Improved axial position detection in optical

tweezers measurements
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We investigate the axial position detection of a trapped microsphere in an optical trap by using a

quadrant photodiode.

By replacing the photodiode with a CCD camera, we obtain detailed information
on the light scattered by the microsphere.
position displays complex behavior with regions of positive and negative interference.

The correlation of the interference pattern with the axial
By analyzing the

scattered light intensity as a function of the axial position of the trapped sphere, we propose a simple

method to increase the sensitivity and control the linear range of axial position detection.
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1. Introduction

Since the first demonstrations of optical trapping of
dielectric particles, optical traps, also known as op-
tical tweezers, have become an important tool in
biophysics and colloidal science: see Ref. 1 for a
recent overview of the literature. In many cases
measurements of the lateral position of the trapped
object, i.e, the position in the direction perpendicu-
lar to the laser beam, give information sufficient for
probing the system of interest. There are, how-
ever, applications where knowledge of the position
in all three dimensions would contribute signifi-
cantly to the understanding of the system. For
example, three-dimensional position detection
might considerably improve measurements of the
diffusion constant of proteins in the bacterial outer
membrane, such as in Ref. 2. In such experiments
the motion of the protein in the membrane is likely
to have significant components out of the lateral
plane because of the relatively small radius of cur-
vature of the bacterium. In other experiments the
forces investigated may have small, but significant,
axial components.? Often, axial position detection
relies on extrinsic methods, such as total internal
reflection microscopy* or two-photon excitation.?
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One commonly used method for determining both
axial- and lateral position of an object in an optical
trap is to measure the intensity of the forward-
scattered light with a quadrant photodiode placed in
the back focal plane of the microscope condenser. In
this case, for small fluctuations of the bead, the lat-
eral x- and y-coordinates of the trapped bead are
proportional to the differences in light intensity on
the four quadrants,® and within a certain regime the
axial position is proportional to the fluctuations in
the sum of the intensities on the quadrants.”# Here
we report a new experimental approach to back-focal-
plane detection with emphasis on resolving the axial
positions of the bead. We show that, through deeper
understanding of the back-focal-plane interference
pattern, the signal-to-noise ratio and the linear range
of detection can be controlled and optimized.

2. Experimental Setup

The optical tweezers setup consists of a Nd:YVO,
laser operating at a wavelength of 1064 nm (10 W,
Spectra Physics Millennia), which is directed into an
inverted microscope (Leica DMIRBE). The laser
output is expanded with a commercial beam ex-
pander (20X, Casix) and passes a half-wave plate and
a beam-splitter cube used for attenuation of the laser
beam. Two mirrors serve to steer the beam during
the alignment. Before entering the microscope, the
beam is focused by a lens, L; (f = 35 cm), that com-
pensates the defocusing of the built-in microscope
tube lens, L, (f = 25 cm).

The essential components, including I; and L,
forming the optical trap and the detection system are
depicted in Fig. 1. The trap is formed by the micro-
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Fig. 1. Schematic illustration of the components forming the op-
tical tweezers and the detection system. The laser beam enters
the microscope via the side port, and the built-in tube lens, L,
must be incorporated into the optical path. Lens Lj images the
back focal plane of the condenser onto the detection system, either
a quadrant photodiode or a CCD camera. In this figure the beam
expander, mirrors, and attenuating system have been omitted.

scope objective (100X, oil, numerical aperture NA =
1.4). The forward-scattered light from the sample is
collected by the microscope condenser (oil, NA = 1.4,
diameter 22 mm). The back focal plane of the con-
denser is imaged by a lens, Ls (f = 3.75 cm, diameter
254 mm), onto either a quadrant photodiode
(Hamamatsu S5981) or a CCD camera (Sony XC-
75CE, frame rate 25 Hz). Lens Ls is placed 19.9 cm
along the optical path from the condenser and 4.2 cm
from the detector. The sample is mounted on an xyz
piezo translation stage (Physik Instrumente,
P-517.3CL); before entering the CCD camera, the laser
beam is attenuated by an absorptive neutral-density
filter (Thorlabs ND40B). Except where indicated,
measurements have been performed on polystyrene
microspheres dissolved in deionized water.

3. CCD-Image Analysis

Inserting a CCD camera into the back focal plane of
the condenser instead of the quadrant photodiode
yields more detailed information on the interference
pattern of the forward scattered light. Figure 2(a)
shows a CCD image of the back-focal-plane interfer-
ence pattern of a trapped bead. The image appears
as a bright disk, as only light at angles less than the
critical angle of the glass-water interface at 6, = 61
deg is detected from the sample. At each pixel the
angle 6 is defined as sin(0) = r/f, where r is the radial
distance from the image center to the pixel. The
constant f is given by f = r./sin(8,), where r, is the
radius of the disk of the interference pattern. The
presence of a bead in the optical trap is seen as a dark
shadow in the image center.

From the CCD camera, a recording of 1500 consec-
utively sampled frames of a trapped bead undergoing
Brownian motion were analyzed to find their infor-
mation content regarding the axial position of the
trapped bead. The axial root-mean-square devia-
tion of the bead from the mean position was =50 nm,
and the mean distance from the coverslip to the bead
was approximately 3 um. We investigate the corre-
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Fig. 2. Analysis of forward-scattered light detected with a CCD
camera. (a)Interference pattern of a trapped bead (diameter 1.07
pm). The physical diameter of the image is 5 mm. (b) Corre-
sponding correlation matrix, C of Eq. (1). Each surface element in
the plot is the mean of 5 X 5 entries of C. (c) Mean value of the
correlation matrix C as a function of the detection angle 6. At
angles 0 below 35 deg, the light intensity of the image in (a)
increases as the bead moves along the axis of the laser beam. At
angles from 35 to 58 deg the correlation is negative, while a peak
of positive correlation is visible close to the critical angle at 61 deg.

lation of each pixel intensity with respect to the total
intensity,

C = PuZdi— P (Zi- (1

Here, p}; € {0, . . ., 255} is the intensity recorded at the
pixel with indices £ and / in image number i, and 2;
is the sum of all pixel intensities in image i. The
mean value is taken over all images in the recording.
By moving the bead in a well-controlled fashion in the
axial direction, the total intensity, =,, was found to be
proportional to the axial position of the bead, z, as on
the quadrant photodiode.?:8

In Fig. 2(b) a surface plot of the correlation matrix
C is shown. It shows that the intensity in the mid-
dle of the image is positively correlated with the z
position of the bead. Further from the center, the
sign changes and the intensity becomes negatively



correlated with the z position. Figure 2(c) shows the
average of the correlation matrix in a rim df as a
function of 6. In this figure the region of positive
correlation at low scattering angles and the region of
negative correlation at angles above 6 = 35 deg are
clearly distinguishable. In addition, a distinct pos-
itive peak develops at the critical angle. At angles
greater than 61 deg, the condenser receives no light
from the sample, and the correlation drops to 0.
Note that in Fig. 2(c) the number of pixels that con-
tribute to the average increases with 6. Figure 2
clearly illustrates that integrating the intensity of
the entire accessible area of the photodiode will de-
crease the amount of information on the axial posi-
tion, as regions with both negative and positive
correlations are included and their contributions to
the total intensity cancel. As is shown below, the
total contributions from the positively and negatively
correlated areas may even exactly cancel, and as a
result the total axial signal vanishes. This result
holds for beads of size 0.4, 1.07, and 2.3 pm.

4. Photodiode Response

For various capture angles, 0.,,, of the condenser, we
investigated the response of the quadrant photodiode
and determined in which range this signal was pro-
portional to the axial position of the bead. The angle
0.4 is the opening angle of the light cone detected by
the condenser and can be easily adjusted with the
condenser aperture diaphragm placed immediately
above the condenser on the microscope; see Fig. 1.
We induced oscillations in the position of the bead
relative to the optical trap by oscillating the sur-
rounding medium with the piezo stage. The equilib-
rium position of the bead was set to be approximately
6 wm above the coverslip of the sample, and the laser
intensity was kept at the lowest possible that could
hold the bead trapped. Under these circumstances
the bead is influenced by an external force of magni-
tude F,,, = —yv, where the drag coefficient, v, is found
from Stokes Law, vy = 6mmr. Here 1 denotes the fluid
viscosity, r the radius of the bead, and v the velocity of
the bead with respect to the medium. Let Z, .4 and
Zample denote the coordinates of the bead and the sam-
ple relative to the trap, with the axis oriented in the
same direction as the propagation of the laser beam.
The potential exerted by the trap is approximately
harmonic with spring constant «,.4#7° The motion of
the trapped bead can then be described by

'yZ.bead + Kszead = ’YZ.sample- (2)

In the present case, Z,mp1c(t) = A sin(27fyt), with A =
1.29 um and f;, = 40 Hz. The response of the
trapped bead was sampled at 4 kHz with the photo-
diode and can be found from Eq. (2) to be Z,4(t) = A’
sin(2wfpt + &), with amplitude A" = A[1 + (x,/
2myfo)?] /2 and phase ¢ = tan '(k,/2myf,). From
power spectral analysis, the ratio k,/27y was found
to be 3.80 = 0.15 Hz.1® Consequently, the ratio of
the amplitudes is determined to be A’ /A = 0.996, and
the phase lag ¢ = 5.4 deg. A direct measurement
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Fig. 3. Total intensity on the quadrant photodiode with respect to
the axial position of the trapped bead (diameter 1.07 pm). The
legend provides the capture angle of the condenser, 6,,,, and the
total range of linear detection. The inset shows the sensitivity of
the axial position signal defined as the slope of the photodiode
signal at the equilibrium position.

gave & = 3.6 deg. The deviation between the two
values of ¢ could be caused by the fact that the trapped
bead is forced to extreme positions where the assump-
tion of a harmonic trapping potential no longer holds.

In Fig. 3 the response of the photodiode is depicted
as function of the position of the bead. Each curve
corresponds to a different value of the capture angle
of the condenser, 0.,,. The exact angle is stated in
the legend. To minimize the effect of thermal fluc-
tuations, each curve shows an average over 400 pe-
riods. An offset, increasing with 6., has been
subtracted to yield an output of 0 V at the equilib-
rium, defined as the mean axial position of the bead
in the trap without external forces. The deviations
from the linear regime are obvious in most cases
when the bead is more than =0.5 pm away from the
equilibrium. The legend also states the range in
which the photodiode output changes linearly with
the position of the bead. This range of linear detec-
tion has been defined as the minimal distance at
which the difference between the bead position and
the linear approximation is less than 30 nm.

We find that the range of linear detection is max-
imized at the lowest capture angle and is minimized
for 0., between 35 and 44 deg. In the inset of Fig.
3 the sensitivity of the photodiode, defined as the
slope of the output signal around 0 V, is plotted ver-
sus 0., Here an optimal capture angle occurs at
Ocap = Omax = 26 deg. The minimal sensitivity ap-
pears when 0, = 0., = 40 deg, where the sensitiv-
ity is 0. It appears that the minimum in the linear
detection range corresponds to a change in sign of
sensitivity.

If needed, the position detection can be improved
by including higher orders in the fit to the photodiode
response. In this manner it appears that the mea-
surement range is limited only by the presence of the
inflection point in the photodiode output and can be
extended up to 1 pm in the positive direction and
even more in the negative direction at low 6

cap*
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Fig. 4. Probing the spatial resolution of the position detection
system by moving a fixed bead with the piezo stage in 14-nm steps
in the axial direction. The inset shows a position histogram taken
at a typical step (indicated by an arrow). The positions obtained
indicate a resolution of 2.8 nm in the axial direction. The capture
angle of the condenser was set to 35 deg.

However, at 0.,, = 0,,;, no one-to-one mapping from
the photodiode signal to position coordinates is pos-
sible.

To test the precision of the axial position detection,
the response of the photodiode was measured as a
fixed bead was moved in a controlled manner through
the focus of the laser. For this measurement the
best sensitivity was achieved with 0,, equal to 35
deg. The beads were suspended in water containing
0.5 mM NaCl in order to attach the trapped bead to
the coverslip: the bead was captured from the bulk
of the solution and, while the distance to the coverslip
was continuously decreased, the bead would at some
point attach to the surface owing to the presence of
the electrolyte. Care was taken not to perturb the
equipment after the attachment of the bead to the
coverslip to ensure that the bead was aligned later-
ally with respect to the beam axis.

Figure 4 shows the photodiode signal of the posi-
tion of the immobilized bead when it was moved in 14
nm steps close to the focus of the laser. The individ-
ual steps, of duration 0.1 s, are easily distinguished.
A typical step is indicated by an arrow in the figure.
This step is investigated further to get the spatial
resolution of the position detection system. A histo-
gram over the positions in this step is shown in the
inset of Fig. 4. A Gaussian fit to this histogram
results in a standard deviation of 2.8 nm, which we
take as the precision of the axial position detection.
In some of the steps periodic noise at a frequency of
50 Hz is visible in the time series. This noise is
probably caused by interference from nearby elec-
tronic installations.

5. Discussion

In Fig. 3 we demonstrate that the linear range and
sensitivity of the axial position detection depends cru-
cially on the aperture of the condenser. Similar re-
sults are found in the numerical work by Rohrbach
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Fig. 5. Power spectra of the fluctuations of a trapped bead, re-
corded with the quadrant photodiode at various opening angles of
the condenser. The increase in signal strength is ~2 orders of
magnitude when the opening angle is decreased. Both signals
have been high-pass filtered at 1 Hz. In the lower curve, the
peaks are electronic noise, whereas in the upper curve only a 100
Hz peak is noticeable.

and Steltzer.ll In their work, numerical simula-
tions of the axial sensitivity of the photodiode with a
trapped 150-nm polystyrene bead gave 6,,;,, = 64 deg.
Furthermore, they found 6,,,,, to be inversely propor-
tional to sin(0.,;), i.e, for axial position detection the
optimal capture angle is as low as possible. We mea-
sure a definite 0,,,,, and when 0, is lowered below
this angle the sensitivity in the axial position detec-
tion decreases. Furthermore, since the correlation
values in Fig. 2(c) are approximately constant as
function of angle below 6 = 20 deg, the sensitivity at
low angles should be proportional to the photodiode
area illuminated by the light cone of opening angle
Ocap, T sin(ecap)z.

We may also, as a further documentation of our
results, investigate the amplitude of the signal
through a power spectral analysis. At a laser power
similar to that of Fiig. 2 we observe an 80-fold increase
in power spectral density upon lowering the capture
angle of the condenser from 61 to 35 deg; see Fig. 5.
This demonstrates a significant increase in signal
when our method is applied.

We found the exact values of 6., and 6., to be
sensitive to parameters such as the depth of the laser
trap in the sample, the laser intensity, and the size of
the trapped bead. From the correlation measure-
ment in Fig. 2(c), 0,,,« can be found as the angle
where the correlation, C(6), equals zero. When the
detector area is integrated over angles smaller than
this angle, only positively correlated regions contrib-
ute to the signal. From the plot in Fig. 2(c), 0, is
found to be ~35 deg. The variation in 6,,,, and 6,,;,
is due to the fact that the equilibrium position of the
trapped bead is shifted with respect to the geometri-
cal focus of the trapping laser. The point at which
the trapped bead is in equilibrium depends on the
balance between the scattering of the laser beam,
which tends to push the bead away from the focus
point and the electrical field gradient of the focused



laser, which attracts the bead toward the focus
point.12 The relative strength of these opposing
forces depends on details such as laser power and
bead size. In the presence of spherical abberations
the equilibrium point may also depend on the depth
in the sample.

The results reported in this paper apply when scat-
tered light from the trapping laser beam itself is uti-
lized for position detection. Areas of positive and
negative correlation as in Fig. 2(b) and 2(c) are a
result of the axial momentum transfer from the fo-
cused laser beam to the bead. This also indicates
that position detection with a separate laser!® may
have the same complex behavior only if it is as tightly
focused as the trapping laser and shares the same
focus plane in the sample. Thus it is most likely that
position detection with a less tightly focused laser
beam does not display the same critical dependence
on 0.,, shown in Fig. 3.

6. Conclusion

The interference pattern in the back focal plane of the
condenser lens behaves in a complex non-linear fash-
ion with respect to the axial position of the trapped
bead. As demonstrated, the axial position detection
can be greatly improved both with respect to in-
creased sensitivity and to the range of linear detec-
tion when the capture angle of the condenser is
decreased to within 26-35 deg, the exact value de-
pending on experimental conditions. When a large
linear detection range is important, the capture angle
should be as low as possible. Generally, when three-
dimensional position detection is needed, one must
find the aperture at which both axial and lateral
positions are detected optimally. The experimental
methods described above, the correlation measure-
ment and the photodiode response experiment, are
also easily applicable when optimizing lateral posi-
tion detection, and, in fact, wherever position detec-
tion relies on interference.
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ported by the NKT Academy and the Danish Re-
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