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ABSTRACT

We present a new and precise method how to employ a periodic interference illumination for axial particle
position determination. Particle movement with respect to the interference structure of illumination is followed
by changes in the light field scattered by the particle. Analyses of these changes together with their calibration
provide an excellent way how to determine not only the particle position with respect to the camera but especially
with respect to the illuminating field structure. The algorithm was used in a standing wave optical trap for
determination of the trap properties and particle behavior even in the standing wave in motion.
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1. INTRODUCTION

The particle tracking is nowadays very important tool to study elementary processes at the molecular level,1–7 to
perform a variety of colloidal studies,8–11to visualize fluid dynamics and to study Brownian motion and diffusion
under various conditions leading to rectification of the particle motion.12,13 Even molecular orientation can
be detected by an optical means from the CCD image analyses.14 Usually fluorescent objects are detected
by sensitive CCD camera in two dimensions because they can be tracked in complex environment. Different
algorithms are used to extract the object position in nanometer resolution.15,16 This CCD based technique was
extended to 3D by adding the axial direction using off-focus imaging.17,18 Other methods are especially connected
with optical tweezers and use quadrant photodiode to detect either the object lateral motion19,20 or even 3D
motion of single microobject with subnanometer spatial resolution and microsecond temporal resolution.21–25

The most precise method is based on the polarization changes of the light measured by a pair of detectors.26

This method measures picometer displacements of transparent microscopic object but only in one direction.
Unfortunately these methods using photodiodes can follow only single object. Novotny et. al used CCD to
detect the fluorescence from single molecules illuminated by a radially polarized beam and from the fluorescence
image they were able to determine the orientation of the absorption dipole of the molecules.14,27

Recently analyses of the particle motion near an interface attracted a great attention especially in connection
with the evanescent wave illumination. A new microscopic method have been developed – total internal reflection
microscopy28,29 – that employs the exponential decay of the illuminating field with the increasing distance from
the surface. Therefore the intensity decay of the detected scattered field or fluorescence signal is used to obtain
the distance of the object from the surface.30,31

Here we present a method that uses a CCD to detect the field scattered by an object perpendicularly to the
direction of illuminating beam. The novelty of this methods is based on the spatially periodic illuminating field
- for example a standing wave or more complicated interference pattern. If the size of the object is comparable
and bigger than spatial period of the field, the shape of the scattered image is very sensitive to the location of
the object with respect to the intensity maxima and minima of the illuminating beam. This principle can be
extended into two dimensions if a sort of two dimensional spatially periodic pattern in used.

The new method is a product of our research on particle behavior in the standing wave.32–34 The standing
wave - interference field of two counterpropagating beams - can serve as a periodic system of optical traps for
particle confinement and controllable delivery. The position of the standing wave structure (nodes and antinodes)
is set by the phase difference between the interfering beams. Therefore altering phase in one beam causes the
motion of the standing wave together with the confined particles (the optical conveyor belt).32

Further author information: (Send correspondence to P.Z.)
P.Z.: E-mail: pavlik@isibrno.cz, Telephone: +420 541 514 202, Fax: +420 541 514 402

Optical Trapping and Optical Micromanipulation III, edited by Kishan Dholakia, Gabriel C. Spalding,
Proc. of SPIE Vol. 6326, 632627, (2006) · 0277-786X/06/$15 · doi: 10.1117/12.680563

Proc. of SPIE Vol. 6326  632627-1



2. THEORETICAL DESCRIPTION OF THE INTERFERENCE PATTERN FORMED
BY THE SCATTERED LIGHT

For the detailed quantitative investigation of the parameters of the optical traps (depths of the potential well,
optical stiffnesses) we needed to track the particle position precisely. Therefore we used the light of the trapping
field scattered by the particle. The scattered light was imaged by a microscope objective into the plane of CCD
camera. In this plane the imaged light forms an intensity pattern with a specific shape. Applying the particle
tracking algorithms which are routinely used in cases of single beam illumination15 to our record of scattered
intensity patterns we obtained particle-position data inconsistent with the possible particle behavior in such
potential energy landscape. The processed data indicated that the particle displacement from the stable position
were larger than the extent of the optical trap. These errors were caused due to the fact that the intensity pattern
of the light scattered by the particle does not keep the same shape while the particle moves in the illuminating
standing wave (see Fig. 2).

To overcome this effect we could use other single beam illumination on a different wavelength and filter out
the scattered light of the trapping field. However, this would be an enormous wasting of valuable information,
because the shape of the intensity pattern carries the information about the particle position with respect to the
periodic illuminating field.

Let us assume that a scatterer (particle) stays static in the laboratory system of Cartesian coordinates x̄,
ȳ, z̄ (optical system and CCD) as Fig. 1 demonstrates (the accents ¯ are used to distinguish the Cartesian
coordinates x̄, ȳ, z̄ from the particle position x, y, z). Let us illuminate the particle by a standing wave moving in
the direction of z̄ axis (since the standing wave is the result of interference of two counter-propagating waves, the
motion of the standing wave is controlled by changing the phase of one of these interfering waves). The scattered
light is imaged on the plane of CCD camera. For the following description the scalar concept of electromagnetic
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Figure 1. The conception of fixed particle (scatterer) in the movable standing wave

field is used. If we considered the vectorial description, it would give the same result as the scalar one, however
it would make the description much more complicated.

The scatterer is surrounded by the electric field E(x̄, ȳ, z̄, t) of the moving standing wave. The scattered light
creates an electromagnetic field ECCD(α, β, t) in the plane of the CCD. E and ECCD are linked by a impulse
response function f(x̄, ȳ, z̄, α, β) of the imaging system and the particle. This function denotes how the unity
volume of the particle submerged into the field E at x̄, ȳ, z̄ forms the field ECCD at the position of α, β in the
CCD plane. Since no nonlinearities of all media (on the way of the scattered field to the CCD) are assumed the
relationship between E and ECCD can be written in the following form:

dECCD(α, β, t) = f(x̄, ȳ, z̄, α, β) · E(x̄, ȳ, z̄, t) dx̄ dȳ dz̄. (1)
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In the most general case, the moving standing wave (conveyor belt) can be described as two counter-propagating
beams with alterable phase of one of them. To simplify the explanation but to keep the key features we assume
that the complex amplitudes of these beams are z̄-independent. This conception is valid for the plane wave, the
non-diffracting beams or the evanescent wave, and can be used for approximative description of real spatially
limited beams assuming the geometrical optics approximation. The motional standing wave has the form:

E(x̄, ȳ, z̄, t) = E1(x̄, ȳ)ei(kz̄−ωt) + E2(x̄, ȳ)ei(−k(z̄−2zψ)−ωt) (2)
= e−iωt

[
E1(x̄, ȳ)eikz̄ + e2ikzψE2(x̄, ȳ)e−ikz̄

]
,

where E1(x̄, ȳ) and E2(x̄, ȳ) are the complex amplitudes of the electric field and zψ is the position of the standing
wave structure. Changing the value of zψ (altering the phase difference by changing the length of path of one
beam) causes the movement of the nodes and antinodes of the standing wave. The total field in the plane of
CCD can be expressed using Eqs. (1) and (2):

ECCD(α, β, t) =
∮

scatterer

f(x̄, ȳ, z̄, α, β) · E(x̄, ȳ, z̄, t) dx̄ dȳ dz̄

= e−iωt

⎡

⎣
∮

scatterer

f(x̄, ȳ, z̄, α, β) · E1(x̄, ȳ)eikz̄ dx̄ dȳ dz̄ (3)

+ e2ikzψ

∮

scatterer

f(x̄, ȳ, z̄, α, β) · E2(x̄, ȳ)e−ikz̄ dx̄ dȳ dz̄

⎤

⎦ .

Even-though the function f(x̄, ȳ, z̄, α, β) is not known, we can threat the integrals in Eq. (3) as two unknown
complex functions F1(α, β) and F2(α, β):

ECCD(α, β, t) = e−iωt
[
F1(α, β) + e2ikzψF2(α, β)

]
. (4)

The field intensity ICCD measured at each pixel of the CCD has the form:

ICCD(α, β) =
1
2
cε0 ECCD(α, β, t) · ECCD(α, β, t)∗, (5)

and using the exponential expressions of F1 and F2:

F1(α, β) = |F1(α, β)| · eiψ1(α,β), (6)
F2(α, β) = |F2(α, β)| · eiψ2(α,β), (7)

we can rewrite Eq. (5) as:

ICCD(α, β) = Ioff (α, β) + Iamp(α, β) · cos [2kzψ + ψ(α, β)] , (8)

where Ioff (α, β), Iamp(α, β) and ψ(α, β) are real functions:

Ioff (α, β) =
1
2
cε0

[|F1(α, β)|2 + |F2(α, β)|2] , (9)

Iamp(α, β) = cε0 |F1(α, β)| |F2(α, β)| , (10)
ψ(α, β) = ψ2(α, β) − ψ1(α, β). (11)

From Eq. (8) it is seen that the dependency of intensity ICCD on zψ at each point on the CCD is described
by a cosine function. Its period is equal to π/k = λ/2 which is the same as the periodicity the of illuminating
standing wave. ICCD is defined at each point in the CCD plane by three specific parameters Ioff , Iamp and ψ.
With the knowledge of these parameters we are able to reconstruct the light intensity patterns ICCD(α, β) of
the scattered field for any value of zψ. How to obtain these parameters is the subject of the next Section.
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3. CALIBRATION OF THE INTERFERENCE PATTERNS

By the calibration of the interference patterns we mean here the procedure of determining the parameters
Ioff (α, β), Iamp(α, β) and ψ(α, β) at each pixel of CCD camera. Any attempt to predict them theoretically
(to find the exact form of impulse response function) would require to involve all the parameters of the setup.
They would have to be known with high accuracy or would have to be subjects of some optimization procedures
comparing the predictions with the experimental reality. However this is not necessary since we found the way
how to determine Ioff , Iamp and ψ parameters experimentally.

Let us have a record of intensity patterns captured while the standing wave illuminating the static particle
(scatterer) uniformly moves (zψ = const. ·t). To obtain experimentally such a record is very difficult task because
the particles are always fluctuating due to the Brownian motion. To suppress the influence of this thermal motion
we have to acquire the record of the intensity patterns in an extremely short time and so we could assume that
the particle does not change its position and that its fluctuations are negligible. Therefore one needs an ultra-fast
CCD camera and very fast and accurate device to control the position of standing wave via shifting a movable
mirror. An example of this record is demonstrated in Fig. 2.

Figure 2. An example of five interference patterns of a polystyrene particle 1.070 µm in diameter illuminated by a
standing evanescent wave (λvac = 532 nm) taken during fast sweep of the standing wave over the particle by a high-speed
CCD camera (IDT X-Stream XS3, 4 GB) with framerate of 6120 fps. Due to the fast movement of the field and the fast
recording the particle can be assumed stationary because its fluctuations caused by the Brownian motion or the influence
of illuminating field are negligible during the recording period of 0.65 ms. This set of images corresponds to the shift of
standing wave equal to one its period (200 nm).

Based on the assumption of uniform movement of the standing wave and the stationarity of the object during
the period of recording, Ioff (α, β), Iamp(α, β), and ψ(α, β) can be obtained by fitting the dependency in Eq. (8)
to the evolution of recorded intensity at each pixel. An example of the result found by this procedure presents
Fig. 3.

a) b) c)

β

α

Figure 3. Reconstructed functions: a) Ioff (α, β); b) Iamp(α, β); c) ψ(α, β) (black color corresponds to −π, white
corresponds to π
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Now, when Ioff , Iamp and ψ are known, we can reconstruct the intensity pattern ICCD for any value of zψ

using Eq. (8). In turn comparing the reconstructed patterns with CCD frame of light scattered by the static
particle we are now able to determine the position of the standing wave. Since the particle is static, the position
of the standing wave zψ can be understood here as the relative position of the particle with respect to the
standing wave. Therefore when the calibration is done, the comparison of the measured and the reconstructed
image reveals the mutual position of the standing wave and the particle even if the particle moves.

4. 2D PARTICLE TRACKING IN THE LATERAL PLANE USING THE STANDING
WAVE ILLUMINATION

The lateral plane is understood here as the x̄z̄ plane perpendicular to the direction of observation (ȳ). Once we
are able to reconstruct the intensity pattern of scattering particle for any position in the standing wave, we can
use such reconstructed patterns for particle tracking in both directions (x̄ and z̄) perpendicular to the direction
of observation (ȳ). For that case we have to discuss the situation where the free particle moves in the stationary
standing wave.

As the particle moves in such static field, the position of the whole intensity pattern of the scattered light
imaged on the CCD copies its motion (as in the case of single-beam illumination) but at the same time, the
shape of this pattern changes as the particle changes its position with respect to the standing wave (as it was
described in the previous Section). To determine the particle positions from the CCD record, we have to find
for each frame the right shape of the intensity pattern (using Eq. (8) and Ioff , Iamp and ψ from the callibration
procedure) and place it to the right position∗. The best way how to shift the reconstructed pattern ICCD(α, β)
to an arbitrary position (non-integer number of pixels x and z) without adding any noise by resampling of the
structure is to use the translational property of the Fourier transform:35

F (A,B) = FT [ICCD(α, β)] ,

ICCD(α − x, β − z) = IFT
[
F (A,B)e−2πi(Ax+Bz)

]
, (12)

where FT means the Fourier transform and IFT is the inverse Fourier transform.

One of the options how to decide which is the optimal reconstructed pattern shape and its optimal position
is to look for the maximal value of

K(x, z, zψ) =
∑

α,β

Iα,β
exp · Iα,β

rec (x, z, zψ), (13)

where Iα,β
exp is the intensity of the examined frame and Iα,β

rec (x, z, zψ) is the reconstructed frame for the zψ particle
position in the standing wave and shifted to the position of x and z.

The output of the optimization process is one value of particle position in the x̄ direction (x) and two values
for the z̄ direction (z and zψ).

Obtaining of the zψ record (from the pattern shape) is complicated by the fact that due the periodicity of
the interference pattern shape we are not able to decide in which period of the field the particle is located. This
can be mastered using the CCD camera with such a high framerate that the particle displacement between two
adjoining frames is much smaller than the field period. Since we do not evaluate only a single frame but a
time record of intensity patterns, the particle position found from one frame is used as the input parameters for
the subsequent frame in the process of particle tracking. This assures fast convergence to the correct particle
positions. An example of particle position record obtained by the described method is presented in Fig. 4.

It is seen that the above described method provides x and z positions in fractions of pixels but zψ values
are in micrometers (since we know the wavelength of the illuminating field these data are already calibrated, as
follows from Eq. (8)). If the standing wave is stationary, the obtained z and zψ positions have to give the same

∗This process is restricted to the cases when spherical particles are used (for non-spherical objects the intensity patterns
would depend on the object orientation) and when particle fluctuations in the direction of observation (y) are so small
that they can not cause any significant changes of observed intensity pattern.
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Figure 4. Motion of a particle 1.070 µm in diameter illuminated by a standing evanescent wave (λvac = 532 nm). These
positions were obtained by the particle tracking method from the CCD record of the same particle as in the case of Fig.
2. The CCD framerate was 6120 Hz and the integration time was set to 2 µs. These particle position data are used in
the following explanation to demonstrate all the features of this method.

values. Therefore this property can be used for calibration of z and x data assuming the same properties of the
imaging system in both x̄ and z̄ directions†. This procedure of the particle position data calibration is shown in
Fig. 5 for the record demonstrated in Fig. 4.
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z ψ
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m
] experimental data 

   linear fit (1 px = 41.71 ± 0.02 nm)

Figure 5. An example of the assignment of the calibration constant between CCD pixels and micrometers. Slope of the
linear fit gives the calibration constant.

The difference of zψ and calibrated z values ∆z = zψ − z gives us the information about the movement of
the standing wave with respect to the imaging system. This brings the possibility to measure the instability
of the system. Moreover it opens new possibilities to track the particle even in motional standing wave and to
measure precisely their position with respect to the standing wave. The ∆z record is presented in Fig. 6 and it

†Unfortunately the real experimental setup is not perfectly rigid and there are always some vibrations of the used
components which causes a movement of standing wave with respect to the imaging system and the CCD. Since the
calibration is performed using all the data points taken over the period of 1.75 s, the influence of these vibrations is
suppressed.

Proc. of SPIE Vol. 6326  632627-6



designates that the magnitude of the setup instabilities was in tens of nanometers during recording the particle
motion presented in Fig. 4.
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Figure 6. The difference ∆z = zψ − z. We can approach the real setup oscillations by filtering out the higher frequencies
(≥ 500 Hz). They can be assumed as the noise added by the method inaccuracy.

∆z can also assist to determine the accuracy of the method. The method inaccuracy brings a component of
white noise to the ∆z record. The magnitude of the white noise can be determined from the spectral analysis
of ∆z record in the area of high frequencies, where the oscillations of the setup are strongly attenuated. Due
to the limited volume of this paper we will not describe this in detail, however for the particle position record
presented here (Fig. 4) the inaccuracy of the method (magnitude of the white noise component) is about 1.02
nm. Since the white noise component in ∆z is caused by the deviations of both zψ and z values and since the x
values are obtained the same way as the z values, we can conclude, that the standard deviations caused due to
the method inaccuracy do not exceed the limit of 1 nm for all x, z and zψ values.

5. PARTICLE TRACKING PERPENDICULARLY TO THE LATERAL PLANE

Particle position detection in the direction of the observation (ȳ) can be performed if there is some intensity
gradient of the illuminating field in this direction. For example in the case of evanescent standing wave the record
of y positions can be estimated from the total intensity of the CCD interference patterns. Since there is the
exponential intensity decay in the direction perpendicular to the surface where the evanescent field is established
by total internal reflection, the y value of particle position can be found as ratio:

y = − log

(∑
α,β Iexp

∑
α,β Irec

)

, (14)

where Iexp is a CCD image of an interference pattern and Irec is the computed image giving the best pattern
match with Iexp.

To calibrate these y values we assumed that the velocity distributions of the thermal (Brownian) motion
are not influenced by the illuminating field significantly so they are the same for all three axes x̄, ȳ, and z̄.
Though the distribution of the particle displacements in the period between capturing two adjoining frames (the
differences of neighboring positions) has to be the same for all the axes as well. For the calibration constant we
use the zψ values because they are not influenced by the calibration presented in Fig. 5. Having the difference
of neighboring positions ∆zψj

= zψj+1 − zψj
and ∆yj = yj+1 − yj , the calibration constant is determined as the

ratio of mean absolute values of these differences:

K(y) =

N−1∑

j=1

|∆zψj
|

N−1∑

j=1

|∆yj |
. (15)

The distributions of displacements ∆zψj
and ∆yj obtained from zψ and calibrated y values is shown in Fig. 7.
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Figure 7. The distributions of differences of neighboring positions ∆zψ and ∆y.

For these y data the zero value is defined by the y position where the particle was placed during the process
of interference patterns calibration described in Section 3. Unfortunately we have not found any possibility how
to determine this position with respect to the prism which would help us to measure the y data absolutely. The
resulting record of y positions is presented in Fig. 8.
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Figure 8. The values of particle positions in the y axis computed from the total intensity ratio done by Eq. (14).

At present we have no opportunity how to estimate the accuracy of the y values. These data are influenced
by noise of the CCD camera or the laser power instability and they influence the precision of the data calibration,
too. Therefore we use this procedure just as an estimate of the particle behavior along this axis.

6. THE APPLICATIONS OF THE METHOD

Precise tracking of particle position enabled us to determine the properties of standing wave optical traps. Figure
9 shows a histogram of particle positions of a particle with 600 nm in diameter. The particles of this size are very
sensitive to the trapping field and therefore some intervals of the standing wave are more frequently occupated
than the others. From these histograms we were able to determine the depth (and the stiffness) of the optical
traps by fitting the Boltzmann distribution. For all the studied particle sizes the obtained values were in very
good agreement with our theoretical predictions based on Lorenz-Mie scattering theory.34

Our method of particle tracking is not restricted to the stationary standing wave only. The possibility of
particle tracking with respect to the standing wave and at the same time with respect to the laboratory system
opens up a prospect to explore in details the particle behavior even in the motional standing wave trap. An
example of these possibilities demonstrates Fig. 10. Here we studied the particle behavior in the standing wave
movable alternately in a positive or negative direction of the z axis at the uniform velocity. Since the method
enabled us to measure the standing wave motion, we could see how often the particle jumps to the neighboring
trap site as can be seen in the left column of Fig. 10. At the same time we measured the particle position with
respect to the standing wave which gave us the information about the particle behavior inside the trap as it is
showen in the right column of Fig. 10. It can be seen that the ability of the particle to follow the movement of
the trap, the location of the particle stable position, and the dispersion in particle positions strongly depend on
the trap velocity. These experiments together with the theoretical description of these phenomena is currently
one of the main streams of our research.
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Figure 9. Histograms of particle (diameter 600 nm) positions showing 8 distinct optical traps. Each trap is much narrower
in longitudinal direction (z) comparing to the lateral one (x)(see the top image). The bottom image describes how the
object behaved in z and y axis. The further one is from the surface (y axis), the wider the spread in the z distribution.
The trapping field exponentially decays in this direction and so the object was not so tightly localized.
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Figure 10. A record of the bead position (left plot column) and histograms of bead center position (right) in slowly (47
µms−1, top raw of plots) and fast (98 µms−1, bottom) moving evanescent standing wave. LEFT: The dashed and the
full segments show position of the bead during movement and the dotted line shows the movement of the standing wave.
RIGHT: The histograms of particle position with respect to the standing wave. The dashed and full line histograms
correspond to the segments of particle movement from the left column, the dotted line is the histogram for particle in
unmovable standing wave.
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7. CONCLUSIONS

We have presented a new method for the particle tracking by the use of a periodic interference illumination.
This illumination can be a standing wave or any kind of two-beams interference field. We have shown some
unique features of this method like a self-calibration and setup instability elimination. We have also noticed
a 3D-tracking possibility for some kind of illumination fields. Finally we have presented this method applied
to the particle tracking in the evanescent standing wave or advanced studies of Brownian dynamics of colloidal
particles. This method gave us the most precise results comparing to other available algorithms. The accuracy
of this method strongly depends on a CCD camera properties. The bigger frame-rate the camera has, the more
precise results this method gives. With the camera used in our experiments we obtained the accuracy in units
of manometers.
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