order mode will eventually
result in multi-filamentation, with the expectation that the
energy absorption per filament will conform to our measure-
ments. For example, in a scheme similar to [5,6], each filament-
ing lobe from a high-order Laguerre–Gaussian mode could be
made energetic enough to induce multiple filamentation,
raising the possibility of dramatically increasing the energy
deposition, and thereby increasing the core–cladding index
contrast in an air waveguide.

In conclusion, we have presented measurements of the en-
ergy deposited by a single filament for a range of laser energies
and pulsewidths using two fully independent methods: mea-
surements of absolute absorption, and inference of absorption
using interferometric and sonographic measurements of the
hydrodynamic response of air to the filament. Knowledge of
the spatial distribution of energy deposition from filamentation
will inform further study of filament-induced air waveguides,
which show promise for long-range guiding of high-average-
power lasers and remote collection of optical signals.
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