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Abstract

Femtosecond laser filamentation occurs as a dynamic balance between the
self-focusing and plasma defocusing of a laser pulse to produce ultrashort
radiation as brief as a few optical cycles. This unique source has many prop-
erties that make it attractive as a nonlinear optical tool for spectroscopy, such
as propagation at high intensities over extended distances, self-shortening,
white-light generation, and the formation of an underdense plasma. The
plasma channel that constitutes a single filament and whose position in space
can be controlled by its input parameters can span meters-long distances,
whereas multifilamentation of a laser beam can be sustained up to hundreds
of meters in the atmosphere. In this review, we briefly summarize the cur-
rent understanding and use of laser filaments for spectroscopic investigations
of molecules. A theoretical framework of filamentation is presented, along
with recent experimental evidence supporting the established understand-
ing of filamentation. Investigations carried out on vibrational and rotational
spectroscopy, filament-induced breakdown, fluorescence spectroscopy, and
backward lasing are discussed.
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1. INTRODUCTION

The phenomenon of femtosecond laser pulse filamentation in atomic and molecular gases leads
to spectacular reshaping of the pulse in the temporal, spectral, and spatial domains, providing new
capabilities for performing molecular spectroscopy. The physics of laser filamentation has been
reviewed previously (1–3); here we focus on the aspects of filamentation that lend themselves to
spectroscopic investigations as a result of laser pulse reshaping. Temporal reshaping of the pulse
envelope due to the interplay between nonlinear propagation effects leads to self-shortening of the
pulse to durations as short as a few femtoseconds, or just several oscillations of the electromagnetic
field at a carrier frequency of 375 THz (800 nm). Self-shortening is accompanied by the generation
of coherent spectral bandwidth spanning the visible and infrared (IR) regions of the spectrum.
These few-cycle laser pulses can impulsively excite rotational and vibrational motion in molecules,
generating a coherent wave packet comprising a superposition of internal molecular states, which
is described by

�(t) = �iψi (t, θi ), (1)

where �(t) is the time-dependent wave packet, which is described by a set of eigenstates, ψ i, of
the molecule having a definite phase relationship between them, θ i. In the case of propagation
in air, the filament forms rotational and vibrational quantum wakes (4, 5) that propagate forward
at the group velocity of the exciting pulse and continue to recur at a particular point in space
until dephasing eliminates the coherence. The rotational and vibrational coherences excited in a
filament can be imprinted on a second laser beam propagating through the wake of the filament to
provide spectroscopic information about the medium. Rotational revivals in air form the dominant
contribution to the index of refraction (6–8) and can either focus or defocus light propagating
through the medium. The high intensity in the filament will also ionize the medium, resulting in a
weak, underdense plasma string that can be used, for instance, to trigger and guide a high-voltage
discharge (9). Finally, the high intensity of the pulse can be used to ablate and vaporize solid
materials, serving as a source of atomic emission for filament-induced breakdown spectroscopy
(10), and in fact, this led directly to the intact vaporization of molecules for atmospheric pressure
mass spectrometry and the laser electrospray mass spectrometry technique (11–13).

A femtosecond laser pulse propagating in a gaseous medium at a sufficiently high peak power
undergoes self-focusing (14), also known as Kerr lensing. Self-focusing occurs when the power con-
tained in the laser pulse exceeds the critical power for self-focusing in the medium, given by Pcrit =
3.77λ2

0/8πn0n2 for a Gaussian beam, where λ0 is the laser wavelength, n0 is the linear refractive
index at the laser wavelength, and n2 is the coefficient of the nonlinear refractive index (15). Above
the critical power, the refractive index gradient caused by the optical Kerr effect exceeds the effect
of diffraction on the laser beam, causing the beam to contract. Under these conditions, the beam
rapidly focuses, leading to the generation of ever-higher intensities. Catastrophic beam collapse is
avoided when the intensity of the laser pulse becomes high enough to ionize the medium, gener-
ating free electrons that provide a negative contribution to the index of refraction gradient across
the beam profile. The index of refraction contribution of the free electron distribution is given by
−ω2

p/2ω2, where ωp = [4πe2ne(I)/me]1/2 is the plasma frequency, ω is the optical frequency, ne(I)
is the intensity-dependent electron density, and me is the mass of an electron. The radially depen-
dent electron density distribution produced by the intensity distribution of the laser thus provides
a defocusing mechanism. A dynamic equilibrium between the Kerr focusing and plasma defocus-
ing effects leads to extended propagation of the beam at high intensities (∼1013 W cm−2 in air),
typically over a distance of the order of meters in length, which results in a visible propagation
channel originating from bremsstrahlung and fluorescence emission. The so-called white-light
plasma string formally constitutes the region of the femtosecond laser filament. The interplay of
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the optical field with the instantaneous electronic, delayed nuclear (for molecular species), and ion-
ization responses of a medium provides a simple and robust means to produce few-cycle laser pulses
(16, 17). In turn, one can use the few-cycle laser pulse thus generated to interact with all modes of
nuclear motion known, ranging from very slow rotational modes to the highest-frequency ground
electronic state vibrational mode possible (in H2). Such pulses can be used as ultrafast probes of
chemical processes and also allow standoff detection in experiments ranging from the detection
of Raman-active modes to laser-induced breakdown spectroscopy. With respect to performing
spectroscopy, white-light filamentation also has the benefit of decreased noise in comparison with
the driving pulse due to the phenomenon of intensity clamping in the filament (10, 14, 18).

Gas-phase filaments have been formed using driving lasers with wavelengths ranging from the
ultraviolet (UV) (19, 20), to the near-IR (14), to the mid-IR (21–23). The power threshold for
filamentation in the UV is lower than in the near-IR range because the index of refraction for air
increases with laser frequency, and there is an inverse relationship between n0 and Pcrit, as described
above. In the mid-IR range, one has access to the anomalous dispersion regime, and the threshold
for filamentation may again decrease. Experiments are currently underway to explore this regime
using ytterbium laser systems delivering multimillijoule energies in the mid-IR (23, 24).

2. HISTORY OF FILAMENTATION

In 1962, Askaryan (25) predicted laser filamentation in the condensed phase shortly after the in-
vention of the laser, and it was first observed using a ruby laser by Hercher (26) in 1964. The
visible damage tracks seen upon propagation of the laser through optical glass were interpreted
as self-trapping of the beam, initiated by the optical Kerr effect, with subsequent propagation in a
self-induced dielectric waveguide (27). An alternate model was later proposed that considered the
sequential focusing of different intensity slices of a laser pulse onto the propagation axis, giving
the appearance of one continuous filament (28). This model was later verified for the case of
nanosecond pulses (see 29). Subsequent work showed that filamentation is a complex, dynamic
phenomenon, and researchers made growing experimental and theoretical progress toward un-
derstanding nanosecond and picosecond pulse self-focusing in the following years (15, 29). One
important aspect of filamentation, noted early on, is the remarkable frequency broadening that
occurs. In 1970, Alfano & Shapiro (30–32) first reported the formation of a continuous spectrum
spanning thousands of wave numbers (continuum generation) during filamentation by using pi-
cosecond pulses in glasses, crystals, and atomic liquids. This observation was markedly different
than self-phase modulation induced by nanosecond pulses, with characteristic spectral modu-
lations that suggested the formation of very short optical transients (10−13–10−15 s) caused by
shocks formed through self-steepening (33) or optical breakdown (34). Such experiments served
as a means to conveniently generate bright, coherent, spectrally broad radiation that could be used
directly for optical spectroscopy with picosecond (35) and femtosecond (36) time resolution.

Filamentation in atmospheric gases was initiated by nanosecond experiments in the late 1980s
that considered long-range self-focusing (e.g., 37). In 1987, Kühlke et al. (38) reported the spectral
broadening of focused femtosecond laser pulses in air with evidence of self-focusing. Following the
innovation of chirped-pulse amplification by Strickland & Mourou (39) and the development of
titanium-sapphire-based femtosecond chirped-pulse amplifiers in the early 1990s (40–42), Braun
et al. (14) observed self-channeling of 200-fs laser pulses at peak powers slightly higher than
10 GW in air. In this seminal paper, the authors reported whole-beam self-focusing that generated
80-μm-diameter filaments, with approximately 750 μJ of energy in each filament, which prop-
agated over several tens of meters. They also reported white-light generation, conical off-axis
emission, and clamping of the laser intensity at approximately 7 × 1013 W cm−2, as calculated
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from the measured beam parameters assuming a constant pulse duration. The origin of fem-
tosecond laser filamentation over long distances (∼20 m) was identified as a balance between
self-focusing induced by the optical Kerr effect and ionization induced by defocusing, similar to
the observations of Umstader & Liu (43) several years earlier for focused-beam geometries. Braun
et al.’s report ignited the intensive investigation of laser filamentation, with applications ranging
from the control of high-voltage discharges to remote sensing (44–47).

Early theoretical work predicted that laser filamentation would produce sharp temporal features
that could result in pulses shorter than the original driving pulse. In fact, some simulations sug-
gested that self-shortening from ∼25 fs to a single optical cycle could be possible using an 800-nm
laser pulse (48). As detailed below, this self-shortening occurs automatically with an extraordinary
degree of robustness in the laser filamentation process. In addition, the mode profile of the fila-
ment is normally a nearly perfect Gaussian radial intensity distribution, even with poor incident
pulse characteristics (49). The inherent self-shortening and mode cleaning serve as motivation for
much of the spectroscopic work reviewed here.

3. GENERAL MECHANISM OF FEMTOSECOND FILAMENTATION

The moving-focus model of filamentation (15, 28, 29) was shown to be accurate for long (nanosec-
ond and subnanosecond) pulses 20 years prior to the observation of femtosecond laser filaments.
The observations of Braun et al. (14) and subsequent investigations (45–47, 50) raised new ques-
tions about the mechanism of filamentation by femtosecond-duration pulses. In particular, the
moving-focus model was found to be unable to accurately predict the extension of filaments
beyond the linear focus when formed in focusing geometries (50). The self-channeling, or self-
waveguiding, model also failed over long distances, owing, in first approximation, to the absorption
of the laser field during plasma formation, thus disrupting the static balance of the Kerr focus-
ing and plasma defocusing nonlinearities (51). These inconsistencies led to Mlejnek et al.’s (52)
proposal of a new propagation paradigm termed “dynamic spatial replenishment.” The dynamic
spatial replenishment model recognizes the spatial and temporal effects of self-focusing and plasma
defocusing on the pulse envelope during propagation. These combined effects initially cause the
trailing portion of the pulse to be spatially defocused, at which point plasma generation is curtailed
and self-focusing again becomes dominant, a process that can occur multiple times until the peak
power drops below that needed for refocusing. Thus, filamentation is sustained by a succession of
focusing and defocusing events that depend on the pulse characteristics and medium parameters.
The focusing and defocusing events are not static in the sense that focusing does not balance defo-
cusing, as occurs in a soliton-like solution (51–54). Although these results show that filamentation
(in the gas phase) is largely dominated by the processes of self-focusing and plasma defocusing,
they also show that even small changes in either the propagation medium or the driving laser
pulse significantly affect the pulse propagation. Furthermore, a host of linear and nonlinear effects
contributes to the complex propagation dynamics, including dispersion, diffraction, instantaneous
and delayed (rotational/vibrational) Kerr-like nonlinearities, self-steepening, space-time focusing,
plasma generation, and multiphoton absorption. This fact is born out by the incredible diversity
of measurements made in the nearly two decades since the study of high-power femtosecond laser
filamentation was initiated by Braun et al. (14).

4. THEORETICAL DESCRIPTION OF FILAMENTATION

A brief discussion of the theoretical description of pulse propagation is constructive in under-
standing the relevant participating linear and nonlinear processes that govern the filamentation
dynamics. The nonlinear envelope equation (55), a generalized form of the so-called nonlinear
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Schrödinger equation, has been widely used to describe the propagation of ultrashort pulses in
various media (see 56, 57, and references therein). Here we follow the recent derivation (56) and
discuss the implications of the various nonlinear effects that are important for spectroscopic ap-
plications of femtosecond laser filamentation. The nonlinear envelope equation for the forward
component of the field, E, with a central frequency ω0 in the retarded time frame (t = t − z/vg )
can be written

∂

∂z
E = i

2k0
T −1∇2

⊥ E + i DE + i
ω0

c
n2T

[
(1 − xK ) |E|2 + xK

∫ t

−∞
R (t − t′)

∣∣E (t′)
∣∣2 dt′

]
E

− i
k0

2n2
0ρc

T −1ρE − σ

2
ρE − U i W (I ) (ρnt − ρ)

2 |E|2 E,

(2)

T =
(

1 + i
ω0

∂

∂t

)
, (3a)

∂

∂t
ρ = W (I )(ρnt − ρ) + σ (ω0)

U i
ρ |E|2 − f (ρ), (3b)

where the first term on the right-hand side of Equation 2 accounts for diffraction, the second
term for dispersion, the third term for instantaneous and delayed Kerr effects, the fourth for pho-
toionization, the fifth for collisional ionization, and the last for absorption losses due to photoion-
ization. Space-time focusing and self-steepening are taken into account through the operator T
(Equation 3a) in front of the diffraction and Kerr terms, respectively. The Raman response func-
tion R (t − t′) accounts for the rotational response in molecular gases such as nitrogen and oxygen
and can be described using models that are relatively simple (58) or more sophisticated (6, 59–61),
depending on the desired accuracy and the timescale of interest. Equation 3b defines the evolution
of the plasma density, ρ, on the right-hand side in terms of the intensity-dependent photoion-
ization rate, W(I), collisional ionization, and electron recombination/attachment to adjacent ions.
Additional parameterization to include quintic and higher-order Kerr effects has been extensively
considered (see 62–68).

Generalized nonlinear Schrödinger equation simulations have been used to garner significant
insight into the mechanism of femtosecond laser filamentation (1, 56), particularly in the area of
pulse self-shortening. Brée et al. (69, 70) recently showed that the essential dynamics of filamen-
tation can be understood using a reduced model considering only the instantaneous Kerr effect
and plasma generation:

∂

∂z
E = i

2k0r
∂

∂r
r

∂

∂r
E + i

ω0

c
n2 |E|2 E − i

1
2ρc

ω0

c
ρ(I )E, (4)

ρ (I ) = ρnt

(
1 − exp

[
−

∫ t

−∞
dt′W (I (t′))

])
, (5)

where radial coordinates have been used. With these approximations, the mechanisms of pulse
reshaping during filamentation have been restricted to include only spatial effects. Brée et al.’s
results demonstrated that the evolution of a femtosecond pulse in a single filament occurs in
three steps: plasma-induced pulse breaking, isolation of one of the on-axis temporal peaks, and
subsequent temporal compression. Self-focusing causes a rapid increase in the on-axis intensity
and ionization of the medium at the leading edge of the pulse. The radially dependent degree
of ionization leads in turn to spatial defocusing of the trailing edge. These effects produce an
asymmetric pulse profile on the optical propagation axis and a temporally shortened pulse on the

www.annualreviews.org • Gas-Phase Femtosecond Laser Filamentation 609



PC65CH27-Levis ARI 17 February 2014 14:29

optical axis due to the generation of blue frequencies from the rapidly changing electromagnetic
field as a function of time, dE/dt. Subsequently, if the defocused trailing edge of the pulse has
sufficient power for self-focusing, refocusing will occur, generating a characteristic multipeak
temporal profile in the center of the pulse. Even as the trailing edge is refocusing, the leading edge
is attenuated on the optical propagation axis by diffraction, dispersion, and absorption. Ultimately,
only the trailing portion of the pulse survives and is temporally shortened by the preservation of
the high-intensity on-axis component, which resists diffraction by the optical Kerr effect. This
interpretation of the dynamic spatial replenishment model is confirmed by simulations performed
using Equation 2, which show that a similar dynamic reshaping of the pulse occurs, as predicted
by the reduced model (69).

5. HIGHER-ORDER KERR HYPOTHESIS

In 2009, a report challenged the standard model of filamentation as a dynamic balance between
Kerr focusing and plasma defocusing, by claiming the measurement of higher-order terms in
the nonlinear polarizability using time-resolved pump-probe polarization spectroscopy. Loriot
et al. (71) measured the transient birefringence imposed by a strong pump pulse on a weak probe
pulse with a relative polarization of 45◦ in a heterodyne-detected configuration and observed
that the overall phase accumulation (or index of refraction) of the electronic contribution to the
signal became negative for high pump intensities. The subsequent field-free rotational wave-
packet revivals observed in molecular gases allowed the decoupling of the rotational contribution
to the instantaneous polarization. The authors attributed the negative phase contribution to the
saturation and inversion of the nonlinear refractive index through the optical Kerr effect and
modeled it using a Taylor expansion of the Kerr terms up to eighth (n8) order for nitrogen,
oxygen, and air and tenth (n10) order in argon. Loriot et al.’s results suggested that saturating
higher-order Kerr terms could compete with or even replace plasma as the primary defocusing
mechanism that balances self-focusing in a filament.

This report sparked a heated debate over both the measurement itself and the fundamental
quantum mechanical behavior of an electron in a strong laser field. Shortly after the so-called
higher-order Kerr effect (HOKE) was proposed (71), Wahlstrand et al. (72) provided an alternate
interpretation of Loriot et al.’s transient birefringence data, attributing the observed sign inversion
to plasma-induced birefringence that occurred through two-beam coupling. Further measure-
ments of the nonlinear optical responses of N2 and the noble gases using spectral interferometry
showed that the electronic response remains positive well beyond the threshold for ionization (8,
20, 72). The resolution of the discrepancy between the transient birefringence measurement and
these results was the finding that the authors of Reference 71 neglected the cross-phase modulation
term originating from a spatial ionization grating that couples pump photons into the probe field
direction, giving rise to a net polarization rotation. Spectrally resolved transient birefringence mea-
surements made in the same configuration as the original measurement (71) showed that the ion-
ization grating model reproduced the sign inversion of the birefringence for degenerate pump and
probe frequencies, but not for nondegenerate pump and probe frequencies, and that the inversion
scaled with the expected rate for multiphoton ionization at the frequency used in the measurement
(73). A subsequent investigation at 800 nm using degenerate spectral interferometry and spectrally
resolved transient birefringence confirmed these findings and provided a rigorous treatment of
the effects governing pump-probe experiments in the strong-field regime (74). These experiments
demonstrated that the original transient birefringence measurements (71) were misinterpreted.
Time-dependent Schrödinger equation (TDSE) calculations on atomic hydrogen revealed that
the standard models of femtosecond filamentation (i.e., models incorporating either multiphoton

610 Odhner · Levis



PC65CH27-Levis ARI 17 February 2014 14:29

ionization or tunnel ionization without higher-order Kerr contributions) fit the TDSE calcula-
tions reasonably well, whereas the HOKE model and an additional parameterization of the HOKE
model fail to adequately reproduce the TDSE results (75). Further investigations are underway.

6. EXPERIMENTAL MEASUREMENT OF PROPAGATION DYNAMICS
AND FILAMENT PROPERTIES

6.1. Impulsive Vibrational Excitation Measurements

In situ measurements testing theoretical predictions of femtosecond pulse propagation dynamics
in a gas-phase filament were first accomplished using a spectroscopic method (76) in which
the longitudinal dynamics of laser filamentation was measured using impulsive stimulated
Raman scattering (ISRS) (77) from molecular vibrations. The filament wake was probed using a
picosecond laser pulse along the propagation axis, z, to determine the extent of self-shortening
as a function of the longitudinal propagation of the beam. Pulse self-shortening in the filament
leads to impulsive excitation of each Raman-active vibrational mode present in the medium (77),
in this case air, when the vibrational period is comparable to or longer than the self-shortened
pulse. The detected impulsively excited Raman scattering signal along the probe beam path is
given by the following expression:

SISRS(τ ) =
∫ ∞

−∞
dt

∣∣Epr(t)
∣∣2

∣∣∣∣
∫ ∞

−∞
dt′ ∣∣Epu(t + τ − t′)

∣∣2
χvib(t)

∣∣∣∣
2

, (6)

where Epu(t) and Epr(t) are the pump (filament) and probe electric fields, and χ vib(t) is the linear
response function associated with the polarizability of individual vibrational modes. For air, the
major constituent molecular species present are nitrogen, oxygen, and water vapor. In the case
of O2, the vibrational Raman shift of 1,554 cm−1 corresponds to a vibrational period of 21.5 fs;
similarly, N2 (ωvib/2π c = 2,330 cm−1) and H2O (ωvib/2π c = 3,650 cm−1) have vibrational
periods of 14.3 fs and 9.1 fs, respectively.

To meet the requirements for ISRS, the exciting laser pulse must exhibit a sufficiently high
spectral power density to excite the Raman transition of the molecule. In addition, the pulse must
contain an overall temporal structure that (a) is shorter than the period of the Raman mode to
be excited and (b) does not have a multipeak profile that would result in destructive interference
of the Raman wave packet. For an ultrashort (>50 fs) pulse producing a single filament under
forced focusing conditions, numerical simulations predict that pulse breakup will not lead to the
formation of more than two or three subpulses (70) and that isolation of a single subpulse is not
an unusual outcome, suggesting that pulse shortening can be effectively monitored by measuring
the amplitudes of the different Raman modes excited in the filament as a function of longitudinal
position.

Employing a 1.9-mJ, sub-50-fs laser pulse focused by an f = 2.27-m lens in air to generate
a white-light filament, investigators measured the Raman response of N2, O2, and H2O. The
appearance of the Raman signal before the geometric focus in Figure 1b reveals the influence of
space-time focusing and self-steepening, which initially shortens the pulse so as to be able to excite
both O2 and N2. The pulse then undergoes dynamic changes in structure after the nonlinear focus,
which leads to oscillations in the Raman signal, before refocusing efficiently compresses the laser
pulse, resulting in an increase of two to three orders of magnitude in the Raman signal strength
from O2 and N2 and the appearance of the H2O Raman peak.

Measurement of the combined electronic and atomic emissions and molecular fluorescence
from the filament (termed plasma emission below) as a function of propagation distance provides
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Figure 1
(a) Integrated fluorescence profile of a filament generated by a 1.9-mJ, sub-50-fs laser pulse in air focused by
an f = 2.27-m lens. (b) Longitudinally resolved Raman signal from air. The intensities of the vibrational
features for oxygen, nitrogen, and water are shown in red, dark blue, and light blue, respectively. Figure
adapted with permission from Reference 76, copyright 2010 by the American Physical Society.

additional information regarding the position and intensity of the laser radiation in the filament.
Such measurements made under the same filamentation conditions as the Raman measurements
described above reveal two distinct focusing events during filamentation. The intensity of the
plasma emission shown in Figure 1a is primarily a function of the radial fluence profile and the
local pulse duration, and as a result, only general dynamics can be inferred from the data.

The spectral measurements provide evidence for pulse shortening but do not uniquely deter-
mine the temporal pulse shape with respect to the envelope and phase. Measuring the impulsive
excitation of a particular vibrational mode with a given period is not sufficient to determine the
duration or temporal structure of the filamenting laser pulse. Many more vibrational frequen-
cies would be required to uniquely determine the phase and amplitude dynamics as a function of
propagation distance.

6.2. Transient-Grating Cross-Correlation FROG Measurement
of Propagation Dynamics

Direct measurement of the spectral amplitude and phase of a pulse undergoing filamentation
using conventional pulse characterization methods is challenging because the intensity in the
filament channel is sufficiently high so as to destroy optical components inserted in the beam
path. Extraction of a small portion of the filament using an optic at grazing incidence is possible
(78, 79), but the filament then passes through a solid material, altering its phase characteristics.
The phase and amplitude information is crucial for validating simulations and for developing new
spectroscopic probes based on filamentation.

To determine the temporal amplitude and phase of a pulse undergoing filamentation, re-
searchers have performed transient-grating cross-correlation frequency-resolved optical gating
(TG-XFROG) measurements. In this method, a transient grating is created in an inert gas (argon)
by crossing two weak pulses, forming an optical interference pattern (Figure 2). An instantaneous
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Figure 2
Experimental arrangement for transient-grating cross-correlation frequency-resolved optical gating (TG-
XFROG) measurements of a filament: (a) 80/20 beam splitter, (b) f = 2.27-m lens, (c) delay stage, (d ) 50/50
beam splitter, (e) f = 0.5-m lens, ( f ) argon jet, and ( g) USB spectrometer. The interference pattern generated
by overlapping two intense pulses in air is shown in the lower right. Figure taken from Reference 138.

polarization is then induced in the inert gas to create a real grating at a specific point in space
and time. The filament then diffracts off the grating, and the diffracted light is measured using
a spectrometer. The intensity of the probe beams is kept below the ionization threshold, thus
avoiding the creation of a persistent plasma grating that would compromise the measurement.
The spectrogram generated by measuring the diffracted filament light as a function of time delay
between the filament and the probe pair provides the input to the FROG inversion algorithm
used to extract the spectral (temporal) phase and amplitude at that particular position along the
propagation axis of the filament. These measurements, repeated at different locations along the
filament propagation path by translating the filament-generating lens, provide the temporal phase
and amplitude dynamics of the pulse undergoing filamentation. In the preliminary measurements
shown here, the distance from the focusing lens is fixed and the power of the incident beam is
varied to understand its role in pulse compression.

Figure 3 shows the TG-XFROG retrievals made at a distance of z = 255 cm from the f =
2.27-m lens as a function of laser power, for which the maximum self-shortening is observed for
a pulse energy of ∼2 mJ. The relative time axes of the retrieved pulses are referenced on the
position of a weak subpulse several hundreds of femtoseconds away from the main pulse, which is
unaffected by the filamentation process. The intensity is provided in units of Pcrit, which is taken
to be 10 GW in air (80). As the power of the laser is increased, the pulse shifts forward in time as
a result of plasma-induced defocusing at the back of the pulse. The double-peaked pulse profile
observed at powers above Pcrit is attributed to refocusing of the trailing edge of the pulse. At
3Pcrit, the refocusing tail dominates the temporal profile and significant blue-side broadening has
occurred, extending the spectral edge to approximately 600 nm. The temporal amplitude of the
pulse measured using the maximum power available here (3Pcrit) reveals that the pulse self-shortens
from 50 fs to 17 fs full width at half maximum with a 5-fs edge. These results are in qualitative
agreement with the simulations of Brée et al. (69, 70, 81).
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Figure 3
Filament (a) temporal and (b) spectral profiles (normalized intensities) versus input power measured 255 cm
from the 2-m lens. (Inset) The linear spectrum and phase of the filament pulse at 3Pcrit. Figure taken from
Reference 138.

6.3. Intensity Clamping and Mode Cleaning

As noted in Section 3, a laser undergoing self-focusing will eventually create a plasma that balances
the Kerr lens to form an extended filament in which the intensity is limited to a value related to
the ionization rate of the medium. To first approximation, this occurs when n2I ≈ ne(I)/2ncrit,
where ncrit is the critical plasma density (14, 82). Estimates of the clamping intensity have been
consistently placed at around several tens of terawatts for femtosecond laser filamentation since
the earliest experiments. Because the Kerr effect and the ionization rate in turn depend on the
atomic or molecular composition of the gas and the wavelength of the laser pulse, the dynamic
balance in the filament will vary accordingly. Fluorescence emission has been used extensively to
characterize filament propagation and intensity clamping (18, 83) because of the straightforward
relationship with the intensity of the exciting laser pulse, although it does not have the spatial
resolution to disentangle the radial pulse characteristics.

Studies have shown that intensity clamping leads to comparable or better pointing stability
(84) and energy stability (85–87), even for higher-order processes such as four-wave mixing and
third-harmonic generation. Filaments produce highly stable fluorescence emission (88). As in-
tensity clamping can mediate the intensity and energy fluctuations inherent in the laser source,
this immediately leads to better signal-to-noise characteristics in the beam as the shot-to-shot
fluctuations in intensity are reduced in comparison with measurements made using the initial
laser beam out of the cavity. Intensity clamping has been shown to be pressure independent (89),
and this observation remains valid even at very high pulse energies (90, 91), although multiple
filamentation plays a dominant role in this case. In addition to intensity clamping, the filament
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beam automatically generates a nearly perfect spatial mode (49, 92). Again, this serves to improve
the source as a means for probing chemical signatures.

7. SPECTROSCOPIC INVESTIGATIONS WITH FILAMENT SOURCES

The unique self-shortening and intensity clamping properties of laser filamentation in air have
enabled several interesting new measurements on molecules, including rotational, vibrational,
fluorescence, optical breakdown, terahertz sensing, and single-shot rotational measurements.
Pulse self-shortening combined with four-wave mixing in a variety of gaseous media provides
ultrashort laser pulses with bandwidths spanning 150 nm to 14 μm (85, 93–102). This allows
temporal and spectral measurements that exceed the characteristics possible with conventional
amplified laser pulses. In addition, the intensity clamping allows measurements with higher signal
to noise in a given number of laser shots in comparison with conventional laser sources.

7.1. Rotational Spectroscopy

Excitation of rotational wave packets in molecular gases can strongly influence the propagation
of a time-delayed probe pulse in the wake of a filament. A linearly polarized pulse will exert a
torque on an isotropic distribution of linear molecules that have differing polarizability between
the principal axes, leading to an induced interaction Hamiltonian, given by

Hind = −1
4

E2 (
α|| − α⊥

)
cos2 θ, (7)

where E is the electric field; α‖ and α⊥ are the components of the polarizability parallel and
perpendicular to the principal axis, respectively; and θ is the angle between the principal axis and
the polarization of the laser field (103). This torque causes the molecules to align while the laser is
on and then produces periodic field-free molecular alignments in the medium after the laser pulse
passes. The rotational wave packet thus created has a phase velocity equal to that of the pulse,
propagating through the medium close to the speed of light. This propagating alignment, and its
accompanying transient change in the index of refraction, has been termed a quantum wake (4).

Calegari et al. (104) first observed the effect of filament-induced impulsive rotational excitation
on a weak, copropagating probe laser pulse. Strong spatial confinement and simultaneous spectral
broadening and shifting were observed at delays corresponding to rotational revivals. The authors
then further investigated the spectral and spatial reshaping of a probe pulse and compared it with
numerical simulations (105). The alignment maxima and minima were correlated with parallel
and perpendicularly oriented probe pulse data by comparing the spectrally integrated signal to
the induced alignment 〈cos2 θ〉 calculated for nitrogen. They also observed the expected revival-
induced birefringence imprinted on the probe pulse. In that experiment, crossed polarizers were
used to determine the amount of polarization rotation in the probe beam due to the anisotropic
polarizability introduced by the rotational alignment.

The effect of a preformed rotational quantum wake on the filamentation of a laser pulse has
also been investigated. Varma et al. (4) showed that the filamentation of a pulse can be controlled
by the timing delay between a rotational quantum wake excited by a moderately intense pump
pulse and a probe pulse having sufficient power to produce a filament. At the well-defined revival
times at which the molecules undergo alignment and antialignment, radially symmetric indices
of refraction are created that can serve to focus or defocus the high-energy probe beam. Varma
et al. (4, 106) reported that a filament can be trapped or destroyed by a molecular quantum wake,
providing a possible enhancement to filament properties such as length and plasma density.
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The propagation of intense filament pulses also leads to a nonlinear polarization anisotropy
through the instantaneous (electronic) response as well as the delayed (rotational, vibrational, and
ionization) responses of the medium. Experimental measurements of filament-induced birefrin-
gence were first reported for the case of pump-probe overlap in argon (107) and air (108) and
subsequently in air resulting from rotational revivals by Marceau et al. (109). Using the filament-
induced birefringence as a probe, Marceau et al. were able to track the revivals of oxygen and
nitrogen in air and extract the rotational revival times, in agreement with previous measurements.
In these experiments, the linearly polarized pump and probe beams were prepared with 45◦ ro-
tation in their respective polarization directions. Whenever rotational alignment occurred, the
polarizability of the medium became anisotropic, causing a slight rotation of the plane of polar-
ization of the probe laser radiation. Such polarization rotation is typically detected using a pair of
crossed polarizers, in which the geometry of the first polarizer defines the plane of polarization
of the incident probe radiation and the second, placed at 90◦, measures any polarization rotation.
The measurements can be acquired either in a homodyne configuration in which the intensity
(|E|2) is measured or in a heterodyne configuration in which the electric field (E) is measured.
For these cases, the signal is respectively proportional to

I hom
sig (τ ) ∝

[
〈cos2 θ〉ϕ(τ ) − 1

3

]2

, (8)

I het
sig (τ ) ∝

[
〈cos2 θ〉ϕ(τ ) − 1

3
+ C

]2

, (9)

where θ is the angle between the molecular axis and the polarization of the field, and C represents
a permanent contribution to the signal (constant) that is proportional to the electric field (110).

7.2. Single-Shot Rotational Spectroscopy

Femtosecond-duration pulses that have undergone filamentation can also be used to probe the
rotational structure of the constituent gas after impulsive excitation in a single-shot configuration.
In this experiment, one leverages the fact that the rotation period of a molecule (>1 ps) is typically
much longer than the duration of a regeneratively amplified femtosecond laser pulse (typically
of duration 35–150 fs), and the rotational motion can be excited simply using the pulse emitted
by the regenerative amplifier. In fact, the criterion for impulsive excitation is that the laser pulse
be of a similar order of magnitude to the pertinent motion; thus, a rotational mode can even
be excited by a 1–10-ps pulse, depending on the size of the molecules of interest. The impulsive
rotational response is often measured using a scanning delay line with the probe pulse interrogating
a particular section of the excited medium defined by the crossing angle of the pump and probe
beams and their relative positions in time. A scan typically requires several minutes to complete
and provides spectral information regarding the molecules excited by the beam (110, 111). The
rotational response can also be mapped onto a temporally dispersed (chirped) probe beam, for
which the magnitude of the dispersion sets the temporal window accessible using a single probe
pulse (112, 113). In this manner, the time delay is mapped on the spectral component that interacts
with the recurring rotational response.

The spectral broadening that occurs during filamentary propagation provides an ideal source
of coherent radiation spanning one or more octaves of bandwidth in the visible region using a
fundamental wavelength of 800 nm. By temporally dispersing the white-light pulse generated by
the filamentation process, McCole et al. (114) showed that rotational revivals excited impulsively
can be probed simultaneously over a long (>65 ps) temporal window (Figure 4). Owing to the
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Figure 4
Principle of time-resolved rotational wave-packet spectroscopy using a chirped white-light filament as a probe. (a) The
out-of-quadrature signal is subtracted from the in-quadrature signal and divided by the reference probe spectrum to yield the pure
heterodyne signal. (b) The heterodyne signal is mapped via the white-light pulse group delay to yield the time-resolved signal (c). Figure
adapted with permission from Reference 114. Copyright 2013 by the American Chemical Society.

simultaneous generation of the continuum components in the filament, the relative phases of the
spectral components are well defined and depend only on the dispersion of the material encoun-
tered by the beam after the filament. In a highly dispersive glass such as SF11, a large frequency
chirp can be applied to the filament pulse, enabling a significant portion of the rotational spectrum
to be measured in a single laser shot. The rotational wave packets created in the molecular medium
by an intense pump pulse interact with the white-light probe through cross-phase modulation-
induced birefringence that is detected through a quarter-wave plate and crossed analyzer. Linear
molecules, including N2, O2, and CO2, were measured, as were several asymmetric tops, including
ethylene and methanol.

7.3. Impulsive Stimulated Vibrational Raman Scattering

A powerful application of the natural pulse shortening that occurs during filamentation is the im-
pulsive excitation of vibrational modes in molecular media. Such impulsive excitation occurs when
the duration of the pulse becomes shorter than the characteristic vibrational period of a Raman-
active mode. As detailed above, this has been used to measure the dynamics of filamentation (76),
but the method can also be applied to the detection of airborne molecules. Indeed, Calegari et al.
(115) first recognized the potential of time-resolved filament-assisted ISRS for molecular detec-
tion, demonstrating detection of the CO2 Fermi doublet in an impulsive pump–impulsive probe
configuration with the chirped-mirror-compressed output of a filament generated in argon. The
rapid (8-fs period) vibration of H2 was also measured in that study, facilitated by self-shortening of
the pulse during propagation in the sample itself. Further investigations expanded on the method,
detecting the major vibrational modes in N2, O2, CO2, N2O, CH4, and C2H6, as well as the full
Raman response (rotational and vibrational) of H2 (116).
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The vibrational spectrum of air comprising oxygen and nitrogen. (Inset) The rotational-vibrational Raman
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and the fundamental vibrational transition are observed. Figure adapted with permission from Reference
139. Copyright 2011 by the American Chemical Society.

The impulsively excited Raman response can also be extracted using a frequency domain mea-
surement, in which a picosecond-duration probe pulse interferes with the time-dependent po-
larizability of the medium caused by the coherent molecular motion to generate side bands via
coherent anti-Stokes and Stokes Raman scattering. Odhner et al. (5) demonstrated the direct exci-
tation of vibrations by filamentary self-shortening of a 50-fs pulse with no chirp compensation for
the case of H2 using a filament in air. In this experiment, the authors generated a narrowband probe
beam using a zero-dispersion 4-f spectral filter composed of a grating, a cylindrical mirror, and a
controllable slit in the Fourier plane of the filter. Owing to the hard edges in the spectral filter,
the probe pulse exhibits a sinc2 temporal profile, and to minimize cross-phase modulation while
maximizing the probe overlap with the excited medium, the authors set the pump-probe time
delay to ∼750 fs (pump preceding probe), which is the first minimum in the probe temporal
intensity profile. This maximizes the signal-to-noise ratio, given the relatively rapid (several pi-
coseconds) dispersion of the vibrational wave packet for gas-phase diatomic and small polyatomic
molecules. The entire spectrum is generated in a single laser pulse, and the spectrum spans the low-
frequency rotational modes through the O2 and N2 stretch to the fastest fundamental mode of H2

at 4,155 cm−1 (having an 8-fs period) (Figure 5). This indicates that self-shortening of the filamen-
tary pulse has produced a temporal feature in the filament that is shorter than 8 fs. The spectrum
also indicates that the method has respectable signal to noise (∼10,000) in just a few milliseconds of
acquisition time for the gas-phase coherent Raman process. There is no restriction on the pump or
probe wavelength, or whether Stokes or anti-Stokes scattering is measured (both are observed with
comparable intensity); thus, there is considerable flexibility with regard to experimental design.

Filament-driven impulsive Raman spectroscopy has also been used for time-resolved spec-
troscopy. In this experiment, a filament formed by focusing an ∼2-mJ laser pulse through a f =
2.27-m lens impulsively excited the constituent molecules in air, and the vibrational wake was
then probed by a narrowband pulse at 400 nm, formed by doubling the fundamental pulse in a
long β-BBO crystal. The dispersion of the rovibrational wave packet excited by the filament was
fit with an analytical expression having temperature as the only variable parameter (Figure 6).
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Time-resolved measurements of the dispersion of rovibrational wave packets excited in nitrogen (blue fit) and
oxygen (red fit). The colored curves correspond to fits using Equation 10 for a temperature of 300 K. (Inset)
Comparison of the dispersion of a wave packet in nitrogen at room temperature and at 3,000 K,
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The time-resolved Raman signal was fit using the expression

IS(td ) ∼

[
exp

( 2Be
kT

) + 1
2

]2

− sin2
(αe

�
td

)
[

1 +
(

αe T
Be �

td
)2

] [
sinh2 (

�ωe
2kT

) + sin2 (ωe xe td )
] , (10)

where td is the pump-probe time delay, ωe is the vibrational angular frequency, Be is the rotational
constant, αe is the anharmonicity constant, ωexe is the vibration rotation coupling constant, and k
and T are the Boltzmann constant and temperature of the system, respectively. The expression is
derived from a model that assumes the formation of a coherent wave packet specified by the initial
distribution of rotational-vibrational states for a given molecule at a particular temperature. Thus,
the temperature of the system can be probed directly by measuring the dispersion of the coherently
evolving wave packet. The fit for the data for air in the filament revealed a temperature of 300 K,
suggesting that no thermal energy is deposited in the vibrational degrees of freedom during fila-
mentation on the timescale of the measurement. This is interesting given the nature of the strong
field excitation. This new thermometry technique was tested using a methane-air flame produced
in a Bunsen burner located below the region of pump-probe overlap (5). The excellent fit between
the theoretical prediction and the Bunsen burner data shown in the inset of Figure 6 suggests that
the essential physics is captured by the derived expression for the time-dependent polarization.

Impulsive stimulated Raman vibrational spectroscopy has been performed on a series of
heteronuclear polyatomic molecules in the spectral domain. Figure 7 displays the impulsive
stimulated Raman vibrational spectra for triethylamine, ammonia, nitromethane, and gasoline
measured at a distance of 2.5 m from the laser system. The signal is imprinted on a picosecond-
duration probe beam and is measured using a USB coupled spectrometer. The coherent nature
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Figure 7
The Raman spectra of (a) triethylamine, (b) ammonia, (c) nitromethane, and (d ) gasoline measured using gas-phase filament-driven
impulsive Raman spectroscopy. Figure adapted with permission from Reference 139. Copyright 2011 by the American Chemical Society.

of the measurement can be seen in Figure 7d plotted in log space. The lineshape of the features
displays a dispersive feature after the resonance. The feature results from destructive interference
between the resonant and nonresonant excitation paths, which have opposite phase on the
high-frequency side of the resonance.

7.4. Filament-Induced Breakdown Spectroscopy

Laser filamentation has been employed to characterize the atomic constituents in materials at
standoff distances up to approximately 200 m (117). In conventional laser-induced breakdown
spectroscopy, a nanosecond-duration laser with an energy of hundreds of millijoules is focused
onto a solid material, causing plasma formation, ablation, and atomic emission from excited state
atomic and diatomic cluster materials. Such experiments have been performed since the invention
of the pulsed laser in 1962 (118). For standoff detection applications, the emission is detected using
a telescope coupled to an optical spectrometer to obtain the highest sensitivity possible (119). The
laser intensity at the focus must be high enough to induce plasma formation; thus for increasing
standoff distances, increasingly larger lens diameters are required to obtain sufficiently small focal
spot diameters. The size of the focusing lens required to induce plasma formation becomes pro-
hibitively large for standoff distances of ∼100 m. For femtosecond lasers, one can precompensate
the linear chirp using a grating compressor and laser pulse shaping (120) to control the distance at
which the laser will undergo filamentation and produce a high intensity. Thus, filamentation has
been explored as a means to enable laser-induced breakdown spectroscopy. This approach has
been termed remote filament-induced breakdown spectroscopy (121). Without filamentation, a
collimated laser pulse will have insufficient energy to induce plasma formation on the material
surface. However, as noted in Section 1, after Kerr lensing exceeds diffraction, intensities of the
order of 1013 W cm−2 are attained, which is sufficient to induce plasma formation on the surface
with concomitant ablation and plasma emission from the atomic and small molecular species.
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Filament-based breakdown spectroscopy has been employed to characterize the hardness of car-
bon materials based on their atomic composition (10) at a standoff distance of 6 m. One important
result from this investigation was the demonstration that filament-based measurements involving
nonlinear processes have lower noise levels (∼3 ×) in comparison with measurements that simply
employ the output from the regeneratively amplified laser pulse directly. The improvement in
the signal to noise was attributed to the intensity clamping that accompanies laser filamentation,
providing a much more stable pulse-to-pulse intensity. Filamentation has been used to provide
longer-range remote detection with the Teramobile system (117). This experiment employed a
100-mJ laser pulse to induce filamentation on solid targets at a distance of 180 m, and the detection
of copper emission was easily performed. Filament-induced breakdown spectroscopy has also
been used to characterize the emission from various agricultural grains at a distance of 5 m (122).

7.5. Fluorescence Emission

Investigators have used fluorescence from excited species in the filament to characterize the prop-
erties of femtosecond laser filaments and also as a remote probe of gas-phase molecules for sensing
applications. The high intensity attained in the core of the filament leads to ionization and elec-
tronic excitation due to multiphoton absorption, followed by electron-ion recombination and
further collisions among energetic electrons, ions, and neutral species. In a filament generated in
air, such excitation leads to visible fluorescence originating mainly from the N+

2 (B2�+
u − X2�+

g )
and N2(C3�u − B3�g) transitions (123, 124). Because of the low density of plasma generated dur-
ing femtosecond laser filamentation (ne ≈ 1014–1016), bremsstrahlung emission is much weaker
than that in a plasma generated by a picosecond or nanosecond pulse, which makes detecting the
fluorescence emission from the filament much easier. The nitrogen fluorescence from a filament
has been used to track propagation dynamics by recording the fluorescence intensity as a function
of propagation distance, gas pressure, and laser intensity (18, 125).

Filament-induced fluorescence was first investigated as a means of detecting halocarbons in air.
Although the fluorescence signatures of the halocarbons used in this study are typically obscured
by nitrogen emission from the air, Gravel et al. (126) showed that the different emission timescales
of the species can be employed to selectively detect the halocarbon emission. The N2 fluorescence
lifetime is 2 ns, so correspondingly longer gating times can be used to suppress the N2 background.
Signatures from ethanol in air up to 10 m away have also been measured using the filament-based
fluorescence method, in which the high intensity of the filament was employed to dissociate ethanol
into excited CH and C2 neutral radicals that proceed to fluoresce (127). Finally, additional gas-
phase hydrocarbon samples have been measured in air using filament-based fluorescence, including
methane, acetylene, and clouds of smoke with a sensitivity of the order of 50 ppm in the best case
(122, 128, 129). Simultaneous detection and identification of multigas pollutants have also been
performed using filament-induced nonlinear spectroscopy (129–132). For a further review of
filament-induced fluorescence spectroscopy, readers are referred to Reference 133.

7.6. Backward Lasing

Filamentation has been proposed as a potential means to generate coherent radiation propagating
in the direction counter to that of the laser used to generate the filament. Coherent methods
for generating backward propagating radiation are prohibited by momentum conservation, and
thus other solutions are sought. The motivation for these investigations is that such a backward
propagating beam could be used as a means to generate a measurable signal from signature
molecules at considerable standoff distances (100–1,000 m). Potential detection experiments
include UV-visible and vibrational absorption, stimulated Raman scattering, coherent anti-Stokes
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Raman scattering, and superfluorescence (134). Backward lasing was recently demonstrated using
resonance enhanced multiphoton ionization of oxygen in air with nanosecond lasers (135), in
which a two-photon excitation at 226 nm dissociates O2 and a second two-photon excitation
from the 2p3P to the 3p3P state creates a population inversion with the 3s3S state. Amplified
spontaneous emission at 845 nm from the 1-mm-long cylinder of excitation led to a coherent
backward propagating pulse that in principle could be used as a seed for the detection methods
listed above. However, high-intensity beams are required from geometric focusing, and thus the
extension of this technique to longer distances is problematic.

Stimulated Raman scattering is under investigation as a coherent backward propagating detec-
tion technology due to the inherent phase matching and linear scaling of the signal with sample
number density (136). In such an experiment, the pump and Stokes laser beams are tuned to
have a frequency difference � = ωp − ωs equal to a characteristic vibrational level for a signature
molecule. The laser beams interact with a gas-phase sample, preparing a molecular coherence that
in theory interacts with the backward propagating amplified stimulated emission. In this case, the
signal scales as SRG = +Im(χ (3))IpL, where χ (3) is the susceptibility of the signature molecule, Ip

is the pump laser intensity from the filament, and L is the interaction length between the Stokes
and the pump beams.

The primary motivation for such research is that an intensity of 1013 W cm−2 provides the
opportunity to generate a population inversion in molecular species, for example, in N2 between
the C 3�u and the B 3�g states to produce the 337.1-nm line. If population inversion can be
achieved, spontaneous emission occurring throughout the filamentation region would lead to
amplification. An emission occurring at the far end of the filament (from the observer) would
then undergo amplified spontaneous emission toward the observer and thus generate gain in the
backward direction. In a proof-of-principle experiment, backward propagating amplified sponta-
neous emission was observed during filamentation in a gas-phase mixture of argon and nitrogen
(24). The excited electronic states of argon created during the laser filamentation process served
to transfer energy and populate the C and B states in nitrogen, forming the population inver-
sion with the B and A states, respectively. The filament was driven by an intense, 80-fs, 3.9-μm
mid-IR pulse with energies up to 8 mJ. In this experiment, the N2 inversion was pumped by
electronically excited argon atoms that were present in tenfold excess in the nitrogen gas. Lasing
was detected at 337 nm and 357 nm for input energies above 7 mJ per pulse. Unfortunately,
nitrogen itself will serve to quench the C state population at pressures above 1.7 bar via the
N2 (C 2�u) + N2 (X 1�g) → N4 → N2(B 3�g vibrationally excited) + N2(X1�g) relaxation path-
way. Oxygen is an even more efficient quencher of excited N2, suggesting that a free space N2

laser in air will be challenging to create. Simulations suggest that a longer plasma channel, with a
higher plasma density and larger filament diameter, contributes to enhanced lasing in the mid-IR
in comparison with near-IR measurements. A previous report of backward lasing in a filament was
likely attributable to fluorescence in a multifilament pump intensity at up to 170 critical powers
(137).

SUMMARY POINTS

1. Laser filament is a robust nonlinear phenomenon that self-focuses and self-shortens laser
pulses to durations as short as a few optical cycles and intensities exceeding 1013 W cm−2.
The phenomenon results from the interplay of Kerr lensing and plasma defocusing in
femtosecond laser propagation in gas-phase media.
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2. The process of laser filamentation produces a sub-10-fs coherent bandwidth at a con-
trollable distance from the laser source.

3. Laser filamentation creates rotational revivals in air propagating at the speed of light
(quantum wakes) that can serve to manipulate subsequent radiation pulses.

4. Laser filamentation induces coherent rotational and vibrational motion in molecules in
air that can be detected in either the time domain (scanning pump probe) or frequency
domain (single-shot frequency domain spectroscopy) that can be employed for standoff
spectroscopy.

5. The propagation dynamics of laser filamentation can be measured using transient-
grating, cross-polarization, frequency-resolved optical gating, and the measurements are
in accord with theoretical predictions.

6. The proposed contribution of the HOKE to the propagation dynamics of laser filamen-
tation has been shown to be negligible in both theory and experimental measurements.

7. Laser filamentation provides a potential path to backward lasing for remote sensing
applications.
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9. Rodriguez M, Sauerbrey R, Wille H, Wöste L, Fujii T, et al. 2002. Triggering and guiding megavolt
discharges by use of laser-induced ionized filaments. Opt. Lett. 27:772–74

10. Judge EJ, Heck G, Cerkez EB, Levis RJ. 2009. Discrimination of composite graphite samples using
remote filament-induced breakdown spectroscopy. Anal. Chem. 81:2658–63

11. Brady JJ, Judge EJ, Levis RJ. 2009. Mass spectrometry of intact neutral macromolecules using intense
non-resonant femtosecond laser vaporization with electrospray post-ionization. Rapid Commun. Mass
Spectrom. 23:3151–57

12. Brady JJ, Judge EJ, Levis RJ. 2011. Nonresonant femtosecond laser vaporization of aqueous protein
preserves folded structure. Proc. Natl. Acad. Sci. USA 108:12217–22

13. Perez JJ, Flanigan PM, Brady JJ, Levis RJ. 2013. Classification of smokeless powders using laser elec-
trospray mass spectrometry and offline multivariate statistical analysis. Anal. Chem. 85:296–302

14. Braun A, Korn G, Liu X, Du D, Squier J, Mourou G. 1995. Self-channeling of high-peak-power fem-
tosecond laser pulses in air. Opt. Lett. 20:73–75

15. Marburger J. 1975. Self-focusing: theory. Prog. Quantum Electron. 4:35–110
16. Hauri CP, Kornelis W, Helbing FW, Heinrich A, Couairon A, et al. 2004. Generation of intense,

carrier-envelope phase-locked few-cycle laser pulses through filamentation. Appl. Phys. B 79:673–77
17. Stibenz G, Zhavoronkov N, Steinmeyer G. 2006. Self-compression of millijoule pulses to 7.8 fs duration

in a white-light filament. Opt. Lett. 31:274–76
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Rev. Lett. 24:584–87
31. Alfano RR, Shapiro SL. 1970. Observation of self-phase modulation and small-scale filaments in crystals

and glasses. Phys. Rev. Lett. 24:592–94
32. Alfano RR, Shapiro SL. 1970. Direct distortion of electronic clouds of rare-gas atoms in intense electric

fields. Phys. Rev. Lett. 24:1217–20
33. Gustafson TK, Taran JP, Haus HA, Lifsitz JR, Kelley PL. 1969. Self-modulation self-steepening and

spectral development of light in small-scale trapped filaments. Phys. Rev. 177:306–13
34. Bloembergen N. 1973. The influence of electron plasma formation on superbroadening in light filaments.

Opt. Commun. 8:285–88
35. Alfano RR, Shapiro SL. 1971. Picosecond spectroscopy using the inverse Raman effect. Chem. Phys. Lett.

8:631–33
36. Fork RL, Shank CV, Hirlimann C, Yen R, Tomlinson WJ. 1983. Femtosecond white-light continuum

pulses. Opt. Lett. 8:1–3

624 Odhner · Levis



PC65CH27-Levis ARI 17 February 2014 14:29

37. Miller RI, Roberts TG. 1987. Laser self-focusing in the atmosphere. Appl. Opt. 26:4570–75
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108. Chen Y, Marceau C, Théberge F, Châteauneuf M, Dubois J, Chin SL. 2008. Polarization separator
created by a filament in air. Opt. Lett. 33:2731–33
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