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We describe a method for the rapid determination of the mass of particles confined in a free-space
optical dipole force trap. The technique relies on direct imaging of drop-and-restore experiments without
the need for a vacuum environment. In these experiments, the trapping light is rapidly shuttered with
an acousto-optic modulator, causing the particle to be released from and subsequently recaptured by the
trapping force. The trajectories of both the falls and restorations, imaged using a high-speed CMOS sensor,
are combined to determine the particle mass. We corroborate these measurements using an analysis of
position autocorrelation functions and the mean-square displacement of the trapped particles. We report
a statistical uncertainty of less than 2% for masses on the order of 5 x 10~'# kg using a data acquisition

time of approximately 90 s.
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I. INTRODUCTION

The development of optical dipole force (ODF) laser
traps to confine dielectric particles [1-5] has led to
wide-ranging applications across many fields of research.
Notable examples include the development of far-off res-
onance traps for confining atoms [6,7], the use of optical
tweezers to generate three-dimensional optical crystals
[8,9], and the application of ODF traps for the manipu-
lation of biological molecules [10,11], measurements of
bond strengths [12], and protein synthesis [13,14].

The progression of this field has led to powerful exper-
iments investigating the diffusive kinematics of single
particles trapped in liquids or free space. The pioneering
experiments in Refs. [15—19] have enabled investigation of
the timescales on which diffusive Brownian motion tran-
sitions to ballistic motion. Other lines of inquiry have
focused on particle kinematics to study the properties of
the trap itself [2022], the color of the stochastic force
associated with Brownian motion [23], the development of
precise force sensors [24], determinations of fluid viscosity
[25,26], and measurements of the polarizability of trapped
particles [27]. Progress in these areas has focused on
improving detection bandwidth [28] and spatial resolution
[29] to investigate smaller time and length scales. These
experiments have employed complementary techniques,
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such as analyses of power spectral densities [30,31], and
position and velocity autocorrelation functions [15,17].

Recently, there has also been widespread interest in
employing optical tweezers to perform precise mass mea-
surements of trapped particles [32—34]. In Table I we
show a representative compilation of such tweezer-related
measurements. The most sensitive and accurate mass mea-
surement involving optical tweezers has been obtained
using underdamped ODF traps operated in a vacuum envi-
ronment [32]. In Ref. [32], the trapped particle was driven
using an alternating electric field and the mass was deter-
mined by fitting to the power spectral density (PSD) of
the motion. This technique has been successful in charac-
terizing masses on the femtogram scale with a precision
of 0.25%. Other examples of mass determinations in the
range of 10~'°-10~!° kg involve photophoretic traps [35]
and have achieved precision at the level of a few percent
[36,37].

In this paper, we show that the use of video microscopy
to track the release and recapture of particles held in a
free-space single-beam gradient trap results in a simple
technique for the rapid and precise determination of the
particle’s mass. This technique does not require a vac-
uum environment or electromechanical feedback systems.
Additionally, it is demonstrated here using modest laser
powers and a small field of view. The precise timing
required for the release and recapture of trapped particles
is enabled by amplitude modulation using an acousto-
optic modulator. As a result, we combine the advantages
of tight confinement in an ODF trap and the capacity to
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TABLE L
systematic (syst.) uncertainties.

Summary of contemporary tweezer-based mass measurements. The last column indicates the statistical (stat.) and

Reference Technique Mass (kg) Stat. and syst. uncertainties
Huang et al. (2011) [15]° Continuous VACF analysis 1.26 x 10714 <10% and <10%
Bera et al. (2016) [35]° Power spectrum analysis 9.68 x 107! 15% (stat. only)

Lin et al. (2017) [36]° Optically forced modulation 9.00 x 10713 2% and 6%

Chen et al. (2018) [37]° Dynamic power modulation 6.3 x 1071 Not estimated
Blakemore et al. (2019) [33] Electrostatic co-levitation 8.40 x 1013 1% and 1.8%

Ricci et al. (2019) [32]¢ Electrostatically driven resonance 401 x 10718 0.25% and 0.5%

This work Drop and restore 558 x 10714 1.4% and 13%

#Solution-based experiment.
YPhotophoretic trapping experiment.
“Experiments in low-pressure vacuum environments.

observe unconstrained particle kinematics sensitively as in
the drop-tower studies of Ref. [38]. Building on techniques
to study the ballistic expansion of ultracold atomic sam-
ples [39], we track the centroid of particles dropped in free
space to infer the damping rate and analyze the trajectory
of the recaptured particle to determine the particle mass.
These measurements are corroborated by separate studies
of the position autocorrelation function (PACF) and mean-
square displacement (MSD). We show that masses on the
order of 10~'* kg associated with resinous particles with
diameters of a few micrometers can be determined with a
statistical precision of about 2% in measurement times of
approximately 90 s.

In what follows, we first describe the theoretical frame-
work for particle kinematics and the features of the MSD
and PACFs in Sec. II. In Sec. III we outline the experimen-
tal setup and in Sec. IV we present the main results of the

paper.

II. THEORY

The stochastic motion of a particle in a fluid bath can be
modeled by the Langevin equation

9%x 0x
m— +y— =F(), 1
oz TV5 =F0 M

where m is the mass of the particle, y is the damping coef-
ficient associated with the surrounding medium, and F(¢)
is the stochastic force that produces Brownian motion [40].

This treatment can be readily modified to include a
harmonic potential due to an ODF [41,42]:

¥x  pdx  x A(f) ?)
— —+—x= .
a2 at  m

Here I' = y/m is the damping rate, « is the spring con-
stant of the ODF trap, and the stochastic acceleration is
represented as A(¢) = F () /m.

Investigations into such stochastic systems have cen-
tered upon the study of the PSD of the motion and
its Fourier transform, the PACF [17]. The characteristic
timescale on which Brownian motion transitions to ballis-
tic motion is defined by 7, = 1/I" = m/y, known as the
momentum relaxation time. Details of the kinematics on
timescales much smaller than 7, have been investigated
in Refs. [16,18,19] in both underdamped and overdamped
regimes by direct computation of correlation functions.
In addition, numerous other experiments have relied on
measurements of the PSD to extract physical properties,
such as the color of the stochastic force [23], the viscosity
of the fluid [25], and the polarizability [27] and mass of
particles [32].

For applications based on free-space experiments, it is
instructive to quantify the timescale set by 7, to better
understand the details of the particle kinematics. For a
spherical particle, Stokes’ law for the damping coefficient
is given by y = 6mrn, where r is the particle radius and
n is the dynamic viscosity of the surrounding medium.
The form of Stokes’ law results in a momentum relaxation
time that scales as *. Using the equipartition theorem and
the kinetic theory of gases in which colliding particles are
treated as hard spheres, it can be shown that the viscosity
of a medium is described by n = 1/6}’2, /kpTmg /73, where
kp is the Boltzmann constant, T is the temperature, and 7,
and m, are the radius and mass of a gas molecule [43]. For
nitrogen gas at T = 300 K, the value of 7 is approximately
17 uPas, which represents a reasonable estimate for the
empirical viscosity of air (18 uPas) [44]. For a particle of
radius 3 wm and mass approximately 10~'° kg immersed
in air at room temperature, this treatment gives a momen-
tum relaxation time of approximately 100 us. While our
experiments are designed with a temporal resolution com-
parable to this value of 7,,, our drop-and-restore technique
averages over the effects of Brownian motion by repeat-
ing the measurements on timescales much larger than z,.
We corroborate the resulting mass determinations using
the calculation of PACFs, a complementary technique that
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can probe kinematics occurring on timescales of approxi-
mately 7,,.

For a particle in an ODF trap, the PACF and PSD have
been calculated for Brownian motion in the overdamped,
underdamped, and critically damped regimes by solving
Eq. (2) [41,42,45]. The expression for the PACF in the
overdamped case, which is of interest here, is given by

kgT
(x(to)x(tg + 1)) = Lze(_”/z’")’ [cosh(bt) + e Sinh(bt)],
mawj 2mb
3)

where 7 is an arbitrary time, b = %, /T2 — 4w}, and wy =

Kk /m is the natural angular frequency of the trap.

In highly overdamped cases, where I'? > 4w, it is also
possible to further approximate Eq. (2) by omitting the
inertial term [46] so that the equation of motion becomes

0x

o7 +kx =F(1), 4)

14

resulting in the simplified autocorrelation function

(x(to)x(to + 1)) = /%Te“/ 0 (5)

with a well-defined time constant known as the correlation
time 79 = y/k. Reconstructions of the correlation func-
tions in Egs. (3) and (5) can be used to corroborate the
mass measurements obtained using the drop-and-restore
experiments discussed in this paper.

In a stochastic system, the PACEF is also directly related
to the MSD of the particle, which is given by

([Ax(D?]) = 2[(x(t)?) — (x(t)x(to + 1)), (6)

where the first term in the square bracket is the variance
of the position and the second term is the PACF [8,47].
The transition from Brownian motion to ballistic motion
can be inferred by observing the change in slope of the
MSD that occurs on timescales on the order of 7, [17]. In
this paper, we construct the MSD on the basis of Eq. (6)
using the PACFs in Egs. (3) and (5), and use the short
timescale behavior to further check the consistency of the
mass determinations made using the drop-and-restore and
PACEF experiments.

In the drop-and-restore experiments, the trapped particle
is repeatedly released from the ODF trap. The motion of
the particle falling in gravity is modeled by

x e )
a2 or £
where g = —9.8 m/s? is the acceleration due to gravity in

this coordinate system. Here, since we average uncorre-
lated repetitions, the stochastic driving term plays no role

and the resulting solution to Eq. (7) is given by

x(t) = % [t+ (% + g) (e — 1)} , (3

where v, represents the initial velocity of the released par-
ticle, which should average to zero over many uncorrelated
repetitions. Therefore, a fit to the displacement-time graph
of a falling particle can be used to extract I.

In the subsequent step of this experiment, the laser con-
finement is turned on so that the particle is restored to the
trap center. This behavior is modeled by

L A )
— — towpx—g= .

P2 or T8

Once again, since numerous uncorrelated restorations are
averaged, the stochastic drive does not contribute to the
resulting effective solution to Eq. (9), which is given by

r
x(£) = xpe /2! |:cosh(bt) + % sinh(bt)}
+ %[e”/z” sinh(b1)], (10)

where xo is the initial position and vy is the recapture veloc-
ity of the particle at the time when the laser force is turned
on to restore the particle. Thus, it is possible to infer the
value of m from a fit to Eq. (10) using values of I" from the
drop experiments, and « from independent measurements
of the trap spring constant.

We now comment on the expectations for the recapture
velocity in Eq. (10), where, for drop times ¢ > 1, vy can
be estimated as the sum of the terminal velocity and the
effect of the ODF during the first frame of exposure. The
variation in the recapture velocity as a function of drop
time can be modeled by

UO(t) =vr— teprx(t)/ma (1 1)

where vy = g/ ' is the terminal velocity of the particle,
fexp 18 the exposure time for a single frame of acquisition,
and x(?) is the trajectory described by Eq. (8).

III. EXPERIMENTAL DETAILS

The experiments are carried out with a homebuilt laser
system, operating at 780 nm, consisting of a master oscil-
lator and semiconductor waveguide TA placed on a pneu-
matically isolated optical table. A schematic of the exper-
imental setup is shown in Fig. 1.The power stability of
the master oscillator has a characteristic Allan deviation
of 5 x 107® at 10 s [48] and the TA has an output power
of approximately 2 W [49]. The output of the TA is fiber
coupled and gently focused through an AOM driven at
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FIG. 1. Schematic diagram of the experimental setup. The

focal lengths of the beam shaping lenses are /; ~ 45 c¢cm and
I, ~ 30 cm. The mirrors in between the acousto-optic modu-
lator (AOM) and the 10x objective (MO) act as a periscope
such that the beam entering the MO is directed downward along
the vertical direction. Here, TA represents the tapered amplifier,
A/2 represents a half-wave plate, PBS represents a polarizing
cube beam splitter, PM represents a power meter, BB represents
a beam block, TPE represents the trapped particle enclosure,
VTL represents the variable telescope, and CMOS represents the
camera.

80 MHz so that the diffracted beam could be turned off
or on in approximately 150 ns. As a result, it is possible to
rapidly release the trapped particle in a gravitational field,
and subsequently restore the particle to its equilibrium
position. The turn on and turn off of the diffracted beam
from the AOM is controlled by a pulse generator operated
at repetition rates ranging from 0.5—20 Hz. The pulse width
that defines the free-fall time of the particle is precise to the
level of 1 ns. The maximum power in the diffracted beam
(250 mW) is controlled with a waveplate and polarizing
cube beam splitter. The diffracted beam is expanded and
focused through a 10x microscope objective (NA 0.25) so
that the focus of the beam is approximately 5 mm from
the end face of the objective lens. The intensity gradients
associated with the ODF trap are characterized using a
scanning knife edge spatial profiler as shown in Fig. 2(a).
The focal region is surrounded by a tightly sealed enclo-
sure with sliding glass windows to reduce air currents.
In this free-space configuration, the trapped particles are
introduced by ablating from the tip of a permanent marker
inserted into the enclosure. We note that this is a sim-
ple and effective technique for introducing particles into a
free-space optical tweezers setup since the ablated particles
have near zero velocity. Other techniques for introducing
trapped particles are described in Refs. [2,16,17,20,50,51].
The light scattered from the trapped particle in the trans-
verse direction is imaged onto a CMOS sensor using a
simple two-lens telescope with a variable magnification
ranging from approximately 40x—80x. The CMOS sen-
sor (Phantom UHS-12 v2012) consisted of an 800 x 1280
pixel array with an overall size of 2.24 x 3.58 cm?, which
amounts to a pixel size of 28 um. The camera is operated
in continuous mode at a variable frame rate ranging from
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FIG. 2. (a) Intensity gradients along the vertical (light blue)

and horizontal (red) directions. The straight lines indicate the lin-
ear (harmonic) ranges of the potentials. (b) The spring constant as
a function of laser power along the horizontal (left/red axis) and
vertical (right/blue axis) directions. The linear fits to the two data
sets give x = [(1.49 = 0.04) x 10~ (N/m)/mW]P + [(1.36 +
5.61) x 107%] N/m along the horizontal direction and « =
[(1.87 £ 0.07) x 107° (N/m)/mW]P + [(1.11 £4.16) x 107%]
N/m, along the vertical, where P is the laser power in milliwatts.
Inset shows examples of position histograms in the vertical (light
blue bar) and horizontal (red bar) directions for a representa-
tive laser power (77.5 mW). The black lines show Gaussian fits
whose widths are used to calculate the spring constants.

1 x 10* to 2 x 10° frames per second (frames/s). The
imaging system is calibrated by photographing a ruled
micrometer slide placed in the object plane of the tele-
scope. The calibration involves fitting the profiles of suc-
cessive rulings in the image plane to Gaussians and deter-
mining their separations in pixel units. Image sequences
are stored in on-board memory and transferred to a
computer for data processing. For the drop-and-restore
experiments, 100 independent image sequences are aver-
aged to improve the signal-to-noise ratio. In contrast, the
PACF measurements rely on a continuous record length
of images. To compensate for the lack of averaging in the
PACF measurements, an intensity filter is used to reduce
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the effect of broadband background noise entering the
telescope.

IV. RESULTS

A. Spring constant determination

In Fig. 2(b) we show the measurement of the spring con-
stant of the ODF trap as a function of laser power. For
each laser power, the spring constant is obtained from a
Gaussian fit to the histograms of instantaneous positions
[inset in Fig. 2(b)]. The Gaussian fit has a functional form

G(x) = Ce~***/kT where x is the instantaneous position
and C is a normalization constant [52]. Here, the parti-
cle positions are recorded with an exposure time of 10 us
on a suitably long timescale (z > 79) to ensure uncorre-
lated measurements. This method of determining the trap
spring constant is independent of measurements of the
damping or the particle mass, contrasting with alternative
approaches that rely on the power spectrum. From linear
fits in Fig. 2(b), we obtain spring constants of 1.49 x 107°
N/m in the horizontal direction and 1.87 x 10~7 N/m in
the vertical direction for a typical laser power of 100 mW.
We note that the offsets predicted by the fit equations in
Fig. 2(b), which are small, can be used to estimate the
inherent noise in the detection system [53]. We also note
that relative values of the spring constants are consistent
with the magnitudes of their respective intensity gradients
[see Fig. 2(a)].

B. Mass determination from drop-and-restore
experiments

In Fig. 3(a) we show the position of the released par-
ticles as a function of “drop time” (i.e., the time after
release from the trap). The position after each drop time is
determined by averaging 100 individual uncorrelated rep-
etitions. This free-fall data is fit to Eq. (8) to determine T,
with a statistical uncertainty of approximately 1%. Since
the system is highly damped, the trajectory is dominated
by the linear term in Eq. (8), the slope of which defines vr.

In Fig. 3(b) we show representative trajectories of par-
ticles that are being restored to the equilibrium position of
the trap, after various drop times. The overall data collec-
tion time for a set of 13 drop-and-restore experiments is
approximately 90 s. The restoration trajectories are fit to
Eq. (10) on the basis of known values for « from the cal-
ibration [see Fig. 2(b)], as well as I' and x( from the drop
experiment [see Fig. 3(a)]. Therefore, we are able to deter-
mine the mass of the falling particle from a two-parameter
fit involving m and vy.

In Fig. 4(a) we show the mass extracted from the restora-
tion trajectories for the drop times shown in Fig. 3(a).
We find no systematic dependence on the drop time. The
error bar represents the statistical uncertainty of the single
parameter fit. We report a mass measurement of 5.58 x
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FIG. 3. (a) Shows the fall distance as a function of drop time

and a fit to Eq. (8) with ' = 15.1 £ 0.1 kHz and v, = 0.7 +
0.5 pum/ms. (b) Shows the restoration trajectories along the ver-
tical axis of the trapping beam for a representative set of drop
times. Fits to Eq. (10) are superimposed on the data in black. The
spring constant for these restorations is k = 2.2 x 1077 N/m.
The data for both the drop and the restore experiments represent
averages of 100 independent repetitions and the error bars indi-
cate the standard deviation of these repetitions. Here, we take the
value of g to be —9.80 m/s?.

10~'% kg, with a statistical uncertainty of 1.4%, based
on the 13 measurements carried out with k = 2.2 x 10~/
N/m. We estimate the overall uncertainty in m by numer-
ically varying the parameters «, I', and x, within exper-
imental error, finding the statistical variation in m from
the resulting trajectory fits, and combining these individual
uncertainties in quadrature. In this manner, we infer a sys-
tematic uncertainty in m of 6 x 10~!5 kg (approximately
13%).

To further investigate the effect of trap stiffness, we
repeat the drop-and-restore experiments for a subset of
drop times, with a significantly larger (approximately x2)
spring constant. We find that these mass measurements
are consistent with those obtained with a smaller spring
constant, as shown in Fig. 4(a). Specifically, we find a
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FIG. 4. (a) Mass determined using the drop-and-restore tech-
nique for various drop times. The restoration fits are per-
formed using the values I' = 1.511 x 10* Hz from the drop
experiment and x = 2.2 x 1077 N/m (circles) and « = 4.2 x
1077 N/m (triangles) from the vertical spring constant mea-
surements. The fit line for k = 2.2 x 1077 N/m gives an offset
value of (5.58 4 0.08) x 10~'* kg and a slope that is consistent
with zero as expected, namely, (2.74 £ 9.86) x 1077 kg/ms.
The fit line for k = 4.2 x 1077 N/m gives an offset value of
(5.55£0.12) x 107'* kg and a slope that is also consistent with
zero, (—1.14+4.0) x 107! kg/ms. (b) Fit values of vy from
Eq. (10) as a function of drop time (lower axis) and recapture
position with respect to the trap center (upper axis). The two
horizontal axes are linearly dependent as described by the drop
trajectory in Fig. 3(a). For ¥ =2.2 x 1077 N/m (circles), the
solid fit line, which models the data as a function of drop time,
gives an offset value of vy(t = 0) = (0.5 £ 0.1) um/ms, and an
acceleration given by the slope of (0.63 #+ 0.03) um/ms?. For
k = 4.2 x 1077 N/m (triangles), the dashed fit line, which mod-
els the data as a function of the drop time, gives an offset value
of vo(t = 0) = (1.2 £ 0.2) um/ms, and an acceleration given by
the slope of (1.28 & 0.07) wm/ms?. The predicted value of the
recapture velocity, also as a function of drop time, as defined by
Eq. (11), is shown by the light gray trendline.

mass of 5.55 x 107'* kg, with a similar statistical uncer-
tainty of approximately 2%, and once again, no systematic
dependence of the mass on the drop time. This abbreviated

study as a function of spring constant helps to demon-
strate the insensitivity of the drop-and-restore technique to
changes in the trap stiffness.

In Fig. 4(b) we show the fit values of the recapture
velocity vy, as a function of the drop time and recap-
ture position, for each of the mass determinations shown
in Fig. 4(a). The fit lines (dashed and solid) show that
the initial recapture velocity continues to increase as the
particle is allowed to fall further from the equilibrium posi-
tion. In Fig. 4(b) we also show the predicted value of
the recapture velocity, as defined by Eq. (11) (solid light
gray line). We attribute the differences between the two
trend lines and the prediction to an impulse proportional
to the distance from the trap center imparted by the turn
on and turn off of the AOM that produces a transient,
uneven illumination of the particle. Our conjecture is sup-
ported by the drop experiments shown in Fig. 3(a), where
the fit to Eq. (8) yields a small initial velocity. We note
that this effect, indicative of a small impulse in the drop
data, is consistent with the offset extracted from the fit in
Fig. 4(b). We suggest that these features of the data arise
because the resultant impulse imparted scales with distance
from the beam focus due to the position-dependent nature
of the ODF. During the turn off, or during the turn on
following a short drop time, the position of the par-
ticle is near the uniformly illuminated region around
the equilibrium position of the trap. In contrast, when
the AOM is turned on after longer drop times, the
particle is at increasing distances from the trap cen-
ter where any uneven and transient illumination due to
the AOM will have a larger effect. Therefore, the lin-
ear dependence of the recapture velocity on the drop
time in Fig. 4(b) can be attributed to the combined
effects of the laser force, the impulse from the AOM, and
gravity.

We also note that the recapture velocities measured with
a higher trap spring constant exhibit a larger slope, as a
function of drop time, in comparison to data obtained with
a smaller spring constant. This behavior further supports
our conjecture that larger recapture velocities arise from
the combination of a stronger laser force and the impulse
from the AOM.

C. Mass determination from autocorrelation functions

In Fig. 5(a) we show representative examples of PACF-
sgenerated from data sets that are several seconds in dura-
tion with a frame rate of 10° frames/s. This data, obtained
at various laser powers, represents the time-domain ana-
log of other techniques for mass determination that rely
on the PSD [32,36]. Here, however, the smoothness of the
PACEF suffers due to the record length, which is restricted
to match that of the drop-and-restore experiments. While
the PACFs can be fit to Eq. (3), the complex functional
form results in an overestimation of the uncertainty in the
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FIG. 5. (a) PACF of particle motion at various laser powers.

The black lines show fits to Eq. (5), based on the overdamped
approximation. Part (b) shows the resulting 7y from the PACF
fits for a range of trap spring constants. The fit function is of
the form 7y = y/k, from which we obtain y = (8.38 £ 0.23) x
10710 kg/s.

mass. The large uncertainty persists even if the values of I'
and « are constrained on the basis of independent experi-
ments. As a result, we use the autocorrelation function in
the large damping limit given by Eq. (5) to fit the data since
it has a much simpler functional form. From these fits we
extract the correlation time constants with a precision of
approximately 3%.

In Fig. 5(b) we show the resulting fit values for the
correlation time constant Ty = y/x, as a function of trap

TABLE II.

spring constant (which is varied by adjusting the laser
power). The error bars displayed in this figure repre-
sent the total uncertainty due to the intensity filter used
to reduce the background noise in the PACFs and the
inherent uncertainty in the exponential fits. This data,
which exhibits the predicted inverse power dependence,
can be used to extract a damping coefficient y = (8.38 &
0.23) x 107!% kg/s. Combining this result with the damp-
ing rate I' measured in the drop experiments, we find a
mass value of (5.55 4 0.16) x 10~!* kg, which corrobo-
rates the determination from the trap restoration experi-
ments discussed earlier (see Table II). If we consider the
damping coefficient extracted from Fig. 5(b) and assume
Stokes’ law, we find the particle radius to be (2.3 £
0.1) wm, which is comparable to the radius inferred from
the images (2.4 & 0.3 um). We note that this compari-
son, which is also shown in Table II, takes into account
the effects of calibration uncertainties such as absolute
resolution, motional blurring, and depth of field. By com-
bining this radius with the mass, we infer a particle density
of (1.1 £0.1) x 103 kg/m3, which is consistent with the
density of resins used in common permanent markers [54].

In Fig. 6 we show the MSD constructed from particle
positions recorded with a frame rate of 10° frames/s. On
short timescales, where the motion is expected to transi-
tion to the ballistic regime, the MSD disagrees with the
prediction based on Egs. (3) and (6). We attribute this
discrepancy to insufficient time resolution, leading to the
inability of the MSD to simultaneously fit the behavior
on short and long timescales [47]. This aspect is simi-
lar to our difficulty in modeling the PACF using Eq. (3),
as described earlier in this section. The limitations posed
by inadequate time resolution in analyzing such data have
been described in Refs. [30] and [55]. Therefore, we use
the short timescale behavior of the MSD only as a con-
sistency check for the mass determinations obtained from
other techniques (see Table II), all of which rely on particle
motion on much longer timescales.

As expected, the data in Fig. 6 deviates from the predic-
tions for the overdamped system [Egs. (5) and (6)] on short
timescales, and approaches the expected trend for ballistic
motion [Egs. (3) and (6)]. We note that this timescale of
approximately 100 us is in agreement with the estimate of
the momentum relaxation time made in Sec. II, based on

Summary of mass and particle radius measurements based on various techniques.

Mass determination

Technique Mass (kg)

Particle size measurement

(5.58 £0.08) x 10714
(5.55+£0.16) x 10~

Drop and restore?
PACF & drop®

Technique Radius (um)
Direct observation 24403
PACF & Stokes® 23+0.1

aBased on 13 measurements conducted with x = 2.2 x 1077 N/m.

®Mass determined by combining 7, from Fig. 5(b) and I measured in drop experiments [Fig. 3(a)].
°Radius measurements inferred from Stokes’ law using the PACF time constants from Fig. 5(b).

024017-7



GEHRIG CARLSE et al.

PHYS. REV. APPLIED 14, 024017 (2020)

1000 ¢ E
& 500 ¢ ]
S
T 100 ¢ i
g 50 f ]
8 —Egs. (5) and (6)
= 12 ’ Egs. (3) and (6) 3

10 100 1000 104
Time (us)

FIG. 6. MSD for a particle confined in a trap with stiffness
k = 3.2 x 1077 N/m. The black line indicates the MSD predicted
by Egs. (5) and (6) in the overdamped limit. The yellow line indi-
cates the MSD predicted by Egs. (3) and (6). Both predictions
assume that y = 8.38 x 10710 kg/sand m = 5.5 x 10~* kg.

assumptions of the particle size and mass (3 wm and 1013
kg, respectively). Using the transition at 100 s as an upper
bound for 7, = m/y, in combination with the measured
particle size (see Table II) and Stokes’ law y = 67y, we
can place a similar bound of (8.1 £ 1.3) x 10~'* kg on the
mass.

This upper bound for 7, is also consistent with the drop
experiments in Fig. 3(a) where 7, = 1/I" = 66 us, as well
as the estimate (7, = m/y = 67 us) obtained from the
combination of the mass from the drop-and-restore experi-
ments (see Table II) and the damping coefficient measured
using the PACFs [see Fig. 5(b)].

V. CONCLUSIONS

We present a simple and effective technique based on
drop-and-restore experiments in a gravitational field to
determine the masses of particles confined using free-space
optical tweezers. The mass determination, which has a
statistical uncertainty of less than 2%, has also been cor-
roborated by position autocorrelation measurements. In
contrast with other techniques (see Table I), our experi-
ments do not require the use of secondary lasers, feedback
systems, or vacuum environments. Instead, our measure-
ments rely on direct imaging of scattered light with a
fast CMOS sensor and a straightforward spatial calibration
procedure.

We anticipate that the precision of this technique can
be further improved by using higher laser powers and a
larger Rayleigh range for the focused beam. This com-
bination will increase the recapture range, defined by the
turning points of the axial intensity gradient and allow
the available field of view to be fully exploited. However,
potential complications may arise from heating and local
changes in the viscosity of the medium, which should be

accounted for at higher laser intensities [35,56,57]. Addi-
tionally, we expect that the impulses attributed to the AOM
turn on can be significantly suppressed by employing a
dual-pass AOM [58]. It is also possible to further reduce
the estimated systematic uncertainty by using faster frame
rates to improve instantaneous position measurements.
Similarly, the accuracy of spring constant measurements
can be improved by actively stabilizing the power out-
put of the AOM using an rf feedback loop and by using
temperature-insensitive polarizers.

It will be desirable to investigate the widespread appli-
cability of this technique using calibrated microparticles
for which the masses and sizes are known. Our drop-
and-restore method may also be used to study highly
absorbing particles confined in photophoretic traps pro-
vided the effects of amplitude modulation in such traps are
carefully modeled [36,37]. Other extensions could involve
the investigation of particulates trapped in liquids or media
of higher viscosity. Based on the statistical precision, we
expect that this technique should be applicable to the
discrimination of contaminants in flue gases as well as bio-
logical agents, such as pollen and pathogens trapped in
free space and liquid cultures [11,59—61]. Here, the princi-
pal requirement would be the use of an isolated diagnostic
chamber to prevent fluid flow. Given the data acquisition
time of approximately 90 s, we anticipate that this work
will open the door for the rapid determination of relative
masses of a variety of trapped particles in future studies.
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