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We investigate the interaction of femtosecond (fs) laser
pulses with single gold nanoparticles, trapped in a linear
Paul trap. We study the scattering response of the particles
as a function of the polarization angle of a cw laser at three
different wavelengths. These measurements provide a value
of the visibility that we compare with Mie theory calcula-
tions in order to obtain an estimate of the particle radius.
We monitor the particle size during ultrafast laser ablation,
obtaining an accurate figure for the mass loss as a function
of the fs-laser dose. We discuss the particle mass loss in-
duced by a single fs-laser shot and its relation with the num-
ber of absorbed photons. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.003294

In many applications in research [1–5], technology [6], and
healthcare [7], fast and ultrafast lasers are employed to cut,
remove, and deposit material as well as to locally modify the
chemical, structural, and optical properties of the target. In
even more extreme examples, pulsed lasers are used to trigger
nuclear fusion [8] and to generate extreme ultraviolet (EUV)
light for a new generation of lithography machines [9] or, more
practically, to study nerve regeneration in vivo after fs-
laser axotomy [10]. Furthermore, in fields such as laser-based
nanoparticle synthesis [11–16], EUV generation [9], and
pulsed laser deposition [17,18], the interaction of light with
nanoparticles is extremely relevant, as it conditions the targeted
result. What all the above processes have in common is that so
much energy is deposited in the target within a microscopic
volume that the optical properties of the system change during
an individual laser pulse due to the excitation and heating of
electrons [5]. In this context, on the picosecond time scale, part
of the target violently boils and actually fragments, giving rise to
a distribution of particles ranging in size from single ions to
micrometer-sized droplets, which subsequently fragment fur-
ther. The interaction of extremely intense light and these nano-
to micro-sized particles has been extensively investigated using
a limited variety of geometries, i.e., aqueous solution of par-
ticles and particles deposited on substrates. These platforms

combined with spectroscopic techniques and electron micros-
copy have shown how a strong laser excitation leads, for
instance, to shape change, mass loss, permanent modifications
on the plasmonic response, and ablation of the surrounding
platform [2,16,19,20]. Furthermore, the dynamics of laser-
excited particles has been investigated using pump and
probe techniques aiding access to their ultrafast time response
[21–24]. However, to understand both the dynamics and the
aftermath of the process, one needs to account for the collective
response of a myriad of nanoparticles (for experiments done in
solution) or for the influence of the substrate, which is highly
dependent on its response to the near field that surrounds
the illuminated particle. Therefore, understanding the precise
interaction of extremely intense light with single isolated
particles, without the complications introduced by any sur-
rounding platform, is highly relevant from both scientific
and technological points of view.

In this Letter, we present a compact and optically accessible
design of a Paul trap that allows us to trap single gold nano-
particles in a vacuum environment. Using the trap, we inves-
tigate the change on the optical properties of the levitating
nanoparticles after femtosecond (fs)-laser pulse illumination.
We measure how the scattering signal of single particles de-
creases as their size decreases due to the gradual mass loss
via laser ablation. These subtle optical changes are characterized
using polarimetry at several wavelengths. Polarimetry results are
compared with calculations using Mie theory, allowing us to
accurately retrieve the radius of the irradiated particle after cer-
tain laser doses. Finally, we estimate the number of atoms
ejected from the particle using a single laser shot and relate
it to the absorbed power.

In Fig. 1, we show a schematic of the trap system and the
optical layout that surrounds it. The trap is embedded in a
compact glass (BK7) vacuum chamber that is loaded using
an electro-spray unit. The design is based on a quadrupole ion
trap (QIT), i.e., Paul trap [25], which consists of four parallel
gold-coated metallic rods with a length of 12 cm. Following the
arguments in Denison [26] and Gibson et al. [27], the geom-
etry of the system is chosen such that we can approximate an
electric field produced with hyperbolic rods while maintaining
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optical access. Therefore, the trap rods are arranged in a square
with a side of length of L � 8 mm, a rod radius of r � 3 mm,
and a rod separation of 2 mm as detailed in Fig. 2(a). We con-
nect two diagonally opposite rods to an AC voltage while the
other two are connected to a DC signal. The trap generates a
time-oscillating electric quadrupole potential as denoted by
formulas (1), (2) using d , r and the coordinate frame presented
in Fig. 2(a). Formula 2 describes the AC signal ϕo�t� and
the DC signal ϕ1, where we set U seg � 0 V, V rod � 600 V
and Ω � 6.5 kHz using a signal generator connected to an
amplifier [26,27]. Considering the geometry of the trap,
the resultant time-oscillating quadrupole electric field aids to
trap single gold nanoparticles that obey the Mathieu equations
of motion [28]. In order to prevent the trapped particles from
moving along the trap axis, we split each of the rods connected
to the DC voltage into 24 electrically independent segments of
5 mm, whose voltage can be set to be either 0 V or 5 V. In this
way, we generate an additional electric potential ϕ1 that makes
it possible both to fix the nanoparticles at a certain position and
translate them along the z axis

ϕ�t� � ϕo�t�
2�d − r�2 �x

2 − y2� � ϕ1, (1)

ϕo�t� � U seg � V rod cos�Ωt�, ϕ1 � 0 or 5 V: (2)

The nanoparticle preparation consists of one part of an aqueous
solution of gold nanospheres (nanoComposix, diameter =
100 nm, 0.05 mg/mL) mixed with nine parts of ethanol.
The gold nanoparticles are introduced inside the trap by means
of an electro-spray system. This unit uses a hollow fused-silica
emitter with an internal diameter of 15 μm and a metallic coat-
ing (New Objective FS360-75-15) that is connected to a high
voltage that ranges from 500 V to 2500 V. The emitter is at-
tached to a 200 nm filter and a syringe that contains 10 mL of
the nanoparticle solution. We use fused silica tubing with an
internal diameter of 100 μm (New Objective CT360-100-25)
to connect the different elements of the electro-spray unit.
Figure 2(b) illustrates transmission optical microscopy and dark
field microscopy images of the emitter and the electro-spray
cone. The lower image presents the light scattered by the
Taylor cone during the loading process. Figure 2(c) shows the
different electro-spray geometries observed while optimizing
the emitter voltage; the third one illustrates the one we used to
load the trap. After loading the trap, we evacuate the air inside
the vacuum chamber reducing the pressure to 8.1 × 10−2 mbar.
Figure 2(d) shows the laser light scattered by 14 nanoparticles
inside the trap.

The optical setup in Fig. 1 combines an in situ microscope,
a cw-laser multiplexer and a fs-laser irradiation arrangement.
The cw-laser system consists of a multiplexer, where we connect
three pigtailed diode lasers with wavelengths of 642 nm,
785 nm, and 852 nm. We use these lasers to illuminate the
trapped nanoparticles along the trap axis in order to measure
their scattering response and characterize their size. To achieve
linear polarization, we make use of a fiber squeezer (FS) and a
polarizer (Pol), reaching 100:1 linearly polarized light. We con-
trol the polarization angle by means of a super-achromatic λ∕2
wave plate and a motorized rotating mount (PI type stage). The
in situ microscope allows us to capture the scattered light, at an
angle of 90° with respect to the trap axis (z), using an electron-
multiplying CCD camera (Andor, Ixon 885). The nanoparticle
position was monitored at all times during the experiments
using the microscope. Overall, the trap shows an excellent sta-
bility, and the nanoparticles remain at the exact same position
for long periods of time (up to months). Experiments where the
particle moved more than 10 pixels away from the trap axis
were discarded [29]. For the irradiation experiments, we used
a fs-laser regenerative amplifier that produces 150 fs-laser pulses
at 800 nm and a repetition rate of 1 kHz. We used a fused-silica
lens with a focal distance of 100 mm to focus the fs-laser beam
on the nanoparticles, resulting in a local fluence of 0.21 J∕cm2.
As shown in Fig. 2(a), we focused the beam slightly after the
particle in order to obtain a larger beam size in the y − z plane
where the sample was trapped. By collecting the scattered signal
of a nanoparticle at several positions along the z axis, we mea-
sured the beam waist (1∕e2) to be 50 μm.

Figure 3(a) shows an image of the light scattered by a single
trapped nanoparticle that was acquired using the in situ micro-
scope. In Fig. 3(b), we integrate the signal along the vertical axis
of the map (black circles) and perform a Gaussian fit (red line)
in order to obtain a background-free measure of the scattered
signal. We experimentally observe that the fs-laser scattering
signal of a single gold nanoparticle gradually decreases when
we illuminate it using several consecutive laser pulses, as shown
in Fig. 3(c). The total scattering cross section of a nanoparticle
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Fig. 1. Schematic of the top view of the experimental setup.
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Fig. 2. (a) Schematic of the front view of the experimental setup.
(b) Transmission (top) and dark field (bottom) microscopy images of
the electro-spray emitter. (c) Dark field microscopy images of the elec-
trospray cone geometries. (d) Picture of the side view of the trap with
gold nanoparticles.
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at a particular wavelength depends on both its size and com-
position. Therefore, we attribute the observed decrease to the
minute fs-laser-induced mass loss mediated by ablation, which
reduces the nanoparticle size and thus its scattering cross sec-
tion. To determine the laser-induced mass ejection per pulse,
we estimate the size of the nanoparticles using a multi-wave-
length polarimetry technique at certain stages of the ultrafast
ablation experiment.

Figure 4(a) shows the polarimetry curves of a single trapped
particle measured at three wavelengths, i.e., 642 nm, 785 nm,
and 852 nm. The graph presents the scattering intensity as a
function of the laser polarization angle when the light is col-
lected at 90° (y axis) with respect to the incident laser direction
(z axis) [see Fig. 2(a)]. Equation (3) shows the relation between
the scattered (Es) and incident (Ei) electric field through the
scattering amplitude matrix, which depends on the laser fre-
quency, the nanoparticle radius, and its dielectric function
[30,31]. The subscripts indicate the perpendicular E⊥ and
parallel Ek components of the electric field with respect to
the scattering plane. Equation (3) establishes that jS1j2 and
jS2j2 are proportional to the intensity scattered when using
a parallel or a perpendicularly polarized beam, respectively.
We use the elements of the scattering amplitude matrix to de-
fine the visibility V in Eq. (3). Note that this definition leads to
both positive and negative values and therefore contains infor-
mation about what component of the electric field (i.e., E⊥
or Ek) corresponds to a maximum or a minimum of the scat-
tered signal collected at 90° (y axis) with respect to the laser
propagation direction (z axis). We then compare the experi-
mental results with calculations of the visibility based on
Mie theory to retrieve an estimate of the radius:

�
Eks
E⊥s

�
� eikr

−ikr

�
S2 0
0 S1

��
Eki
E⊥i

�
, V � jS2j2 − jS1j2

jS1j2 � jS2j2
:

(3)

We use an open source Python package [32] to compute the
visibility based on Mie formalism for three laser wavelengths.
The solid curves in Fig. 4(b) present the calculated visibility as a
function of the radius of the nanoparticle up to 1.5 μm. The
visibility curves oscillate between �1 with a period that corre-
sponds to λ∕2 and whose overall amplitude decreases as the
nanoparticle size increases. The horizontal lines indicate the ex-
perimental visibility values extracted from the curves presented
in Fig. 4(a) with their uncertainties. At a given wavelength, a
single visibility value does not uniquely determine the radius, as
illustrated by the intersections of the experimental values with
the calculated curves (i.e., five possible radii at 852 nm).
Therefore, we use three laser frequencies to unambiguously de-
termine the radius. To each intersection, we assign a Gaussian
probability distribution that is centered at the corresponding
radius and with a width extracted from the uncertainty of
the experimental visibility (see parallel horizontal lines, ex-
tracted from sine fits). Subsequently, we obtain the radius
by calculating the maximum likelihood value as a result of
the overlap integral of the Gaussian probability distributions
for the three wavelengths, which in the present study leads
to a radius of ro � 169.8� 1.5 nm.

Once the initial radius ro is determined using three wave-
lengths, we illuminate the levitating nanoparticle using a train
of fs-laser pulses. Note here that we make use of a repetition
rate of 1 kHz; therefore, heat accumulation between consecu-
tive pulses is expected to have a negligible influence [33].
If we consider the power absorbed by the particle during
the exposure and assume that heat loss is due purely to thermal
radiation, we can use Stefan–Boltzmann’s law to find that the
equilibrium temperature is at maximum 745 K. Furthermore,
we estimate that this equilibrium is reached within tens of
pulses, such that the equilibrium behavior dominates the effects

Fig. 3. (a) False color image of the scattered intensity (at 800 nm) of
a single gold nanoparticle. (b) Integrated scattering intensity of the
image in (a). (c) Fs-laser scattering signal of a single trapped nanopar-
ticle as a function of the number of consecutive pulse exposures.

Fig. 4. (a) Graph of the polarimetry measurements performed using
three different cw-laser wavelengths. The solid lines are fits using a sine
function. (b) Visibility of gold nanoparticles as a function of the radius at
three different wavelengths. The visibility curves were calculated using
Mie theory. The horizontal lines show the experimental visibilities ex-
tracted from the fits in (a) using Eq. (4), and the circles illustrate the
intersections with the Mie calculations.
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that we see in our measurements. We characterize the gradual
size decrease of the particle by using the polarimetry method at
785 nm. Figure 5(a) shows the polarimetry curves after irradi-
ation using 6,000, 18,000, 54,000, and 90,000 consecutive
pulses. A semi-log scale is used to better illustrate the subtle
change of the scattering response on the lower part of the
curves. From these curves, we extract first the visibility and
then the corresponding radius as a function of the dose, as
shown in Fig. 5(b). The fs-laser irradiation leads to the gradual
evaporation of the gold nanoparticle via ultrafast laser ablation,
thus reducing its scattering cross section. We observe an overall
mass decrease of an 8� 1% of the initial nanoparticle mass, as
shown in Fig. 5(c). This leads to a total mass loss of 108 atoms,
which corresponds to approximately 1150 atoms/pulse. The
amount of photons coupled to the electrons can be calculated
as N � σabsI

ℏω Δt, where σabs is the absorption cross section of
the nanoparticle, I is the intensity of the laser, ℏω is the
photon energy at 800 nm, and Δt is the laser pulse duration.
For our experimental conditions σabs � 1.46 × 103 nm2 and
I � 1.7� 0.4 TW∕cm2, we estimate thatN � 15.5� 4.5 ×
106 photons∕pulse are absorbed, which indicates that 13.5�
5.2 × 103 photons must be absorbed to eject one atom of
gold.

To summarize, we have presented a quadrupole linear trap
design that provides the ideal platform to study the interaction
of fs-laser pulses with single nano-sized objects without the
need of using a liquid environment or a glass substrate. Our
combination of methods is very reliable to study the scattering
response of nanoparticles during ultrafast laser ablation, bring-
ing together two fields of photonics. We have monitored the
gradual fs-laser-induced evaporation of gold nanoparticles with
an extremely high accuracy, finding that 1150 atoms/pulse are

ejected requiring 13.5 × 103 photons. As an outlook, we pro-
pose the combination of the current trap system with locking
amplification to study the transient scattering properties of gold
nanoparticles during and after fs-laser excitation.
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Fig. 5. (a) Experimental polarimetry curves at 785 nm of a single
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in Fig. 4. Note that we set a logarithmic scale to stress the relative
change of the curves. (b) Experimental visibility and radius as a func-
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function of the fs-laser pulse dose. The insets ro and mo indicate the
radius and mass of the nanoparticle prior to laser exposure.

Letter Vol. 44, No. 13 / 1 July 2019 / Optics Letters 3297

https://doi.org/10.1038/nmat767
https://doi.org/10.1038/nphys191
https://doi.org/10.1038/nphys191
https://doi.org/10.1038/35107171
https://doi.org/10.1364/OL.43.004899
https://doi.org/10.1364/OL.43.004899
https://doi.org/10.1364/OL.44.001856
https://doi.org/10.1038/nphoton.2008.47
https://doi.org/10.1038/418290a
https://doi.org/10.1038/19037
https://doi.org/10.1103/PhysRevApplied.10.054005
https://doi.org/10.1038/432822a
https://doi.org/10.1021/jp1090944
https://doi.org/10.1023/A:1022840924336
https://doi.org/10.1023/A:1022840924336
https://doi.org/10.1016/j.apsusc.2007.01.081
https://doi.org/10.1088/0022-3727/40/22/031
https://doi.org/10.1088/0022-3727/40/22/031
https://doi.org/10.1063/1.1626793
https://doi.org/10.1063/1.4871507
https://doi.org/10.1063/1.124180
https://doi.org/10.1063/1.124180
https://doi.org/10.1143/JJAP.42.L33
https://doi.org/10.1143/JJAP.42.L33
https://doi.org/10.1063/1.2734550
https://doi.org/10.1063/1.2734550
https://doi.org/10.1021/acs.nanolett.5b04851
https://doi.org/10.1021/nl0524086
https://doi.org/10.1103/PhysRevLett.107.057402
https://doi.org/10.1103/PhysRevB.79.115411
https://doi.org/10.1103/PhysRevB.79.115411
https://doi.org/10.1021/nl204311q
https://doi.org/10.1021/nl204311q
https://doi.org/10.1002/rcm.607
https://doi.org/10.1116/1.1316304
https://doi.org/10.1002/rcm.469
https://doi.org/10.1002/rcm.469
https://doi.org/10.1002/anie.199007071
https://doi.org/10.1038/lsa.2017.181
https://doi.org/10.1038/lsa.2017.181
https://doi.org/10.1364/AO.40.001354
http://code.google.com/p/pymiecoated/
http://code.google.com/p/pymiecoated/
http://code.google.com/p/pymiecoated/
https://doi.org/10.1364/OE.15.012151

	XML ID funding

