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Through nonlinear self-focusing, femtosecond pulses can propagate several kilometers beyond
di↵raction limits, forming an ionization channel in air known as a laser filaments. It has been
demonstrated that in the wake of the filament, aerosols can be e↵ectively cleared to improve the
transmission of subsequent laser pulses or secondary light sources, pertinent to applications in atmo-
spheric sensing. However, the current understanding of aerosol clearing is founded on interactions
with droplets to simulate fogs and clouds, and thus do not extend to solid particles or atmospheric
debris. Using optical trapping, we isolate both graphite and silica microparticles and directly mea-
sure the subsequent displacement caused by the filament using time-resolved shadowgraphy. The
shockwave from the filament is demonstrated to propel particles away from the filament, directly
contributing to atmospheric debris clearing. Particles exposed to the laser light in either the intense
filament core or the surrounding energy reservoir are axially displaced along the beam path. It is
found that the optomechanical properties of the particle largely influences the axial displacement in-
duced by laser exposure through mechanisms such as radiation pressure, mass ejection from ablation
or optical damage, and particle de-agglomeration.

I. INTRODUCTION

Femtosecond lasers show promise as a means of achiev-
ing stando↵ atmospheric sensing through the forma-
tion of laser filaments. Filamentation typically oc-
curs through the propagation of high-power ultrashort
pulses in a transparent media to achieve nonlinear self-
focusing [1]. For air propagation, self-focusing causes the
pulse intensity to gradually increase, eventually resulting
in the ionization of air species to form a weak plasma
that begins to de-focus the pulse. The dynamic balance
between nonlinear self-focusing and plasma de-focusing
creates a weakly ionized plasma channel in air known
as a laser filament, consisting of two distinct regions: (1)
the high-intensity filament core approximately 80-100 µm
in diameter, capable of causing photoionization of air
species to induce plasma formation [2, 3], and (2) the low-
intensity energy reservoir surrounding the filament core
that retains most of the pulse energy and actively restores
the energy lost in the filament core [4, 5]. The intensity
of the filament core is clamped given the sustained bal-
ance between self-focusing and plasma de-focusing and
is su�ciently intense to excite aerosols to facilitate emis-
sion spectroscopy techniques [6–9]. Along with filament-
induced particle emissions, the self-transforming white-
light generated through self-phase modulation is well-
suited for light detection and ranging (LIDAR) to mea-
sure absorption and scattering from air species for the
purpose of atmospheric monitoring[10–13].

An underlying challenge of atmospheric monitoring us-
ing filaments or other laser-based techniques are the en-
ergy losses that accrue through scattering and absorp-
tion with atmospheric particles, attenuating light de-
livery and light collection at longer distances. Clouds
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and fogs consisting of micrometer-sized droplets are a
common scattering medium in the atmosphere, inspir-
ing several investigations dedicated to understanding the
dynamics of filamentation in aerosolized environments.
Filaments have been shown to survive interactions with
large droplets that occlude the majority of the filament
core, indicating laser filaments can persist through at-
mospheric attenuation as long as su�cient power resides
in the energy reservoir to support self-focusing in the
filament core [14–16]. In the wake of the passing fila-
ment, aerosols in the vicinity of the filament are cleared
for several milliseconds, resulting in a unique fog clear-
ing hysteresis e↵ect that can be quasi-sustained using
high repetition rate pulse trains (> 200Hz) to improve
the transmission of subsequent pulses or secondary light
sources [17–20]. Fog clearing has also been achieved us-
ing coherently-controlled molecular quantum wakes using
a stacked fs-pulse train tuned to the molecular rotation
of N2, without having to generate a plasma through fila-
mentation [21, 22].

In regards to the physical mechanism driving fog clear-
ing, several studies have shown that micrometer-sized
droplets behave similarly to a focusing lens, where laser
light is internally focused due to refraction occurring at
the irradiated surface [23–25]. In the higher intensity fila-
ment core, internal ablation can occur within the droplet
volume to form a rapidly expanding micro-cavity that
bursts the droplet through optical shattering, feasibly
improving transmission of subsequent pulses by reduc-
ing light scattering from larger particle surfaces [26, 27].
This concept has recently been extended to the region of
the energy reservoir, where 5 µm droplets in the energy
reservoir are also shown to undergo a weaker shatter-
ing e↵ect at the rear surface of the droplet, managing
to cause backwards displacement by several hundred mi-
crometers relative to the beam axis [28].

Unlike particle interactions that occur from exposure
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to the laser pulse, transverse displacement of particles
away from the filament results from the pressure of the
expanding plasma shockwave [29–31]. Recently, opti-
cally trapped silica microspheres were shown to expe-
rience forces on the order of nN at distances upwards
of 5 mm away from the filament due to shockwave in-
teractions [32]. The shockwave expands by several mil-
limeters, and thus serves as the only applicable displace-
ment mechanism of particles beyond the boundaries of
energy reservoir, with a diameter typically on the order
of a millimeter. Unlike the axial displacement of droplets
through optical shattering, transverse particle displace-
ment induced by the shockwave directly propels particles
away from the beam path. Intuitively, while the shock-
wave may appear to impact fog clearing more signifi-
cantly, the relative contribution to fog clearing from laser-
particle and shockwave-particle clearing mechanisms is
di�cult to quantify in isolation as both phenomena oc-
cur simultaneously. Furthermore, given optical shatter-
ing greatly depends on the optomechanical properties of
the particle interactive with the laser pulse, the displace-
ment magnitude and vector for particles other than water
droplets remains unclear. Thus, the clearing behavior of
filaments interacting with atmospheric aerosols contain-
ing solid particles (e.g., sand, snow, soot, pollen, nuclear
fallout, etc.) is largely a topic of conjecture.

In this study, optical trapping is used to isolate solid
particles with sizes ranging from 2-6 µm positioned near a
passing fs-filament. Both graphite and silica microparti-
cles are trapped and studied to represent the cases of ab-
sorptive and transparent particles in the atmosphere, re-
spectively. Time-resolved shadowgraphy is used to mea-
sure the particle displacement 200 µs after interacting
with the filament, and the original position of the trapped
particle is varied relative to the location of the filament
core. The evolution of the filament shockwave is also cap-
ture using shadowgraph images to determine the position
of the shockwave, where the shockwave is observed ex-
ceeding the boundaries of the energy reservoir within the
first 1 µs. The shockwave is confirmed to induce trans-
verse particle displacement away from the filament, even
for particles located outside the boundaries of the energy
reservoir. We found that filaments can clear solid par-
ticles through several mechanisms, including shockwave
pressure, radiation pressure, particle de-agglomeration,
and mass ejection caused by the mechanical damage to
the particle morphology through optical damage and ab-
lation.

II. EXPERIMENTAL METHODS

A. Time-resolved shadowgraphy

A simplified schematic of the experimental setup is
shown in Fig. 1(a). A chirped pulse amplified Ti:Sapphire
laser (Coherent Astrella) is used to generate 60 fs pulses
at a center wavelength of 800 nm. The pulse energy is

FIG. 1. (a) Simplified experimental setup used to measure
particle displacement using time-resolved shadowgraphy. (b)
A vertical hollow beam is generated using dual-axicon lenses
to trap graphite particles. (c) A vertical confocal Gaussian
beam generated using a concave mirror is used to trap silica
particles.

adjusted to 3.6 mJ, yielding a peak power of 32 GW, ex-
ceeding the critical power for self-focusing in air (Pcr) by
a factor of 6 [1]. Using a burn paper, only a single burn
mark is found at the center using a 1-m focusing lens, in-
dicating only a single filament is being formed with each
laser pulse [33]. The repetition rate of the pulse train
is set to 10 Hz to cleanly pass a single pulse through an
optical shutter with an opening time of 6 ms (Uniblitz
VS25, Vincent Associates).
Time-resolved shadowgraphy of trapped particles is

performed using the fluorescence from a dilute rhodamine
6G (R6G) ethanol solution as probe source, pumped us-
ing a Q-switched Nd:YAG laser (Surelite-II, Amplitude)
with the fundamental wavelength frequency doubled to
532 nm. The short-lived fluorescence of R6G produce
shadowgraph images free of coherence artifact noise with
time resolutions comparable to the pulse duration of the
pump laser. Given the pulse duration of the Nd:YAG
laser is 7 ns and the molecular fluorescence lifetime of
R6G is 3.7 ns, the total fluorescence duration to yield
time-resolved images is estimated to be ⇠11 ns [34]. The
R6G fluorescence from a cuvette is coupled into a single-
mode fiber and a plano-convex lens (probe lens) is used
to form an image of the fiber output near the trapping
region. The particle shadows are imaged on an externally
triggered CCD camera (Mightex) using a 10⇥ long work-
ing distance infinity-corrected microscope objective and
a conjugate f = 200 mm infinity-corrected tube lens.
Laser light at 532 nm and 800 nm is blocked using a
550 nm long-pass filter and a 750 nm short-pass filter,
respectively. The ns-laser is externally triggered from
the fs-laser output pockel cell with an interpulse delay of
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200 µs.
Shadowgraph images of the filament shockwave

are captured by mounting a machine vision lens
(MVL50M23, Navitar) to the CCD, yielding a magni-
fication of M = 0.903. The position of the probe lens is
adjusted to illuminate a larger area to accomodate the
larger field-of-view. Each image is presented as a 100-
shot average and are post-processed through background
subtraction, normalization, and a Gaussian blur filter to
help extract the edges of the shockwave.

B. Optical trapping

For trapping, a CW 532-nm laser (Cobolt Samba,
Hübner Photonics) is used with a maximum power of
1 W. Particles are trapped in a custom 3D-printed cham-
ber with small openings to pass the filament through
without clipping or damaging the chamber. Particles are
inserted using a pipette, with new particles being inserted
periodically throughout the measurements. The chamber
is decontaminated in an ultrasonic cleaner when chang-
ing out particles. The particle position is monitored in
real-time using a de-magnified CCD camera (not shown
in Fig. 1(a)) and shadowgraph images.

Graphite particles (3-5 µm) are photophoretically
trapped using a vertical hollow beam formed with dual-
axicon lenses, focused using an aspheric lens with a nu-
merical aperture (NA) of 0.66 as shown in Fig. 1(b). The
aspheric lens is mounted on a vertical translation stage,
such that the height of the particles can be adjusted.
Photopheretic trapping using a dual-axicon hollow beam
has a tendency to trap multiple particles along the walls
of the beam profile, in which case the most stable particle
is isolated by slowly reducing the beam power [35].

Silica particles (2-6 µm) are trapped using a confocal
trapping configuration shown in Fig. 1(c), where a Gaus-
sian beam is focused upwards using a plano-convex lens
with a NA of 0.51 that is refocused downwards using a
concave spherical mirror (f = 10 mm). By refocusing
the beam downwards, the upwards radiation pressure is
counteracted to yield a dominant gradient force that sta-
bilizes particles near the confocal region. The height of
the confocal trapping region is adjusted by jointly moving
both the lens and mirror. However, the particle position
is not manipulated once they have been trapped as slight
movements easily destabilize the particle, and thus par-
ticles cannot be precisely positioned.

III. RESULTS AND DISCUSSION

A. Graphite displacement

Graphite particles displaced by the filament are shown
in Fig. 2, where displacement is measured 200 µs af-
ter the passage of the filament. Graphite particles are
trapped using the hollow beam configuration depicted in

Fig. 1(b), and the position is manipulated with a ver-
tical micrometer stage relative to the beam path of the
filament. Starting from the most intense region of the fil-
ament core, the particles are positioned above and away
from the filament at 100 µm increments until the parti-
cles are no longer expelled from the trap at 500 µm. The
depth of field is approximately 3.6 µm, and thus many of
the particles appear out of focus after they are displaced
by the filament.

Particles trapped near the region of the filament core
(0-100 µm) in Fig. 2(a,b) are removed from the field-of-
view (626⇥501 µm) without traces of fragments. Sim-
ilar observations are reported for water droplets, where
droplets placed 100 µm from the filament are completely
removed from displacement images through optical shat-
tering and vaporization [28]. The intensity of the fs-
pulse is the highest within the intensity-clamped fila-
ment core, and thus particles located within this region
as in Fig. 2(a) are susceptible to morphological changes
through laser ablation or damage. For graphite, damage
to surface morphology can occur at laser energy fluences
as low as 100 mJ/cm 2 using fs-pulses, with several stud-
ies reporting mass removal through the ejection of nan-
oclusters induced by strong laser-induced vibrations in
the lattice structure [36–38]. At higher energy fluences
exceeding 1 J/cm2, mass removal through ablation can
occur and result in particle dissociation [36].

In order to compare the laser energy fluence of the fil-
ament to the damage and ablation threshold of graphite,
a burn paper is used in the trapping region to measure
the dimensions of the filament core and the surrounding
energy reservoir, as shown in Fig. 3(a). The diameter of
the filament core and the energy reservoir is measured to
be 120 µm and 640 µm, respectively. It is noted that the
full-width at half-maximum diameter (FWHM) of the fil-
ament core would be lower than the measured diameter
apparent on the burn paper. For the purpose of dis-
cussion, 120 µm will be assumed for the filament core
diameter as a conservative estimate for the laser energy
fluence. The 1-m external focusing lens used in this ex-
periment contributes to the beam convergence and re-
sults in a clamped intensity of 1.4⇥1014 W/cm2, such
that the average energy fluence of the filament core is
approximately 9.5 J/cm2 for a Gaussian beam [39]. This
far exceeds the ablation threshold of graphite, and thus
particles in the core are expected to dissociate through
direct laser exposure and result in significant displace-
ment through mass ejection of fragments. Under similar
filament energy fluence conditions, emissions from the C2

Swan system and CN violet system have been observed
from ablating solid graphite samples as a result of vapor
phase mixing of C2 with atmospheric species, support-
ing graphite particles in the filament core can experience
mass removal through ablation [40].

Particles residing between 200-300 µm away from the
filament core as in Fig. 2(c,d) are firmly in the region of
the energy reservoir and experience both axial displace-
ment along the beam path and transverse displacement
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FIG. 2. Graphite particles displaced 200 µs after interacting with a passing filament, placed (a) 0 µm, (b) 100 µm, (c) 200 µm,
(d) 300 µm, , (e) 400 µm, and (f) 500 µm away from the filament core.

FIG. 3. (a) Transverse profile of the filament core and en-
ergy reservoir measured using a burn paper. (b) Axial-to-
transverse displacement ratio measured for three di↵erent
graphite particles trapped 200, 300, and 400 µm away from
the filament core. Particles beyond the boundaries of the
energy reservoir (>320 µm) only experience transverse dis-
placement from the shockwave, resulting in a displacement
ratio close to zero. An exponential function is fitted to guide
the eye.

away from the filament. The axial displacement is caused
by interactions at the particle surface exposed to the light
of the reservoir, such that particles located outside the
radius of the energy reservoir (320 µm) do not experience
any axial displacement, as in cases of Fig. 2(e,f). Given
the energy fluence and dimensions of the filament core,
approximately 50% of the pulse energy (1.8 mJ) consti-

tutes the energy reservoir, neglecting significant losses
from air ionization. For an energy reservoir diameter of
640 µm with an inner hole representative of the filament
core, the average energy fluence is ⇡0.84 J/cm2 and the
energy fluence is expected to decrease closer to the outer
boundaries of the energy reservoir [41, 42]. As such, par-
ticles closer to the filament core experience a higher en-
ergy fluence and are displaced further along the beam
path. To demonstrate, three di↵erent graphite particles
are placed 200, 300, and 400 µm from the filament core
(9 total particles), and the ratio between the axial and
transverse displacement is measured in Fig. 3(b). Axial
displacement through laser-induced forces predominate
closer to the filament core due to the higher energy flu-
ences. Conversely, particles outside of the boundaries of
the energy reservoir experience negligible axial displace-
ment such that only transverse shockwave-induced forces
remain to displace the particles away from the filament.

The force induced by radiation pressure is expected
to be a dominant contributor to the axial displacement
of particles. Approximating the graphite particles as a
completely absorptive and spherical body, the radiation
pressure is Frp = IAp/c, where I is the irradiance of the
light source, Ap is the cross-sectional area of the particle,
and c is the speed of light. Based on the shadowgraph
images, most of the trapped graphite particles have di-
ameters ranging from 3-5 µm, resulting in a radiation
pressure force ranging from 2.8-7.8 mN given the average
fluence of the energy reservoir. The force from radiation
pressure calculated here is a million times stronger than
the reported transverse force induced by the shockwave
for 4.82 µm silica placed 1 mm away from the filament,
measured to be on the order of several nN [32]. For fur-
ther comparison, the optical trapping laser with a NA
of 0.66 at maximum power imparts a radiation pressure
force of only 0.32 µN which is su�cient to result in visible
acceleration of particles during the trapping procedure.

The shockwave expands far beyond the boundaries of
the energy reservoir, expanding to a radius of >1 mm
within 2 µs as shown in Fig. 4. As such, particles lo-
cated more than 320 µm away from the filament will
only experience a transverse shockwave-induced force as
in the case of Fig. 2(e). The three particles measured at
400 µm in Fig. 2(e) are displaced by 24-35 µm by the
shockwave alone. Relative to the dimensions of the fila-
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FIG. 4. Evolution of the filament shockwave and anti-
waveguide thermal channel captured using time-resolved
shadowgraph images. Spline models are fitted to each trend
to guide the eye [47].

ment core (120 µm), the measured displacement of parti-
cles by the shockwave indicates filaments are capable of
clearing air channels devoid of atmospheric debris to im-
prove transmission of subsequent fs-pulses or secondary
light sources. However, the shadowgraph images also re-
veals a persisting thermal anti-waveguides, which to the
detriment of transmitting light through the cleared air
channel, will refract light outwards without the use of
structured waveguides [29, 43–46].

The images in Fig. 2(c,d) and the particle images used
in Fig. 3(b) do not show indication of fragmentation in
the particle morphology. It is possible that nanoclusters
are ejected from the irradiated surface but are simply
unresolved or out of focus, given the energy fluence of
the energy reservoir exceeds the damage threshold for
graphite reported to result in mass ejecta in solid sam-
ples [36–38]. However, the filament is found to be capable
of breaking apart larger particle agglomerates as shown
in Fig. 5(a,b). The individual fragments ejected from
the agglomerates are displaced further from its original
position the closer they are to the filament core, indicat-
ing de-agglomeration is driven mainly by direct exposure
to laser light. This is further supported by the axial to
transverse displacement ratios in Fig. 3(b), where a ra-
tio larger than 1 indicates radiation pressure (axial dis-
placement) imparts more energy to the particles than the
shockwave (transverse displacement). Agglomerates out-
side of the energy reservoir as in the case of Fig. 5(c) are
transversely displaced by the shockwave alone similar to
the single particles in Fig.2(e), but remain largely intact.
Acceleration from both radiation pressure and shockwave
pressure are inversely proportional to the diameter of the
particle, and thus de-agglomeration is expected to im-
prove the particle displacement induced by subsequent
pulses.

FIG. 5. Graphite de-agglomeration imaged 200 µs after in-
teracting with a passing filament for particles positioned (a)
200 µm and (b) 300 µm from the filament core. At (c) 400 µm,
the agglomerate is outside the boundaries of the energy reser-
voir and only experience transverse displacement from the
shockwave.

B. Silica displacement

Silica microspheres (2-6 µm) are trapped using the
confocal trapping configuration shown in Fig. 1(c) with
a Gaussian beam. The position of the particle is no
longer manipulated but instead, particles are trapped
near the filament core and the relative distance to the
filament is measured. The density of silica and graphite
is 2.65 g/cm3 and 2.26 g/cm3, respectively. Given the
similar particle size distributions, the mass of each in-
dividual particle is comparable. Characteristic displace-
ment behaviors for silica are selected and presented in
Fig. 6.
Similar to graphite, the silica particles experience out-

ward transverse displacement from interacting with the
shockwave. The silica particle 64 µm away from the fila-
ment core in Fig. 6(a) is removed from the field-of-view
much like graphite in Fig. 2(a,b), possibly as a result of
ablation. The abalation and damage threshold of silica
is higher than graphite at 3.5 J/cm2 and 2.5 J/cm2, re-
spectively [48]. Nonetheless, the average fluence of the
filament core (9.5 mJ/cm2) is still higher than the abla-
tion threshold of silica, and thus particle dissociation is
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FIG. 6. Silica particles displaced 200 µs after interacting with a passing filament. The initial distance to the filament core is
measured to be (a) 64 µm, (b) 72 µm, (c) 140 µm, (d) 205 µm, , (e) and 306 µm.

expected to occur.

Particles located 72-140 µm from the filament core are
axially displaced backwards as shown in Fig. 6(b,c). This
behavior is similar to optical shattering observed for wa-
ter droplets caused by cavitation and ejection of mass
from the rear surface of the droplet, resulting in back-
ward axial displacement [28]. Both silica and water are
mostly transparent to 800 nm laser light such that a sim-
ilar optical shattering phenomenon is feasible to occur;
however, a higher energy fluence is required to shatter sil-
ica as mass ejection cannot occur by disrupting surface
tension, and would instead require morphological dam-
age to occur close to the rear surface of the particle The
average fluence of the energy reservoir (0.84 mJ/cm2) is
lower than the damage threshold of silica (2.5 mJ/cm2),
and thus the irradiated front surface of the particle is
expected to remain intact. Light irradiating the front
surface of the silica particle is expected to internally fo-
cus, increasing the energy fluence as the light propagates
through the particle towards the rear surface. To esti-
mate the fluence at the rear surface, silica microspheres
are modeled using ray-transfer matrices for a thick lens
with a radius of curvature equivalent to the particle ra-
dius with incident parallel rays. Assuming a constant
transmission of 90%, the energy fluence at the rear sur-
face is greater by a factor of 6.26 compared to the front
irradiated surface, such that the energy reservoir fluence
of 0.84 mJ/cm2 incident at the front surface will be fo-
cused and increased to 5.3 mJ/cm2. The fluence at the
rear surface is higher than both the damage and ablation
threshold of silica, supporting silica particles can eject
mass localized near the rear surface to undergo optical
shattering and propel the particle backwards.

Particles that are not optically shattering are axially
displaced along the direction of the beam path as shown
in Fig. 6(d,e). Without mass being ejected at the rear
surface, backwards displacement cannot occur, leaving
only the forward momentum imparted from scattered
light. Silica particles in Fig. 6(d,e) are not displaced as
far as graphite particles in Fig. 2(c,d) at similar distances
from the filament core, indicating radiation pressure is
lower for silica and other transparent particles. The re-
flected light at the particle surface results in radiation

pressure that is twice as strong compared to absorbed
light. Assuming negligible contribution from absorption
and 10% reflectivity, the radiation pressure force expe-
rienced by silica particles is approximately a factor of 5
lower than graphite particles of equivalent size. Thus,
particles that are transparent to the laser light and re-
main intact after exposure are expected to experience
limited axial displacement compared to absorptive parti-
cles.

IV. CONCLUSION

Using time-resolved shadowgraph images of displaced
optically trapped particles, laser filaments are demon-
strated to be capable of clearing solid atmospheric de-
bris consisting of micrometer-sized particles. Particles
are displaced in both axial and transverse directions from
laser-induced forces and the shockwave-induced force, re-
spectively. The shockwave rapidly propagates beyond
the boundaries of the energy reservoir and is capable of
displacing particles by more than 10 µm, suggesting the
filament can clear a channel larger than the diameter of
the energy reservoir (640 µm) to improve transmission
of subsequent pulses or secondary light sources. Axial
displacement along the axis of the beam path is driven
by interaction of particles with the high-intensity region
of the filament core or the low-intensity region of the en-
ergy reservoir from direct laser exposure. As a result,
the optical properties of the particle will heavily influ-
ence clearing mechanisms induced by laser interactions,
which is demonstrated using graphite and silica particles
to represent absorptive and transparent atmospheric de-
bris. Absorptive particles will experience localized energy
deposition at the irradiated surface to propel the particles
along the beam path through mass ejection and radiation
pressure. Furthermore, it is shown that the energy flu-
ence of the energy reservoir is su�ciently high to break
apart graphite particle agglomerates. Given acceleration
from the shockwave and radiation pressure is inversely
proportional to the particle size, de-agglomeration is ex-
pected to improve debris clearing by reducing the particle
size distribution for subsequent pulses. Transparent par-
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ticles can internally focus light to expel mass from the
rear surface of the particle through ablation or mechan-
ical damage, propelling the particle backwards against
the beam path through optical shattering. Optical shat-
tering is observed to occur only for particles close to the
filament core where the energy fluence is expected to be
higher than the ablation or damage threshold of the par-
ticle after internal focusing. Silica particles further away
from the filament core (>200 µm) are propelled forward
along the beam path like graphite, indicating the particle
is largely una↵ected by optical shattering leaving only
the forward momentum imparted from scattered light.
Given the shockwave directly pushes particles away from
the filament, its implication with regards to atmospheric
particle clearing is intuitive. Over several shots, trans-
mission is expected to improve as long as the period of
the pulse train is shorter than the recovery time of the
aerosol. However, the consequence of axially displacing
particles along the beam path through radiation pres-
sure and optical shattering largely remains unknown for
both droplets and solid particles. Given axial forces are
increased at higher energy fluences, particle concentra-
tions are expected to be reduced closer to the filament
core as they are axially displaced to lower fluence regions;
however, accurately determining particle transport over

several shots would require complete knowledge of the
energy distribution along the length of the filament. Fur-
thermore, while two extreme cases are presented by in-
vestigating the axial displacement between graphite and
silica, realistically most atmospheric particles are semi-
transparent or semi-absorptive and would require further
study to characterize their displacement mechanisms in
a laser filament.
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