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Crosstalk elimination in the detection of dual-beam optical tweezers

by spatial filtering
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In dual-beam optical tweezers, the accuracy of position and force measurements is often compro-
mised by crosstalk between the two detected signals, this crosstalk leading to systematic and signifi-
cant errors on the measured forces and distances. This is true both for dual-beam optical traps where
the splitting of the two traps is done by polarization optics and for dual optical traps constructed by
other methods, e.g., holographic tweezers. If the two traps are orthogonally polarized, most often
crosstalk is minimized by inserting polarization optics in front of the detector; however, this method
is not perfect because of the de-polarization of the trapping beam introduced by the required high
numerical aperture optics. Here we present a simple and easy-to-implement method to efficiently
eliminate crosstalk. The method is based on spatial filtering by simply inserting a pinhole at the cor-
rect position and is highly compatible with standard back focal plane photodiode based detection of
position and force. Our spatial filtering method reduces crosstalk up to five times better than polar-
ization filtering alone. The effectiveness is dependent on pinhole size and distance between the traps
and is here quantified experimentally and reproduced by theoretical modeling. The method here pro-
posed will improve the accuracy of force-distance measurements, e.g., of single molecules, performed
by dual-beam optical traps and hence give much more scientific value for the experimental efforts.

© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4878261]

Il. INTRODUCTION

Dual-beam optical traps have been successfully used to
investigate, e.g., the mechanical properties of DNA,"? DNA
protein association,® and the mechanical action of molecular
motors.*> For these subtle and technically advanced inves-
tigations, it is of utmost importance that as much informa-
tion as possible is retrieved from the data and that data are as
accurate as possible, i.e., without systematic errors. Dual op-
tical traps can be constructed in different ways, e.g., by holo-
graphic means,’ but the most common way is to insert a polar-
izing beam splitter in the path and hence create two traps with
orthogonal polarizations from a single laser source. This is
convenient as it is easy, low-cost, and facilitates independent
control of the two individual traps.”3 Also, it is an advantage
that the two traps come from a single laser source and hence
have similar Poynting vector and power fluctuations.

In “single beam” optical traps, it is common and conve-
nient to use the trapping laser beam also for detection of the
positions visited by the trapped particle by detecting the for-
ward and un-scattered light by a photodiode placed in the back
focal plane. Through proper calibration, one can then deduce
the forces acting on the trapped particle.’ Force- and distance-
detection by photodiodes have significant advantages com-
pared to camera based detection; the detection rates can be
significantly higher, thus revealing very fast dynamics, and
the acquisition and subsequent data analysis is significantly
faster than image-based detection. A similar method is of-
ten applied to detect the position of trapped particles in dual
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traps with orthogonal polarization. In this case, a polarizing
beam splitter, or a polarization filter, is placed in front of the
photodiode, thus, in principle, allowing only the signal from
one trap to impinge on a particular photodiode. However, a
complete separation purely based on polarization optics is not
possible: First, polarization optics are not perfect; when using
polarizing beam splitters the reflected beam often still con-
tains 1% of the “wrong” polarization. Second and even more
problematic, a partial depolarization of the trapping beams
occurs due to the high numerical aperture (NA) optics re-
quired for obtaining three-dimensional trapping by a single
laser beam.'? This incomplete separation of the signals con-
sequently leads to so-called crosstalk, a parasitic signal orig-
inating from the other trap when measuring one specific trap
of interest. Depolarization due to high-NA optics, which can
reach up to 10% of the integrated focal intensity,'! should be
taken seriously as it can represent a severe source of error'?
resulting in a deviation in the measured force magnitude of
up to several pN.! The parasitic signal changes the voltage
signal of a given quadrant or pixel and enters the differential
signal used for lateral detection in a non-trivial and system-
atic manner. As the axial position is normally measured as the
total power impinging on the photodiode, the axial positions
and forces will be systematically overestimated. These errors
are, of course, problematic both while measuring, e.g., phys-
ical properties of molecular motors'? or weak hydrodynamic
interactions between trapped particles.'*

Since crosstalk presents a serious problem to acquisi-
tion, several means for signal separation have been presented.
These include fast sequential detection of time-multiplexed
optical traps,'> polarization rectification by beam back
propagation through the focusing objective,'” and advanced

© 2014 AIP Publishing LLC
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signal processing.'® As a simple, low cost, and efficient alter-
native to the previously published techniques, we here present
a method to perform crosstalk suppression by spatial filter-
ing. The method simply consists of inserting a pinhole in
a position that allows only the signal originating from the
trap of interest to propagate to the photodiode detector. This
new method reduces crosstalk to less than 0.2%, thus per-
forming five times better than standard polarization filtering
alone.

Il. PRESENTATION OF THE SPATIAL FILTERING
METHOD

In typical interferometric detection schemes, the signal
is imaged by a lens onto a plane conjugate to the back fo-
cal plane (BFP). This is because space constraints typically
do no allow placement of the photodiode directly at the BFP.
Therefore, an intermediate plane exists, which is conjugate to
the focal plane of the microscope objective, i.e., to the sample
plane where the trapping is performed. The trapping beams
overlap along most of the optical path. In this intermediate
plane, however, the beams are well separated spatially, and fil-
tering is done simply by inserting a pinhole here, as sketched
in Figure 1. If the foci of the trapping beams are separated
in the sample plane, they will also be separated in this con-
jugate plane. By accurately positioning the pinhole at the fo-
cus of the beam of interest (grey trap in Figure 1, from now
on referred to as Trap 1), only this beam will be transmitted
to the detection photodiode. The other beam (henceforth de-
noted Trap 2) will be efficiently obstructed, and crosstalk will
be eliminated. The experimental setup is further detailed in
Sec. IV.
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FIG. 1. Illustration of the spatial filtering method. Two independent traps are
created in the sample plane by two trapping beams in orthogonal polarization
states. Trap 2 enters the objective at an angle 6, which translates to a lateral
distance d between the foci. The transmitted light is collected by the micro-
scope condenser. A lens images the back focal plane of the condenser onto
a quadrant photodiode for detection of the position of the trapped particle.
Blocking the laser beam of Trap 2 by a pinhole with diameter p, located in
a plane conjugate to the sample plane, allows for the transmission of Trap 1
to the detector and effectively suppresses crosstalk from Trap 2. Optionally,
crosstalk can be further minimized by adding a linear polarizer in front of the
QPD.
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lll. RESULTS

A. Influence of spatial filtering on optical trapping
and detection

To ensure that the proposed crosstalk elimination method
does not influence the optical trapping and position detec-
tion capabilities, a full analysis of the trap characteristics was
conducted for a single-beam optical trap with the pinhole in-
stalled. For each translational direction, there exists a conver-
sion factor, which allows for conversion from the arbitrary
voltage readout from the quadrant photodiode (QPD) to abso-
lute lengths. The exact definition and calculation of the con-
version factor is detailed in Sec. IV. It is of great convenience
in photodiode-based detection of optically trapped objects if
this conversion factor is constant across the interval of data
acquisition. To check for this, an experiment was performed
where a bead, immobilized on a glass surface, was scanned
by a piezo stage through the focus in three dimensions. The
relation between the voltage readout from the QPD and the
actual position in one of the lateral directions, y, is shown in
Figure 2(a). Clearly, there is a large linear range, signifying a
constant conversion factor. This was true for all three transla-
tional directions. The y-conversion factor should be relatively
constant upon small variations in x, and Figure 2(b) confirms
that this is indeed the case.

For small particle excursions, an optical trap based on a
Gaussian intensity profile exerts an approximately harmonic
force, F = —kx, on the trapped particle, where « denotes
the trap stiffness and x is the deviation from the equilib-
rium position. As detailed in Sec. IV, the dynamics of the
trapped particle obeys the Langevin equation, and the power
spectrum of the time series is well fitted by a Lorentzian
function, from which the so-called corner frequency, f.
= k/2my, can be found. Here, y denotes the friction coef-
ficient of the bead in the solution, which can be estimated
from Stokes’ law if far from any surfaces. To ensure that the
spatially filtered Trap 1 retained the “normal” trapping be-
havior, time series of the positions visited by a bead in Trap 1
were analyzed while Trap 2 was blocked before entering the
microscope. The inset of Figure 2(c) shows that the position
histogram is well fitted by a Gaussian distribution, hence, the
spatially filtered Trap 1 still exerts a harmonic force. Also,
experiments with and without the pinhole installed in the op-
tical path were done, to ensure that the insertion of the pinhole
leaves the measured corner frequency of Trap 1 unaltered. The
result is shown in Figure 2(c), where the two data sets are ar-
tificially displaced from each other in the vertical direction.
Within the error bars (one standard deviation), f;, and hence
also «, are unaffected by the presence of the pinhole.

B. Quantification of crosstalk suppression
As a measure of crosstalk, we use the quantity

Sparasitic

V= , 1)

AY total

where the signals Sparasitic and Sy denote the parasitic signal
and the total signal, respectively. In practice, Sparasitic Was mea-
sured as the signal that penetrated the pinhole (aligned at Trap
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FIG. 2. Influence of pinhole insertion on optical trapping in Trap 1 and photodiode based detection. (a) The raw y-voltage signal from the photodiode as a
function of lateral motion of the bead within the trap. The linear region verifies a substantial region with a constant conversion factor. (b) The raw y-signal from
the photodiode as a function of movement in both lateral directions. The y-signal shows a linear dependence on the bead’s y-displacement from its equilibrium
position and only a minor dependency on its displacement along the x-axis. The full line corresponds to graph A. (c) Comparison of power spectra of the time
series originating from Trap 1 with and without the pinhole inserted. For visibility, the two plots have been arbitrarily displaced in the vertical direction. The
solid line denotes a fit to thedata utilizing a Lorentzian function, as detailed in Sec. IV, using the program from Ref. 17. The dotted lines indicate the £1 standard
deviation expected from theory, filled dots mark data included in the fit, open circles indicate data outside the fitting range. Inset: Histogram of the positions

visited by the trapped particle, full line is a Gaussian fit.

1) while Trap 1 was off and Trap 2 was on. Similarly, Sy
was measured as the signal that penetrated the pinhole while
both Trap 1 and Trap 2 were on. In other words, this mea-
sure of crosstalk quantifies the contribution of the parasitic
signal from Trap 2 to the total measured signal in a dual-trap
experiment where both traps are on and where the aim is to
measure exclusively the signal originating from Trap 1. The
signals were recorded while varying the distance d between
the traps. This was done by keeping Trap 1 at a constant po-
sition in the center of the field of view (FOV), co-centering
the pinhole with Trap 1 for maximum transmission, and sub-
sequently stepwise moving the focus of Trap 2 to the distance
d. The signal measured is the total intensity reaching the QPD,
Igpp = 11 + I, + Iz + 14, which is the sum of the intensities,
I, i = {1, 2, 3, 4}, detected by each of the four individual
quadrants.

We investigated the influence of the trap separation d
on crosstalk for a range of pinhole diameters, p = 5 um,

10 pum, 20 pm, 30 wm, 50 wm, 100 wm, and 150 pxm. The
result is plotted in Figure 3(a), which shows crosstalk (V) as
a function of distance between the traps, d, for different pin-
hole diameters. As expected, a maximal crosstalk of 50 % is
obtained when the beams overlap perfectly (d = 0), as both
beams pass through the pinhole and Trap 2 contributes with
50% to the total signal. With increasing d the crosstalk, W,
decreases (Fig. 3(a)) and goes towards zero for large d. The
smaller the pinhole diameter, the more rapid and effective is
the crosstalk suppression. To quantify the crosstalk suppres-
sion for varying pinhole sizes, we compared the distances I,
where the crosstalk W had fallen by 3dB, i.e., by 50%, rela-
tive to its maximum value at d = 0. Figure 3(b) shows I" as a
function of p and indicates a linear relation between I" and the
pinhole diameter for diameters larger than 20 pm. This linear
relation can be used to choose the optimal pinhole size for
a certain experimental design. At p < 10 pum, an oscillatory
behavior of W(d) is observed. This probably originates from
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FIG. 3. Crosstalk suppression by spatial filtering. (a) Crosstalk W as a function of distance d for varying pinhole size. All curves are raw data, no smoothing filter
was applied. The dashed purple lines are theoretical fits to the experimental data. The 3dB decrease distance, I', is shown as a black ring for each pinhole size
and explicitly marked for p = 20 um. (b) 3dB decrease distance, I, as a function of pinhole diameter, p. The full line shows a linear fit to the data points from p
=20 pm to 150 pm, the dotted lines denote the 95%-confidence area of the fit. The data point of the 10 xm pinhole is located just outside the 95%-confidence

area, indicating that for this small pinhole the linear relation does not hold.

diffraction effects and sets a lower limit for the usable pinhole
size.

C. Theoretical prediction of crosstalk suppression
by spatial filtering

To support the experimental findings, we theoretically
modeled the crosstalk suppression by spatial filtering. We
modeled the spatial filtering process using a wave optics ap-
proach. The optical system was simplified by modeling the
lens compounds of both the objective and the condenser as
single lenses. The expanded Gaussian-shaped trapping beam
entering the objective lens is focused down to a diffraction
limited spot. The shape of this focal spot is influenced by
the overfilling ratio, i.e., the ratio between the Elz-beam di-
ameter and the front aperture of the objective. When the %—
beam diameter matches the aperture diameter, the focal spot
is approximately Gaussian-shaped with side lobes of very low
intensity. With larger overfilling ratios, the incident intensity
profile becomes more uniform and the side lobes in the fo-
cal intensity distribution become more pronounced. In other
words, the intensity distribution becomes more Airy disk-
like, as this is the interference pattern caused by Fraunhofer
diffraction of a plane wave with a flat intensity profile at a
circular aperture.'8

The focal spot in the sample plane is magnified and im-
aged into the pinhole plane. This transformation is dictated by

the point spread function of the imaging optics, resulting in an
intensity distribution resembling that of an Airy disk, which
mathematically can be described as

> 2

2 Ji(x)

with the peak intensity Zy and J;(x) denoting the Bessel func-
tion of the first kind of order one, where x contains both ge-
ometrical and optical parameters, i.e., x = (27/))ar, with a
being the radius of the circular condenser aperture, A the
wavelength, and r the radial distance from the optical axis
measured in the plane of the diffraction pattern.'”

Now, the (d dependent) transmission of the parasitic
signal, Wipeory, can be estimated by computing the 2D-
convolution

I(r)=1o ( @)

‘I/theory = I(r) * g(r) (3)

of the diffraction pattern Z(r) and a two-dimensional circu-
lar boxcar function g(r), defined by g(r < p/2) = 1 and g(r
> p/2) = 0, representing the pinhole, which is located in
this plane. Two-parameter fits, accounting for the shape of
the Airy disk and the pinhole diameter, to the experimen-
tally measured curves are shown in Figure 3(a) (purple dashed
lines). The crosstalk, as a function of trap separation distance,
is well described by the model; in particular, the initial flat
region and the decrease fit quite well. However, the model
underestimates the tails of the distribution. This is probably
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FIG. 4. Combining spatial and polarization filtering for efficient crosstalk suppression. (a) Crosstalk as a function of trap separation distance, d. If only the
polarization filtering is performed (dot-dash red line), the crosstalk level is independent of d. Adding also the spatial filtering improves the crosstalk suppression
down to a level of 0.2 percent for sufficient trap separation. (b) Crosstalk suppression improvement, €2, by employing both spatial and polarization filtering
compared to employing polarization filtering alone. The improvement was calculated for the data shown in (a) and the legends are the same.

because in the experiments there are inherent aberrations that
are not included in the theory and which give rise to more
pronounced side lobes.

D. Crosstalk suppression by combining spatial
and polarization filtering

The most common way to suppress crosstalk in dual-
beam orthogonally polarized optical traps is by inserting po-
larization optics in front of the photodiode detector and the
minimal crosstalk for a well aligned, purely polarization-
based filtering is on the order of 1 to 1.5%.'! The efficiency
of polarization filtering alone is comparable to that of spa-
tial filtering alone. To obtain an exceptionally high degree of
crosstalk suppression, the two methods should be combined,
which is straightforward in practice. Here we quantify the
crosstalk suppression by such a combination of spatial and
polarization filtering. For the experimental measurements of
combining spatial and polarization filtering a linear polarizer
(extinction ratio >1 : 107, Thorlabs LPNIR100) was placed in
the BFP of the condenser (see Fig. 1).

In accordance with Ref. 11, we obtained a crosstalk level
of 1.1% when employing only a linear polarizer and no pin-
hole for filtering (dot-dashed red line in Figure 4(a)). As ex-
pected, this value did not depend on the distance d separat-
ing the traps. After inserting the pinhole, the crosstalk de-

creased with increasing trap separation, d, dropping to a value
significantly below the level achievable with the polarization
optics alone (Fig. 4(a)). Combining spatial filtering with po-
larization filtering provides crosstalk levels below 0.2% for
sufficient trap separation d. Notably, at this very low level of
crosstalk, we are limited by electronics noise, not by the pin-
hole method.

To compare the crosstalk while performing only linear
polarization filtering (W1 p) to the crosstalk while performing
both pinhole based spatial filtering and linear polarization fil-
tering (Wppgrp), we calculated the improvement, €2:

Q- Wip — Wpy and L @)

WpH and LP

as a function of trap separation distance d. The result is
plotted in Figure 4(b), which shows that the advantage of
employing also the spatial filtering increases as the trap sep-
aration distance increases. Also, it shows that at trap separa-
tions of more than 2 pum, the crosstalk can be reduced by a
factor five by spatial filtering with correct pinhole size.

IV. METHODS
A. Optics

The experiments were carried out on a modified in-
verted microscope (Leica DM IRBE), into which dual-beam
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optical tweezers were implemented. The two optical traps, of
equal power, were created by splitting a laser beam (1064 nm
CW Nd:YVOq laser, Spectra Physics J20I-BL-106C-02) into
two separate beams, by means of a half-wave-plate followed
by a polarizing beam splitter. In the optical path of Trap 2,
there was a 1:1-telescope allowing for steering Trap 2: the
first lens of the telescope, the “beam steering lens,” was im-
aged onto the BFP of the objective by the second telescope
lens. A LabView-controlled, piezo-actuated linear translation
stage (Newport Picomotor, 9066-X-P-M) allowed for precise
lateral displacement of this beam steering lens, thus caus-
ing a change in the angle of incidence 6 into the objective,
which then led to a lateral displacement of Trap 2 in the fo-
cal plane.® Besides allowing for position control, this layout
guaranteed minimal clipping of the beam by the objective en-
trance aperture when translating the optical trap. The two ex-
panded Gaussian-shaped laser beams with orthogonal polar-
ization states were focused by a high-NA water immersion
objective (63X, NA=1.2, Leica HCX PL APO W CORR CS),
thus creating the optical trap. An oil immersion condenser
(NA = 1.4, Leica S1 551004) collected the transmitted light,
whose back focal plane was imaged onto a QPD (Si-PIN pho-
todiode, Hamamatsu S5981).

The sample chamber was made by sandwiching two
#1.5 glass cover slips on top of each other using double-
sided sticky tape, to form a water-filled perfusion cham-
ber, approximately 80 um in thickness. All trapping experi-
ments were performed far from any surfaces. The mean di-
ameter of the particles was 0.96 um (PSO3N/9396, Bangs
Laboratories).

B. Alignment of pinhole

The pinhole was mounted on actuators with differential
drives (Thorlabs ST1XY-D) that allowed for precise three-
dimensional translation. An initial coarse positioning of the
pinhole, in the plane conjugate to the focal plane, was fol-
lowed by an iterative positioning process, in which the posi-
tion was fine-adjusted to maximize the transmitted intensity.
The correct alignment of the pinhole with the trap of interest,
i.e., Trap 1, could be verified by monitoring the signal while
switching Trap 1 on and off or while scanning Trap 2 through
the field of view.

C. Calibration

To deduce forces and distances from optical trapping, it
is a necessity to perform a calibration. We calibrated the trap
through monitoring the thermal fluctuations of the particle
within the trap.” The bead fluctuates in the harmonic potential
of the optical trap, and its dynamics is well described by the
Langevin equation

mi(t) + yx(t) + kx(t) = Fnerm(?), &)

with x being the time-dependent position of the bead, m the
bead’s mass, y the friction coefficient given by Stokes’ law:
y = 3mnd (d being the diameter of the particle and 7 the
viscosity) if far from any surfaces, and « the spring constant
characterizing the optical trapping potential. Finerm(?) is a ran-
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dom and time-dependent force due to stochastic thermal colli-
sions with the solvent. As the trapping is conducted in water,
inertia is negligible compared to any of the other terms and
the inertial term, mx(¢), can safely be neglected.

The position of the bead in the trap was measured by a
quadrant photodiode (QPD). The QDP has four photodiodes
arranged as quadrants: the difference signals provide the lat-
eral positions of the bead, and the sum of all four signals is
proportional to the axial movement of the bead.”? The raw
output from the QPD (S(?)) is in volts and needs to be con-
verted into metric units for absolute distance determination
(x(?)). In a certain range, S() and x(¢) are linearly proportional
and a conversion factor, 8, can be determined:

x(t) = BS(). (6)

The power spectrum of the voltage signal, S(¢), obtained
in a measurement with finite measurement time 7, can be
found as

Pep(f) = ISCHIP/ T. ()
Here, S(f) denotes the Fourier transform of the signal S(f)
T/2
S(f) = / S(t)e*™dz. 8)
-T2

Using Eq. (6), the power spectrum of the experimental
data can be written as

- 1
Pop(f) = |3/ T = 7 %P/ T. ©)

The theoretical power spectrum of the Langevin equa-
tion, P(f), is the expectation value of the experimental power
spectrum:

A
e+
where f is the so-called corner frequency, f. = /2wy, and

A= #, with D being the diffusion constant of the bead. D
is connected to y via the Einstein equation

kgT
D= 8"
14

where T is the absolute temperature and kg the Boltzmann
constant. A different numerical factor can appear in the equa-
tion for A, depending on whether one considers the one-sided
or the two-sided power spectral density in the analysis. The
above stated formula for A is for the two-sided PSD.

The corner frequency f. and the conversion factor B can
now be determined by fitting the theoretically expected PSD
to the experimental data regarding A and f; as the fitting pa-
rameters. In the simplest case of calibrating an optical trap,
this would mean a simple Lorentzian fit. However, in practice
the photodiode has a pronounced filtering effect®* that needs
to be taken into account in the fitting procedure. We used the
program from Ref. 17, which takes this filtering effect as well
as aliasing and other minor effects into account. Finally, «
can be extracted from f; (as f. = «/2my) which concludes the
calibration.

P(f) = (Pep(f)) = (10)

, an
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FIG. 5. Calibration curve quantifying the change of power of Trap 2 as a
function of distance between Trap 1 and Trap 2. Not taking this power loss
into account would lead to an underestimation of the crosstalk.

D. Data analysis

Time series of 3 s of the positions visited by the bead
in the trap were recorded at 22 kHz and used for calibra-
tion. Based on Allan variance analysis, this is the optimal
length and acquisition frequency for the current setup.>> Low
frequency mechanical vibrations of the pinhole were omit-
ted by excluding low frequency components below 120 Hz
in the fit. Prior to the crosstalk analysis, we subtracted the
QPD dark current from the measured integral QPD signal.
This was measured prior to each experiment for the chosen
analog preamplification of the QPD voltage signal. Also, we
compensated for the slight power loss (less than 5%) that oc-
curs when Trap 2 is moved away from the center of the field
of view. This power loss is caused by the fact that the BFP
of the objective does not coincide with the objective shoulder
but is actually located inside the objective (17.50 mm), thus
leading to a marginal cutting of the impinging beam when
being tilted to move the trap laterally in the focal plane. Dis-
regarding this effect would result in an underestimation of the
crosstalk when moving towards to the margins of the field of
view. To determine this power loss, we measured the transmit-
ted power as a function of the position of Trap 2. The resulting
calibration curve is shown in Figure 5.

V. CONCLUSION

Crosstalk elimination is critical for high precision mea-
surements involving the detection of several laser beams,
as it gives rise to the detection of a parasitic signal that
adds a systematic error to the readout and hence compro-
mises the accuracy of experiments. This is of specific in-
terest for dual-beam optical traps, were the forces and dis-
tances of a trapped object are read off using photodiode de-
tectors. We present a method based on spatial filtering for
efficient elimination of crosstalk. The method simply con-
sists of inserting a pinhole in a plane conjugate to the focal
plane. This spatial filtering does not alter the forces and dis-
tances measured from a single trap, and the linear range be-
tween displacement and readout from the photodiode detec-
tor is preserved. Both direct experimental measurements and
theoretical modeling confirmed that the spatial filtering effec-

Rev. Sci. Instrum. 85, 053108 (2014)

tively minimizes crosstalk; the larger the trap-trap distance,
the larger the suppression. We provide tools for selecting the
proper pinhole size for a certain acceptable crosstalk level.
If the two traps have orthogonal linear polarization, spatial
filtering alone is approximately as efficient polarization fil-
tering, which is commonly used. However, if the two meth-
ods are combined, which in practice is very easy, then the
crosstalk is extremely efficiently suppressed; in fact, the com-
bined method gives a factor five improvement compared to the
standard linear polarization filtering alone. The spatial filter-
ing technique can readily be adapted to other implementations
of optical traps than just dual-beam optical traps. In princi-
ple, the method can easily be extended to detect the signal
from any spatially separated arrangement of multiple optical
traps, for instance holographic optical tweezers (HOTs).52°
Normally, the detection of forces and displacement of objects
in multiple optical traps is done by means of a camera, be-
cause it has been difficult to separate the signals from the
multiple laser beams using photodiodes. With this spatial fil-
tering, it should be possible to separate the signal from each
trap and detect it individually with a photodiode, which has
distinct advantages over camera detection, e.g., higher tempo-
ral and spatial resolution®’:?? as well as easier data analysis.
Hence, we believe the presented signal filtering scheme will
prove quite useful for future more accurate optical tweezers
experiments.
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