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A dielectric microparticle, optically trapped within an air-filled hollow-core photonic crystal fiber (PCF), is accelerated
backwards close to the speed of sound when a single guided femtosecond pulse is incident upon it. Acting as a spheri-
cal lens, the particle focuses a fraction of the pulse energy onto its inner rear surface, causing the material to ablate. The
resulting plasma and vapor jet act like a rocket motor, driving the particle backward at peak accelerations conservatively
estimated at more than a million times gravity. Using counter-propagating pulses to suppress particle motion, the effect
may permit the inner core walls to be coated locally with different materials, allowing optical devices to be created at oth-
erwise inaccessible points inside long lengths of hollow-core PCF. © 2022 Optical Society of America under the terms of the

OSAOpen Access Publishing Agreement

https://doi.org/10.1364/OPTICA.439087

1. INTRODUCTION

Since its invention by Ashkin in 1970 [1], tweezering and manipu-
lation of small particles using focused laser beams has become a
powerful tool with a broad range of applications in biology and
physics [2]. With the advent of low-loss hollow-core photonic
crystal fiber (HC-PCF), it is possible to trap particles transversely
by gradient forces and transport them over long distances by radi-
ation pressure [3]. Such “flying particles” have been proposed
as reconfigurable point sensors [4], and the hollow-core system
itself represents convenient means of monitoring airborne PM2.5
particles [5]. An optically trapped microsphere can also act as ball
lens, focusing incident light to a tight spot. This has been used
to enhance the resolution of two-photon photopolymerization
printing [6] and femtosecond laser machining of glass [7,8]. By
appropriate choice of parameters, a femtosecond pulse can be
focused to a spot within the tweezered particle itself, causing abla-
tion and a permanent change in shape [9,10]; in such experiments,
the particle typically jumps out of the trap and is lost, making fur-
ther investigation difficult. Here, we report about the interaction
between femtosecond optical pulses and a particle transversely
trapped within a HC-PCF, but free to move along the fiber axis.
The initial aim of this work was to explore the ablation or evapora-
tion of a trapped particle as a means of coating the inside surfaces
of HC-PCF locally with different materials, which would open
up the possibility of creating devices such as lasers, amplifiers, and
Bragg gratings at inaccessible points within a long length of HC-
PCF. While conducting the experiments, we observed intriguing
rocket-like backward motion, at initial speeds approaching the
speed of sound, of the silica particles (diameter, 0.8–4 µm) after
incidence of a single femtosecond pulse [Fig. 1(a)]. As we will

see, this is caused by the formation of a short-lived ablation jet at
the rear surface of the particle. The hollow-core system uniquely
allows post-ablation dynamics to be precisely studied within a
well-controlled micro-environment.

2. EXPERIMENT

In the experiments, we used an anti-resonant-reflecting “single-
ring” HC-PCF [11] with a core diameter D= 29.4 µm [see the
scanning electron micrograph in Fig. 1(a)]. For trapping, a con-
tinuous wave laser beam at 1064 nm was split in two parts with a
variable power ratio and launched into opposite ends of the fiber.
The axial particle position could then be adjusted by suitably
controlling the splitting ratio. An electronic shutter was used to
create short bursts of (one or more) femtosecond pulses from a laser
delivering 40 fs few-µJ pulses at the wavelength 800 nm and the
repetition rate 100 Hz. These were then launched unidirectionally
into the fiber. The motion of the trapped particle was monitored
through from the side using a fast CMOS video camera (maximum
frame rate 225 kHz). After the arrival of each fs pulse, the particle
moved backwards into the path of the incoming pulse train, as can
be seen in the sequence of video frames in the inset of Fig. 1(b).

For diameter-to-wavelength ratios (d/λ) within a suitable
range, the microsphere, acting as a ball lens, focuses light to a spot
just within its output surface, causing ablation if the intensity is
high enough. To explore this in more detail, we used finite element
modelling (see Supplement 1) to calculate the field intensity distri-
bution for different values of d/λ (Fig. 2). The optimal value turns
out to be around d/λ= 2/0.8= 2.5, under which circumstances
the incident intensity is enhanced by a factor of∼30 just within the
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Fig. 1. Schematic and measurements of the rocket motion of optically
trapped particles. (a) Sketch of the experiment. A particle is trapped
inside a HC-PCF by two counter-propagating CW laser beams (red).
Femtosecond pulses (blue) are launched unidirectionally into the fiber,
causing ablation at the rear side of the particle. On the lower right is a
scanning electron micrograph of the single-ring PCF microstructure
used in the experiments (core diameter 29.4 µm). The white dot in the
center represents the particle used in (b) (drawn to scale). (b) Position as a
function of time for a particle 1.76 µm in diameter, taken from successive
video camera frames (inset) after interaction with a single femtosecond
pulse of energy E0 = 4.47 µJ. In the second frame, the particle was
moving too quickly to be captured clearly by the camera. The fitting
parameters [see Eq. (1)] v0 =−274 m/s and γ = 0.125 µs−1 were used
to obtain the curves.

rear surface of the microsphere. If the pulse energy is high enough
for the local energy fluence (nJ/µ2) to be above the threshold for
glass ionization [12], a hypersonic plasma plume forms, resulting
in momentum transfer to the particle, which is abruptly accel-
erated to a high backward velocity, followed by an exponential
velocity drop caused by viscous drag, and ending with the particle
coming to a halt at a new position. After 10 ms, a second pulse
arrives, and the particle once again jumps backwards. Provided the
pulse energy is not so high as to cause rapid shattering, the particle
remains trapped in the core even after the exposure to many pulses.

3. THEORY

If v0 is the initial particle velocity at time t = 0 following the action
of a single pulse, the subsequent position z and velocity v are given
by

z(t)= v0(1− e−γ t)/γ, v(t)= v0e−γ t , (1)

where γ = 18η/(ρd2C), η is the dynamic viscosity of air, C
the slip correction factor [13], and ρ the density of fused silica
(2196 kg.m−3).

The energy per unit area (fluence) at core center in the absence
of a particle is F0 = 4E0/(πD2J2

1(u01)),where E0 is the energy in
the laser pulse, Jn is n-order Bessel function, and u01 is the first zero

Fig. 2. Lensing effect for different silica (refractive index, 1.45) particle
diameters. (a) Numerically calculated plots of the modulus of the local
Poynting vector |S| (W/m2), normalized to its value S0 in the incident
plane wave (wavelength 800 nm, x -polarized). See Supplement 1 for
details. At the focus, the maximum flux enhancement in the glass is 7.5,
30, 45, and 60 times for d = 0.8, 1.76, 2.95, and 4.0 µm, respectively.
(b) Maps of the regions where |F| > Fth = 61 nJ/µm2 for the four
particle sizes in (a) (left to right), keeping the energy incident on the
particles constant at fE E0 = 62.4 nJ. The value of Fth, which is used
as the reference in the dB scale, was chosen to yield the best fit between
numerical modelling and experiment (see Supplement 1).

of J0. Since d/D � 1, F0 is almost identical to the energy fluence
incident on the particle, so that the fraction of the pulse energy
intercepted by the particle is fE = (d/D)2/J2

1(u01). Applying
conservation of energy and momentum, we can relate the velocity
va and mass ma of the ablated material, yielding

va

v0
= 1−

m0

ma
=−

2 fk fE E0

m0v
2
0

, (2)

where fk is the fraction of the available energy converted to kinetic
energy (see below for discussion), and m0 is the initial mass of the
particle. The ablation velocity va can be independently estimated
by assuming all the energy released by glass ionization goes to
kinetic energy in the particle and the ablated material. This allows
us to write [14]

mav
2
a + (m0 −ma )v

2
0 = 2Une ma/ρ, (3)

where U is the energy bandgap of silica (9 eV) and ne the electron
density (2.1× 1028 m−3). Applying momentum conservation,
and noting that ma/ m0 � 1 and va/v0 � 1, we obtain

va '
√

2Une/ρ = 5.25 km/s. (4)

4. RESULTS

Figure 1(b) shows positional data taken from successive video
frames for a particle of diameter 1.76 µm and a launched pulse
energy E0 = 4.47 µJ, corresponding to fE E0 = 59 nJ and
F0 = 24.4 nJ/µm2. Only eight data-points could be measured,
owing to the high particle velocity and the limited framerate of the
video camera. After fitting to Eq. (1), we find v0 =−274 m.s−1,
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γ = 0.125 µs−1, and η/C = 4.72× 10−5 Pa.s. Entering
va = 5.25 km/s into Eq. (2) then yields ma = 0.32 femtogram
or 5% of m0, and fk = 0.079. The particle was accelerated to
v0 =−274 m.s−1 over a time shorter than 10µs, suggesting a peak
acceleration more than a million times gravity.

In Fig. 3(a), the dependence of v0 on the energy incident on the
particle is plotted for three different particle diameters. In Fig. 3(b),
the same data are used to plot the kinetic energy conversion factor
fk versus fE E0. For a particle that is 2.95 µm in diameter and a
launched pulse energy of 1.68 µJ, fE E0 = 62.4 nJ, the measured
initial velocity was v0 =−73.1 m/s [points enclosed with red
squares in Figs. 3(a) and 3(b)]. By entering these values, together
with va = 5.25 km/s into Eq. (3), we find ma = 0.405 fem-
togram or 1.37% of m0, and fk = 0.09. We were able to capture
this ablated particle (which had been exposed to three successive
pulses, so it shows three damage craters) and image it using scan-
ning electron microscopy. From the ratio of the diameter of the
forward-facing crater to d , we estimate ma/m0 ∼ 0.013, which
is in reasonable agreement with the value (1.37%) calculated from
the dynamics.

5. DISCUSSION

The data in Fig. 3(a) show that at a threshold value of fE E0,
which depends on the particle diameter, the steady increase in
|v0| suddenly turns into a drop. We attribute this to shattering of
the particles, which will create sideways motion of fragments and
reduce the amount of energy available for propulsion along the
fiber axis. Below this threshold, however, it is interesting [Fig. 3(b)]
that the proportion fk of fE E0 that is converted to axial kinetic
energy is almost independent of particle diameter. We attribute this
to the size-independent numerical aperture of the ball-lens, which
will make the focal spot diameter approximately independent of d
so that fk depends only on the total energy fE E0 incident on the
particle. In other words, provided fE E0 is kept constant by increas-
ing E0 in inverse proportion to d2, fk will remain approximately
constant. We can then write Eq. (2) as

v0 =
−2 fk( fE E0) fE E0

m0va
, (5)

where fk( fE E0) is determined from the experimental data. It is
approximately a piece-wise linear function, as shown by the thin
black lines in Fig. 3(b) (the analytical expression is given in the
caption).

A further intriguing aspect of Fig. 3(b) is that the response is
separated into two distinct regimes, each with a different slope.
Assuming that the field distribution at the focus is constant, the
fraction of the focal area where the intensity exceeds the ablation
threshold will initially increase with the energy incident on the
particle. After the entire focal spot is ablated, any excess energy will
be absorbed in the ablation plasma, increasing the kinetic energy,
but at a smaller rate, as seen in the figure.

The measured values of v0 are plotted in Fig. 4(a) versus d for
center-core energy fluence F0 = 9.2 and 4.6 nJ/µm2 (open trian-
gles and full lines). In both cases, v0 is observed first to increase then
saturate or decrease slightly. For d = 0.8 µm, the ball lens focuses
only weakly (see Fig. 2) so that no ablation occurs. For d = 1 µm,
the focusing was sufficient to induce ablation and backward par-
ticle motion, but only at the higher fluence value. At d = 2 µm,
the focusing is optimal, the focal point lies within the particle,

and the backward velocity reaches a maximum. For larger values
of d , the focal point moves outside the particle, and v0 saturates.
Entering the piece-wise fit for fk( fE E0) from Fig. 3(b) into Eq. (5)
plotting v0, good agreement is obtained with the experimental
measurements [full circles and dashed lines in Fig. 4(a)], despite the
approximations of the model.

The volume within which the energy fluence is higher than
some threshold value Fth can be estimated from the numerical
simulations in Fig. 2(a), assuming that the energy fluence scales
linearly with the power fluence in the vicinity of the focus. The
best fit to the experimental results (see Supplement 1) is obtained
for Fth = 61 nJ/µm2, which is above the breakdown threshold
(∼20 nJ/µm2) for silica and well with the ablation range for sub-
100 fs pulses [12]. Figure 2(b) plots the region where |F| > Fth,
keeping the total energy incident on the particles constant at
62.4 nJ for each particle diameter. We also note that the shape
of the numerically calculated ablation crater for d = 2.95 µm is
indeed similar to that seen in the SEM in Fig. 3(c). The smallest
particle (d = 0.8 µm) is known to shatter at this incident pulse
energy (Fig. 3), which is confirmed in Fig. 2(b), where we see that
the ablation threshold is exceeded throughout the whole particle
volume.

Next, we used the system to measure the viscous drag as a
function of air pressure in the core. Exponential fits to the exper-
imental data for a particle of diameter 2.78 µm and center-core
energy fluence 4.6 nJ/µm2 were used to calculate the decay con-
stant γ and thus the value of η/C at five different pressures [open
circles in Fig. 4(b)]. Under these conditions, the initial velocity
v0 ∼ −25 m/s was approximately independent of pressure. Fits
to aerosol theory [13] at three different temperatures [full curves
in Fig. 4(b), see Supplement 1 for details] suggest that heating of
the air may play a major role in determining the viscosity, which
increases strongly with temperature. The results indicate that the
air heats to around 800◦K as a result of ionization of the glass. The
ablation plasma will recombine over ns timescales, and the particle
temperature will equalize over tens of nanoseconds [15], much
more quickly than the timescale of particle motion. It may also be
possible to operate at lower pressures, permitting particles to be dis-
placed over greater distances, by using narrower cores to enhance
the gradient forces at a given trapping power, and incorporating
feedback to stabilize the transverse particle motion [16].

It is interesting to ask whether such high particle velocities will
result in air turbulence. The Reynold’s number Re= v0 d/ν = 33
at v0 = 274 m/s for particle diameter d = 1.76 µm, using the
kinematic viscosity ν = 1.48× 10−5 m2/s of ambient air (the
influence of the hollow channel can be neglected since D � d ).
Although this value is intermediate between laminar and turbulent
flow, the measured exponential time dependence of the velocity
suggests that the flow is largely laminar. The value of Re at low pres-
sures is difficult to predict since although the kinematic viscosity
falls with pressure, it increases strongly with temperature.

Although backward rocket motion is superficially similar to
“tractor beam” effects [17], the underlying physics is quite differ-
ent, and the backward velocities are orders of magnitude higher.
We also note that negative photophoretic effects induced by a
continuous-wave laser beam have been used to propel absorbing
particles backwards at speeds up to 10 cm/s [18], thousands of
times smaller than what we report here; once again, the physics is
quite different.

With further development, it should be possible to optimize
the core diameter, pulse energy, duration, and chirp to accelerate
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Fig. 3. Backward velocity and kinetic energy conversion factor versus incident energy. (a) Measured values of v0 plotted against energy incident on
the particle ( fE E0) for particles with a diameter of 2.95 µm (circles), 1.76 µm (triangles), and 1.00 µm (diamonds). (b) The fraction fk of the incident
energy converted into kinetic energy (sum of backward and forward), plotted against fE E0. The thin black line is a stepwise linear fit to the data, defined as
fk(q)= 0 for q < 4, 0.52 (q − 4) for 3 < q < 14 and 5.2+ 0.065(q − 14) for 14 < q , with q in nJ and fk in %. (c) Scanning electron micrograph of
a 2.95 µm particle after ablation by three pulses at fE E0 = 62.4 nJ [data points enclosed inside the red squares in (a) and (b); note that the data in (a) and
(b) relate to the measured dynamics after incidence of the first pulse]. Note also the two-fold symmetric nanostructure in the damage craters, caused by the
polarization dependence of the damage (Fig. 2).

Fig. 4. Backwards velocity as a function of particle diameter and pressure dependence of viscosity. (a) Measured values of v0 plotted versus d for center-
core energy fluence F0 = 9.2 and 4.6 nJ/µm2 (open triangles and full lines). The dashed lines are based on Eq. (5) using the fk function defined in the cap-
tion of Fig. 3. The fit is remarkably good, considering the model approximations. (b) Viscosity divided by the slip correction factor for a particle 2.78µm in
diameter (shown to scale in the inset), measured at different air pressures. The full curves are fits to aerosol theory Ref. [13] at three different temperatures, in
which the Knudsen number is defined as the molecular mean free path divided by the particle diameter (see Supplement 1). The best fit to the experimental
data is obtained at 796◦K.

particles to high speed, while inflicting only minimal damage. It
may be possible to reach higher velocities using a short burst of
pulses at a high repetition rate, although of course, this will come
at the cost of increasing particle damage. The technique may allow
the inner walls of HC-PCF to be coated with a wide range of dif-
ferent materials at positions remote from the endfaces, shifting the
anti-crossing wavelengths between the core mode and resonances
in the core walls, and enabling incorporation of devices such as
lasers, amplifiers, Bragg grating mirrors, and wavelength filters.
In associated experiments, we observed femtosecond ablation for

titania and vaterite particles, although as expected, the threshold
value of fk E0 was different for each material (see Supplement 1).
The use of counter-propagating fs pulses would prevent particle
motion, enabling gradual build-up of a layer on the core wall
at one position along the fiber. Longer pulses might be used to
laser-evaporate particles without ionization, widening the range of
possible materials.

In conclusion, ablation of micro-sized particles by single
few-µJ femtosecond pulses accelerates the particles backwards at
more than a million times g , causing rocket-like motion at initial

https://doi.org/10.6084/m9.figshare.19071041
https://doi.org/10.6084/m9.figshare.19071041


Research Article Vol. 9, No. 3 / March 2022 / Optica 272

velocities approaching the speed of sound. The well-controlled
micro-environment inside HC-PCF, together with transverse opti-
cal trapping, uniquely enables precise study of the post-ablation
dynamics. The technique offers a novel means of coating the inner
walls of HC-PCF with different materials.
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