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mproved axial position detection in optical
weezers measurements

akob Kisbye Dreyer, Kirstine Berg-Sørensen, and Lene Oddershede

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. The correlation of the interference pattern with the axial
position displays complex behavior with regions of positive and negative interference. 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. © 2004
Optical Society of America

OCIS codes: 040.5160, 040.1880, 120.4640, 140.7010.
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. Introduction

ince the first demonstrations of optical trapping of
ielectric particles, optical traps, also known as op-
ical tweezers, have become an important tool in
iophysics and colloidal science: see Ref. 1 for a
ecent overview of the literature. In many cases
easurements of the lateral position of the trapped

bject, i.e, the position in the direction perpendicu-
ar to the laser beam, give information sufficient for
robing the system of interest. There are, how-
ver, applications where knowledge of the position
n all three dimensions would contribute signifi-
antly to the understanding of the system. For
xample, three-dimensional position detection
ight considerably improve measurements of the

iffusion constant of proteins in the bacterial outer
embrane, such as in Ref. 2. In such experiments

he motion of the protein in the membrane is likely
o have significant components out of the lateral
lane because of the relatively small radius of cur-
ature of the bacterium. In other experiments the
orces investigated may have small, but significant,
xial components.3 Often, axial position detection
elies on extrinsic methods, such as total internal
eflection microscopy4 or two-photon excitation.5
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One commonly used method for determining both
xial- and lateral position of an object in an optical
rap is to measure the intensity of the forward-
cattered light with a quadrant photodiode placed in
he back focal plane of the microscope condenser. In
his case, for small fluctuations of the bead, the lat-
ral x- and y-coordinates of the trapped bead are
roportional to the differences in light intensity on
he four quadrants,6 and within a certain regime the
xial position is proportional to the fluctuations in
he sum of the intensities on the quadrants.7,8 Here
e report a new experimental approach to back-focal-
lane detection with emphasis on resolving the axial
ositions of the bead. We show that, through deeper
nderstanding of the back-focal-plane interference
attern, the signal-to-noise ratio and the linear range
f detection can be controlled and optimized.

. Experimental Setup

he optical tweezers setup consists of a Nd:YVO4
aser operating at a wavelength of 1064 nm �10 W,
pectra Physics Millennia�, which is directed into an

nverted microscope �Leica DMIRBE�. The laser
utput is expanded with a commercial beam ex-
ander �20�, Casix� and passes a half-wave plate and
beam-splitter cube used for attenuation of the laser
eam. Two mirrors serve to steer the beam during
he alignment. Before entering the microscope, the
eam is focused by a lens, L1 �f � 35 cm�, that com-
ensates the defocusing of the built-in microscope
ube lens, L2 �f � 25 cm�.

The essential components, including L1 and L2,
orming the optical trap and the detection system are
epicted in Fig. 1. The trap is formed by the micro-
1 April 2004 � Vol. 43, No. 10 � APPLIED OPTICS 1991
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cope objective �100�, oil, numerical aperture NA �
.4�. The forward-scattered light from the sample is
ollected by the microscope condenser �oil, NA � 1.4,
iameter 22 mm�. The back focal plane of the con-
enser is imaged by a lens, L3 �f � 3.75 cm, diameter
5.4 mm�, onto either a quadrant photodiode
Hamamatsu S5981� or a CCD camera �Sony XC-
5CE, frame rate 25 Hz�. Lens L3 is placed 19.9 cm
long the optical path from the condenser and 4.2 cm
rom the detector. The sample is mounted on an xyz
iezo translation stage �Physik Instrumente,
-517.3CL�; before entering the CCD camera, the laser
eam is attenuated by an absorptive neutral-density
lter �Thorlabs ND40B�. Except where indicated,
easurements have been performed on polystyrene
icrospheres dissolved in deionized water.

. CCD-Image Analysis

nserting a CCD camera into the back focal plane of
he condenser instead of the quadrant photodiode
ields more detailed information on the interference
attern of the forward scattered light. Figure 2�a�
hows a CCD image of the back-focal-plane interfer-
nce pattern of a trapped bead. The image appears
s a bright disk, as only light at angles less than the
ritical angle of the glass-water interface at �c � 61
eg is detected from the sample. At each pixel the
ngle � is defined as sin��� � r�f, where r is the radial
istance from the image center to the pixel. The
onstant f is given by f � rc�sin��c�, where rc is the
adius of the disk of the interference pattern. The
resence of a bead in the optical trap is seen as a dark
hadow in the image center.
From the CCD camera, a recording of 1500 consec-

tively sampled frames of a trapped bead undergoing
rownian motion were analyzed to find their infor-
ation content regarding the axial position of the

rapped bead. The axial root-mean-square devia-
ion of the bead from the mean position was �50 nm,
nd the mean distance from the coverslip to the bead
as approximately 3 �m. We investigate the corre-

ig. 1. Schematic illustration of the components forming the op-
ical tweezers and the detection system. The laser beam enters
he microscope via the side port, and the built-in tube lens, L2,
ust be incorporated into the optical path. Lens L3 images the

ack focal plane of the condenser onto the detection system, either
quadrant photodiode or a CCD camera. In this figure the beam

xpander, mirrors, and attenuating system have been omitted.
992 APPLIED OPTICS � Vol. 43, No. 10 � 1 April 2004
ation of each pixel intensity with respect to the total
ntensity,

Ckl � �pkl
i �i	i
�pkl

i 	i��i	i. (1)

ere, pkl
i � �0, . . ., 255
 is the intensity recorded at the

ixel with indices k and l in image number i, and �i
s the sum of all pixel intensities in image i. The

ean value is taken over all images in the recording.
y moving the bead in a well-controlled fashion in the
xial direction, the total intensity, �i, was found to be
roportional to the axial position of the bead, z, as on
he quadrant photodiode.7,8

In Fig. 2�b� a surface plot of the correlation matrix
is shown. It shows that the intensity in the mid-

le of the image is positively correlated with the z
osition of the bead. Further from the center, the
ign changes and the intensity becomes negatively

ig. 2. Analysis of forward-scattered light detected with a CCD
amera. �a� Interference pattern of a trapped bead �diameter 1.07
m�. The physical diameter of the image is 5 mm. �b� Corre-
ponding correlation matrix, C of Eq. �1�. Each surface element in
he plot is the mean of 5 � 5 entries of C. �c� Mean value of the
orrelation matrix C as a function of the detection angle �. At
ngles � below 35 deg, the light intensity of the image in �a�
ncreases as the bead moves along the axis of the laser beam. At
ngles from 35 to 58 deg the correlation is negative, while a peak
f positive correlation is visible close to the critical angle at 61 deg.
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orrelated with the z position. Figure 2�c� shows the
verage of the correlation matrix in a rim d� as a
unction of �. In this figure the region of positive
orrelation at low scattering angles and the region of
egative correlation at angles above � � 35 deg are
learly distinguishable. In addition, a distinct pos-
tive peak develops at the critical angle. At angles
reater than 61 deg, the condenser receives no light
rom the sample, and the correlation drops to 0.
ote that in Fig. 2�c� the number of pixels that con-

ribute to the average increases with �. Figure 2
learly illustrates that integrating the intensity of
he entire accessible area of the photodiode will de-
rease the amount of information on the axial posi-
ion, as regions with both negative and positive
orrelations are included and their contributions to
he total intensity cancel. As is shown below, the
otal contributions from the positively and negatively
orrelated areas may even exactly cancel, and as a
esult the total axial signal vanishes. This result
olds for beads of size 0.4, 1.07, and 2.3 �m.

. Photodiode Response

or various capture angles, �cap, of the condenser, we
nvestigated the response of the quadrant photodiode
nd determined in which range this signal was pro-
ortional to the axial position of the bead. The angle
cap is the opening angle of the light cone detected by
he condenser and can be easily adjusted with the
ondenser aperture diaphragm placed immediately
bove the condenser on the microscope; see Fig. 1.
e induced oscillations in the position of the bead

elative to the optical trap by oscillating the sur-
ounding medium with the piezo stage. The equilib-
ium position of the bead was set to be approximately
�m above the coverslip of the sample, and the laser

ntensity was kept at the lowest possible that could
old the bead trapped. Under these circumstances
he bead is influenced by an external force of magni-
ude Fext � 
�v, where the drag coefficient, �, is found
rom Stokes Law, � � 6��r. Here � denotes the fluid
iscosity, r the radius of the bead, and v the velocity of
he bead with respect to the medium. Let Zbead and
sample denote the coordinates of the bead and the sam-
le relative to the trap, with the axis oriented in the
ame direction as the propagation of the laser beam.
he potential exerted by the trap is approximately
armonic with spring constant �z.4,7,9 The motion of
he trapped bead can then be described by

�Żbead � �z Zbead � �Żsample. (2)

n the present case, Zsample�t� � A sin�2�f0t�, with A �
.29 �m and f0 � 40 Hz. The response of the
rapped bead was sampled at 4 kHz with the photo-
iode and can be found from Eq. �2� to be Zbead�t� � A�
in�2�f0t � ��, with amplitude A� � A�1 � ��z�
��f0�2�
1�2 and phase � � tan
1��z�2��f0�. From
ower spectral analysis, the ratio �z�2�� was found
o be 3.80 � 0.15 Hz.10 Consequently, the ratio of
he amplitudes is determined to be A��A � 0.996, and
he phase lag � � 5.4 deg. A direct measurement
ave � � 3.6 deg. The deviation between the two
alues of � could be caused by the fact that the trapped
ead is forced to extreme positions where the assump-
ion of a harmonic trapping potential no longer holds.

In Fig. 3 the response of the photodiode is depicted
s function of the position of the bead. Each curve
orresponds to a different value of the capture angle
f the condenser, �cap. The exact angle is stated in
he legend. To minimize the effect of thermal fluc-
uations, each curve shows an average over 400 pe-
iods. An offset, increasing with �cap, has been
ubtracted to yield an output of 0 V at the equilib-
ium, defined as the mean axial position of the bead
n the trap without external forces. The deviations
rom the linear regime are obvious in most cases
hen the bead is more than �0.5 �m away from the

quilibrium. The legend also states the range in
hich the photodiode output changes linearly with

he position of the bead. This range of linear detec-
ion has been defined as the minimal distance at
hich the difference between the bead position and

he linear approximation is less than 30 nm.
We find that the range of linear detection is max-

mized at the lowest capture angle and is minimized
or �cap between 35 and 44 deg. In the inset of Fig.

the sensitivity of the photodiode, defined as the
lope of the output signal around 0 V, is plotted ver-
us �cap. Here an optimal capture angle occurs at
cap � �max � 26 deg. The minimal sensitivity ap-
ears when �cap � �min � 40 deg, where the sensitiv-
ty is 0. It appears that the minimum in the linear
etection range corresponds to a change in sign of
ensitivity.
If needed, the position detection can be improved

y including higher orders in the fit to the photodiode
esponse. In this manner it appears that the mea-
urement range is limited only by the presence of the
nflection point in the photodiode output and can be
xtended up to 1 �m in the positive direction and
ven more in the negative direction at low � .

ig. 3. Total intensity on the quadrant photodiode with respect to
he axial position of the trapped bead �diameter 1.07 �m�. The
egend provides the capture angle of the condenser, �cap, and the
otal range of linear detection. The inset shows the sensitivity of
he axial position signal defined as the slope of the photodiode
ignal at the equilibrium position.
cap

1 April 2004 � Vol. 43, No. 10 � APPLIED OPTICS 1993
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owever, at �cap � �min no one-to-one mapping from
he photodiode signal to position coordinates is pos-
ible.
To test the precision of the axial position detection,

he response of the photodiode was measured as a
xed bead was moved in a controlled manner through
he focus of the laser. For this measurement the
est sensitivity was achieved with �cap equal to 35
eg. The beads were suspended in water containing
.5 mM NaCl in order to attach the trapped bead to
he coverslip: the bead was captured from the bulk
f the solution and, while the distance to the coverslip
as continuously decreased, the bead would at some
oint attach to the surface owing to the presence of
he electrolyte. Care was taken not to perturb the
quipment after the attachment of the bead to the
overslip to ensure that the bead was aligned later-
lly with respect to the beam axis.
Figure 4 shows the photodiode signal of the posi-

ion of the immobilized bead when it was moved in 14
m steps close to the focus of the laser. The individ-
al steps, of duration 0.1 s, are easily distinguished.
typical step is indicated by an arrow in the figure.

his step is investigated further to get the spatial
esolution of the position detection system. A histo-
ram over the positions in this step is shown in the
nset of Fig. 4. A Gaussian fit to this histogram
esults in a standard deviation of 2.8 nm, which we
ake as the precision of the axial position detection.
n some of the steps periodic noise at a frequency of
0 Hz is visible in the time series. This noise is
robably caused by interference from nearby elec-
ronic installations.

. Discussion

n Fig. 3 we demonstrate that the linear range and
ensitivity of the axial position detection depends cru-
ially on the aperture of the condenser. Similar re-
ults are found in the numerical work by Rohrbach
994 APPLIED OPTICS � Vol. 43, No. 10 � 1 April 2004
nd Steltzer.11 In their work, numerical simula-
ions of the axial sensitivity of the photodiode with a
rapped 150-nm polystyrene bead gave �min � 64 deg.
urthermore, they found �max to be inversely propor-
ional to sin��cap�, i.e, for axial position detection the
ptimal capture angle is as low as possible. We mea-
ure a definite �max, and when �cap is lowered below
his angle the sensitivity in the axial position detec-
ion decreases. Furthermore, since the correlation
alues in Fig. 2�c� are approximately constant as
unction of angle below � � 20 deg, the sensitivity at
ow angles should be proportional to the photodiode
rea illuminated by the light cone of opening angle
cap, �f sin��cap�2.
We may also, as a further documentation of our

esults, investigate the amplitude of the signal
hrough a power spectral analysis. At a laser power
imilar to that of Fig. 2 we observe an 80-fold increase
n power spectral density upon lowering the capture
ngle of the condenser from 61 to 35 deg; see Fig. 5.
his demonstrates a significant increase in signal
hen our method is applied.
We found the exact values of �max and �min to be

ensitive to parameters such as the depth of the laser
rap in the sample, the laser intensity, and the size of
he trapped bead. From the correlation measure-
ent in Fig. 2�c�, �max can be found as the angle
here the correlation, C���, equals zero. When the
etector area is integrated over angles smaller than
his angle, only positively correlated regions contrib-
te to the signal. From the plot in Fig. 2�c�, �max is
ound to be �35 deg. The variation in �max and �min
s due to the fact that the equilibrium position of the
rapped bead is shifted with respect to the geometri-
al focus of the trapping laser. The point at which
he trapped bead is in equilibrium depends on the
alance between the scattering of the laser beam,
hich tends to push the bead away from the focus
oint and the electrical field gradient of the focused
ig. 4. Probing the spatial resolution of the position detection
ystem by moving a fixed bead with the piezo stage in 14-nm steps
n the axial direction. The inset shows a position histogram taken
t a typical step �indicated by an arrow�. The positions obtained
ndicate a resolution of 2.8 nm in the axial direction. The capture
ngle of the condenser was set to 35 deg.
ig. 5. Power spectra of the fluctuations of a trapped bead, re-
orded with the quadrant photodiode at various opening angles of
he condenser. The increase in signal strength is �2 orders of
agnitude when the opening angle is decreased. Both signals
ave been high-pass filtered at 1 Hz. In the lower curve, the
eaks are electronic noise, whereas in the upper curve only a 100
z peak is noticeable.
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aser, which attracts the bead toward the focus
oint.12 The relative strength of these opposing
orces depends on details such as laser power and
ead size. In the presence of spherical abberations
he equilibrium point may also depend on the depth
n the sample.

The results reported in this paper apply when scat-
ered light from the trapping laser beam itself is uti-
ized for position detection. Areas of positive and
egative correlation as in Fig. 2�b� and 2�c� are a
esult of the axial momentum transfer from the fo-
used laser beam to the bead. This also indicates
hat position detection with a separate laser13 may
ave the same complex behavior only if it is as tightly

ocused as the trapping laser and shares the same
ocus plane in the sample. Thus it is most likely that
osition detection with a less tightly focused laser
eam does not display the same critical dependence
n �cap shown in Fig. 3.

. Conclusion

he interference pattern in the back focal plane of the
ondenser lens behaves in a complex non-linear fash-
on with respect to the axial position of the trapped
ead. As demonstrated, the axial position detection
an be greatly improved both with respect to in-
reased sensitivity and to the range of linear detec-
ion when the capture angle of the condenser is
ecreased to within 26–35 deg, the exact value de-
ending on experimental conditions. When a large
inear detection range is important, the capture angle
hould be as low as possible. Generally, when three-
imensional position detection is needed, one must
nd the aperture at which both axial and lateral
ositions are detected optimally. The experimental
ethods described above, the correlation measure-
ent and the photodiode response experiment, are

lso easily applicable when optimizing lateral posi-
ion detection, and, in fact, wherever position detec-
ion relies on interference.
We thank Christoph F. Schmidt and Poul Martin
ansen for useful discussions. This work was sup-
orted by the NKT Academy and the Danish Re-
earch Council.
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