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Trapping Microparticles in a Structured Dark Focus
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We experimentally demonstrate stable trapping and controlled manipulation of silica microspheres in a
structured optical beam consisting of a dark focus surrounded by light in all directions—the dark focus
tweezer. Results from power spectrum and potential analysis demonstrate the nonharmonicity of the
trapping potential landscape, which is reconstructed from experimental data in agreement to Lorentz-Mie
numerical simulations. Applications of the dark tweezer in levitated optomechanics and biophysics are

discussed.
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Introduction.—Light exerts forces upon matter [1]. As
shown by Ashkin [2], these forces can be used to create
stable traps for nano- and microscopic dielectric particles,
with a myriad of applications from fundamental physics
[3-8] to metrology [9-11], quantum information [12,13],
and biology [14-16]. When the refractive index of the
particle’s material is larger than that of its surrounding
medium, optical forces attract the object toward high
intensities of light. For Gaussian beam optical tweezers,
the resulting potential is approximately harmonic [17], and
careful calibration of the trap by a number of different
methods [18,19] allows for precision force microscopy
down to the molecular realm [20].

A growing interest in the fields of levitated optome-
chanics and optical micromanipulation is in enhanced force
effects due to structured materials and light beams. For
example, stable Casimir trapping of refractive-index engi-
neered materials [21], enhanced forces in optically active
nanocrystals [22] and nitrogen-vacancy color center ensem-
bles [23], and probing of structured beams using levitated
nanorods [24] have been demonstrated, while enhanced
optical tweezing of meta-atoms exploiting Mie resonances
[25], composite microspheres [26], and chiral sorting of
microparticles proposed [27,28]. Within this context of
engineered nano- and microtraps, we can also explore
repulsive optical forces: In the situation that a particle has a
lower refractive index than its surrounding medium, it gets
expelled from high-intensity regions of light [29]. Using
structured beams [30], we can then engineer an inverted
optical trap—a dark focal region surrounded by a bright
barrier [31]—capable of trapping an object and shielding it
from external influence.

A dark focus tweezer (DFT) could find many applica-
tions across physics and biology. The optical potential
generated by structured light dark traps can have tunable
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nonharmonicity [32], providing a laboratory for studies of
nonlinear stochastic dynamics [17] and non-Gaussian state
preparation in optomechanics [33]. Moreover, trapping
objects in the dark can be extremely beneficial in the
fields of active matter and biophysics, where laser damage
limits experiments with living cells [34-36].

In this Letter, we report the construction of a dark optical
trap for microparticles as proposed and theoretically
analyzed in [32]. Earlier experiments have employed
structured light and optical bottle beams to manipulate
atoms in blue-detuned lasers [37—40] and micron-sized
objects through photophoretic and thermal forces [41].
Here, we demonstrate stable trapping and controlled
manipulation of microparticles in a structured light dark
focus through optical forces alone. As we will show, the
DFT induces a strongly nonharmonic potential landscape
reflected as non-Gaussianity in the statistical properties of
the particle’s stochastic trajectory. We probe the particle
motion through both its power spectrum density as well as
potential analysis and reconstruct the optical potential
landscape through matching of data with numerical
simulations.

The dark focus tweezer.—The DFT, sometimes also
called the optical bottle beam [31], consists of a dark
focus surrounded by a bright intensity region [32]. There
are different ways of generating a DFT [42-46]; for
simplicity, we choose a superposition of a Gaussian
=0, p=0) with a Laguerre-Gauss (LG) beam
(Z =0, p = 1) with a relative phase of z [32]. This choice
for a bottle beam allows for an intuitive description of the
optical potential and can be readily generated using a
spatial light modulator (SLM).

For a DFT of wavelength 4; in a medium of refractive
index n,,, the most important parameter is the numerical
aperture NA, from which the beam waist w, = 1y/7zNA

© 2023 American Physical Society
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(a) Simplified setup: A 780 nm cw laser is split into orthogonal polarizations by a half wave plate (1/2) and a polarizing beam

splitter (PBS). The vertically polarized beam (trap) is modulated by an SLM and directed to an objective (NA = 0.6) to generate the
optical trap. The horizontal component (probe) traverses the trap and is collected by a second objective (NA = 0.4) and used to probe the
motion of a trapped microparticle with a QPD. The trapping beam is filtered by a polarizer (pol). The image of the trapped particle is
obtained by focusing light from a LED onto the particle, subsequently collected by the trapping objective, filtered by a short pass filter
(SPF), and focused onto a CCD (image). (b) Behavior of the intensity distribution around the focal point can be mimicked by varying the

relative phase 6 between the Gaussian and LG modes.

and Rayleigh range zz = n,,49/7NA? can be calculated.
The total average intensity of the beam is I, = 2P,/ zra)%,
where Py is the total beam power. We can also define the
width W and height H of the bottle as the distances between
the peak values of intensity along the x and z directions;
these are W = 2w, and H = 2z, from which we see that
the width scales as NA~! and height as NA™ (see
Supplemental Material [47]).

For a particle of radius much smaller than the beam
wavelength, R <« /1,, optical forces due to a linearly
polarized light beam are decomposed into scattering
(nonconservative) and gradient (conservative) components,
both increasing with the factor a = [(m? — 1)/(m* + 2)],
where m = n,/n,, is the particle-medium refractive index
ratio. We are interested in situations where m < 1 (i.e.,
n, < n,,) and the particles are repelled by higher intensities
of light [48]. The gradient force field can be expressed in
terms of the potential landscape:

27n,, R
c

V(r) = al (7), (1)

where I(7) is the beam intensity at position 7. Note that the
potential may switch from attractive to repulsive depending
on the value of m; although our experimental conditions do
not fit the dipole regime, this feature remains valid in our
experiment. As discussed in [32], near the origin (i.e.,
p < g, 7 <K zg), the potential V(7) can be expanded as a
polynomial function of coordinates:

k k
Vip.2) 522 = kpep?2 + 2% (2)

where k, is the harmonic term strength along the axial
direction and k,, and k, denote the anharmonic potential
strengths. In the Rayleigh regime, these potential

coefficients are simple functions of the beam parameters
(see Supplemental Material [47]) [32].

In our experiment, trapped particles have a radius of
R = 575 nm, comparable to the wavelength 1y = 780 nm,
a regime in which generalized Lorentz-Mie scattering
theory must be employed for the calculation of optical
forces [49]. Numerical simulation of the resulting force
fields can be performed using the toolbox presented in [50].
Equation (2) provides a good approximation to the poten-
tial landscape near the origin also in the intermediate
regime, with root-mean-square deviations with respect
to full numerical simulation of Lorentz-Mie scattering
theory below 1% for a wide range of particle radii (see
Supplemental Material [47]).

Experimental setup.—The experimental setup for gen-
erating a dark focus tweezer can be seen in Fig. 1(a). A cw
laser at 780 nm (Toptica DL-pro) seeds a tapered amplifier
(Toptica BoosTa) yielding 1.6 W of power. The beam is
divided by a half wave plate and a polarizing beam splitter
(PBS) to produce the trapping beam and an auxiliary
probe beam. The trapping beam is modulated by an
SLM (Holoeye) and sent through an objective (Olympus
UPIlanFLN 100x adjustable NA = 0.6—1.3). The resulting
superposition can be monitored in a camera providing a
visualization of the beam’s transverse profile as shown in
Fig. 1(b). We change the relative phase between the modes
in order to mimic the DFT’s intensity pattern along the axial
direction. The image of the trapped particle is produced by
focusing light from a LED into the sample, subsequently
collecting it with the trapping objective, and projecting onto
a CCD (image camera).

SiO, beads of radius R =575 nm (microParticles
GmbH) with refractive index n, = 1.45 are immersed in
clover oil solution, with a refractive index of n,, = 1.53 and
measured transmission for 780 nm of 7yqver = 85%. To
load the trap, we position the center of the beam at the
location of a nanoparticle and abruptly turn on the dark
focus tweezer. The hydrophobic nature of the oil increases
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FIG. 2. (a)—(d) Controlled SLM motion of the trapped particle.
Position is tracked by monitoring the coordinate of the brightest
pixel. (e)—(h) Shielding effect: A dumbbell (black contour) is
repelled after approaching a trapped particle (white contour). See
supplemental videos [47].

the tendency of the silica microspheres to aggregate,
occasionally forming microdumbbells in addition to single
particles.

Controlled particle motion and shielding.—As a first
demonstration of stable trapping in the DFT, we slightly
move the beam by adjusting the SLM modulation angle,
allowing for a fine control of the particle position by
deflecting the dark focus center. Figures 2(a)-2(d) show the
iteration of four different trap positions, with red dots
marking the brightest pixel in the image approximately
corresponding to the center of the microsphere; see
Supplemental Video S1 [47]. These images are obtained
by collecting the light from an LED scattered by the particle
and registered with the CCD camera, as shown in Fig. 1. By
switching off the Gaussian component of the DFT super-
position and producing a pure LG mode, we observed the
particle is lost from the trap.

In Gaussian optical tweezers, additional objects in the
sample traveling near the trapped particle are drawn into the
potential landscape by the attractive optical forces. In
contrast, a particle trapped in the DFT is shielded from
the influence of these external objects due to the repulsive
optical force. Figures 2(e)-2(h) display typical subsequent
frames of a trapped particle (white dotted circle) sur-
rounded by free, passing-by particles. We observe a micro-
dumbbell (black dashed circle) approaching the trapped
particle and subsequently repelled by the DFT beam; see
Supplemental Video S2 [47].

Power spectrum analysis.—Among the most employed
techniques to calibrate optical traps [51,52] is the power
spectrum density analysis (PSD). Analysis of the Langevin
equation for a trapped particle in a harmonic potential reveals
that the PSD has a Lorentzian form with the corner
frequency parameter proportional to the trap’s stiffness [53].

The potential associated to the DFT can be modeled by a
fourth-order polynomial in the particle’s coordinates, thus
being nonharmonic (see Supplemental Material [47]).
Numerical simulations of a trapped particle in the over-
damped regime subject to quartic potentials show that the
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FIG. 3. PSD of a particle trapped in the dark focus (red line) in
comparison to background noise (gray line). The effective corner
frequency is f.ppr = (13.4 £0.7) Hz.

PSD of the particle motion is well fitted by a Lorentzian
function, despite the exact relation between the corner
frequency and the trap’s strength parameters being
unknown beyond perturbation theory [17]. In effect, the
PSD method cannot be directly used to determine the
DFT’s strength constants, but we can use it as a consistency
check between numerical simulations of the particle motion
subject to optical forces in the intermediate regime and
experimental data. This indirectly provides information on
the trap’s characteristics.

Because of the nature of the dark trap, scattering of
photons is greatly reduced, hindering motion detection by
the traditional technique of collecting light scattered from
the trapping beam [54]. To overcome this, we employ an
auxiliary weak probe beam in a Gaussian mode with
polarization orthogonal to the trapping beam. Being dis-
tinguishable and provided it has low power, the probe beam
does not significantly alter the properties of the dark trap.
Moreover, any eventual residual scattering noise due to
the trapping beam can be filtered by a suitably aligned
polarizer before detection, allowing access to the informa-
tion carried by the probe alone. The probe light scattered
by the particle is collected by a second objective lens
(Olympus PlanN 10x, NA = 0.25) and directed to a
quadrant photodetector (QPD, New Focus 2931) generat-
ing signals proportional to the particle’s radial and axial
coordinates (see Supplemental Material [47] for details).

We now turn to measurements of the PSD of a particle
trapped in the dark focus. The measured PSD can be seen
in Fig. 3 (red dots and line) together with the background
scattering noise in the absence of a trapped particle (gray
dots and line), for comparison. A Lorentzian fit to the
PSD yields an effective corner frequency of f.ppr =
(13.4 + 0.7) Hz. Numerical simulations of the trapped par-
ticle within the DFT suggests that this value lies in the NA
range between 0.46 and 0.49, where we find corner frequen-
cies in the range between f, g, = (12.6 £2.3) Hz and
fesim = (19.2 +7.3) Hz, respectively. Using the scaling of
width W and height H with the NA introduced earlier, we
estimate the order-of-magnitude of the trap size to lie between
1.0and 1.1 pm. Considering that our particles have a diameter
of 1.15 pm, this suggests the view that the trapped particle
feels only loose forces within the dark focal region.
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FIG. 4. Potential analysis. (a) Position traces of the particle. (b) Top: Kullback-Leibler divergence D(Pey, || Pyim) between simulation
and experiment as a function of the NA. The orange region displays the range in which simulated and experimental probability
distributions are most similar. Bottom: corner frequency of simulated dynamics. The blue region displays the range where the effective
corner frequency of the simulation is within the error margin of measured value f, prr = (13.4 = 0.7) Hz. The hatched area shows the
intersection of both methods, NA = 0.46-0.47. (c) Fitted normalized PDF of the centroid’s position.

Potential analysis.—In thermal equilibrium and in the
limit that the conservative force dominates over dissipative
forces, the position probability density function (PDF)
follows P(p,z) x exp (=V(p,z)/kgT) and can be recon-
structed from frames of the particle motion acquired with a
CCD over long times [51]. We acquired long-duration
videos of a trapped particle at a rate of 15.0 frames/s, from
which we extract the particle’s centroid and axial coor-
dinates using image processing [55]. The resulting coor-
dinate traces can be seen in Fig. 4(a). Because of the
potential anharmonicity, the position PDF is expected to be
non-Gaussian; a Kolmogorov-Smirnov hypothesis test on
the position time series confirms that at 0.05 significance.

To find the best match between the data and the quartic
potential model, we ran several simulations of the particle
dynamics in the DFT parametrized by the trap’s NA. We then
extract simulated PDFs for motion along the transverse
directions and numerically compute the Kullback-Leibler

100

FIG. 5. Reconstructed potential for centroid coordinate of a
particle in the DFT.

(KL) divergence between each of the simulated distributions
and the marginal PDFs obtained from the experiment.
Minimizing the KL divergence between simulation and
experiment is equivalent to performing a maximum like-
lihood estimation of the trap’s NA [56]. Figure 4(b) displays
the KL divergence averaged over the x and y directions (top
plot), where we find that a potential with NA = 0.46 best
describes the measured position traces, consistent with the
expectation from Gaussian optics provided the beam waist
prior to the SLM, given by NA < 0.6. Moreover, we
compute the PSD of the numerical simulations’ position
data, from which we obtain the corner frequency of the
Lorentzian fit. The obtained values of corner frequency
for each simulation are plotted as a function of NA in
Fig. 4(b) (bottom plot), where we see that NA = 0.46 also
displays the best agreement with the PSD measure-
ments, f.gn = (12.6 +2.3) Hz.

From the position traces, we can reconstruct the PDF,
which is fitted according to the equilibrium prediction. The
resulting fit is seen in Fig. 4(c). Proper calibration of the
transverse directions is achieved through independent
measurements of the CCD’s pixel size compared to a
reference, while the longitudinal direction is measured by
integrating the image brightness over the trapped sphere
[54], and calibrated via comparing the root-mean-square
deviations of the matched simulation with the measured

TABLEI. Reconstructed potential parameters in comparison to
numerical simulations of Lorentz-Mie theory. Error bars are
obtained by dividing the experimental and simulated data into
five sets and taking the standard deviation.

Parameter Experiment Lorentz-Mie simulation
k., (N/m) (3.86 £ 0.06) x 1077 (2.93 £0.79) x 1077
k. (N/m?) (8.81 £0.14) x 107 (8.84 £0.25) x 107
k, (N/m?) (2.26 4+ 0.07) x 103 (1.63+0.17) x 108
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data. The reconstructed potential at the trapped sphere’s
centroid position—obtained by taking the logarithm of the
PDF—is shown in Fig. 5, with the corresponding param-
eters obtained from the experiment and in comparison to
full Lorentz-Mie numerical simulation of a DFT with
NA = 0.46 in Table 1.

Conclusion.—In summary, we have experimentally
investigated a structured light dark focus tweezer for
dielectric microparticles immersed in a high refractive
index medium. We have shown stable trapping and iso-
lation from surrounding objects by repulsive optical forces,
which induce a nonharmonic potential landscape.

We expect the dark trap will find use in both applied and
fundamental physics. In biophysics, dark tweezers can
provide stable trapping for organisms with reduced laser
heating. This is advantageous, as it has been shown that
bright tweezers hinder cell reproduction and exponentially
decrease cell lifetime even at modest trapping powers [57].
Moreover, the dark focus tweezer can be used for vacuum
optical trapping using doped nanoparticles, for instance,
with rare-earth atoms [22] or Mie particles [25]. Note that
implementing a vacuum dark tweezer requires advance-
ments in material science. Optical absorption by particles
with internal resonances typically leads to unstable dynam-
ics and particle loss caused by spectral and geometrical
imperfections. If these challenges can be overcome, the
dark focus tweezer could provide the advantage of a
significantly reduced internal bulk temperature of the
particle, consequently reducing the decoherence effects
caused by thermal emission.

Code and data are available at GitHub [58].
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