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Introduction

Modulating light in its amplitude or phase is an important task in applied optics: Spa-
tial and also temporal (Weiner, 2000) wavefront shaping is a prerequisite for the real-
ization of various kinds of applications, such as image optimization in confocal and two-
photon microscopy (Wilson, 2004; Neil et al., 2000; Hell and Wichmann, 1994), ophthal-
moscopy (Zhang et al., 2006), astronomy (Hardy, 1998), or optical trapping of microscopic
particles (Ashkin et al., 1986) and guiding of atoms (Rhodes et al., 2002). Specially shaped
laser modes are also utilized in quantum information processing (Molina-Terriza et al.,
2007).

Static phase modulations can be achieved by holograms or static diffractive optical
elements (DOE), which for example can be fabricated using photolithographic techniques
(Kress and Meyrueis, 2000). Devices providing dynamic phase variations are, besides
electro- and acousto-optical modulators, micromirror arrays (MMA) (Vdovin et al., 1999)
and liquid crystal spatial light modulators (SLM). Both consist of a microscopic array
of independently addressable pixels, which are movable mirrors in the former and liquid
crystal cells in the latter case. Each pixel can introduce a definite phase shift to an incoming
light beam. While the major strengths of MMA devices are high speed, stroke and flatness,
the principal advantages of LC-SLMs are high resolution and small pixel sizes.

Twisted nematic liquid crystal SLMs underwent a rapid development in the past decades
due to their increasing importance in the electronic industry. Products like back projection
televisions use such SLMs for modulating the amplitude of an illumination beam according
to a video signal. The demand of the market for higher resolutions and shorter reaction
times is also beneficial for scientific SLM applications.

This thesis examines applications of twisted nematic SLMs which are designed as tools
for biomedical research. Chapter 2 treats Holographic Optical Tweezers (HOT) (Dufresne
and Grier, 1998), which are SLM-steered optical traps for microscopic particles. The uti-
lization of these flexible light modulators has greatly enhanced the flexibility and versatility
of laser tweezers, which have become an important tool in biomedical research since their
introduction in 1986 (Ashkin et al., 1986). The chapter mainly focuses on manipulations
performed on a microscopic air-liquid interface, which is an unusual “working environment”
for optical tweezers, since the usually required immersion objectives are better suited for
experiments in liquid environments. However, there are many interesting effects which can
be studied at interfaces, like the behaviour of surfactant at the microscopic scale.

We have shown that it is possible to access the regime of microscopic interfaces with
HOT (Bernet et al., 2006): By exploiting stabilizing surface tension, it is possible to utilize
air objectives of low numerical aperture (NA) for optical trapping of particles at interfaces.

3



Using a special object chamber, which provides an almost flat air-liquid interface, we
demonstrate the versatility of HOT by different experiments. For instance, we demonstrate
efficient transfer of orbital angular momentum from specific SLM generated light modes
to matter. The resulting fast rotation of microparticles, the speed and sense of rotation
of which can be fully computer controlled, could be used to measure physical parameters
of an air-liquid interface, such as surface viscosity or surface tension. An array of these
specific laser modes can be arranged to build “optical pumps”, which can provide directed
transport of microparticles at an air-liquid interface: Trapped orbiting microbeads cause a
flow in the surrounding fluid, which is able to transport other free particles.

We investigated the transfer of orbital angular momentum from light to matter and show
– experimentally and by numerical simulations – that under certain conditions particles
can acquire orbital angular momentum the sign of which is opposed to that of the driving
light field. This phenomenon could be explained by an asymmetric, prism-like particle
shape, an asymmetric radial intensity profile of the projected light field, and the particle
confinement in the air-liquid interface (Jesacher et al., 2006c).

Generally, the forces on microparticles emerging in optical traps depend on the polariza-
tion state of light. This circumstance originates on one hand from the Fresnel coefficients
describing reflection and transmission, which are polarization dependent. On the other
hand, it is also the light intensity distribution itself which is not independent from polar-
ization: Especially when light is strongly focussed – like in optical tweezers – its polarization
has significant influence on the focal intensity distribution in the beam cross section. For
these reasons it appears interesting to manipulate not only amplitude or phase of a light
beam, but also its polarization.

In Chapter 3 we present a setup for the generation of so called vector beams – laser
modes with special phase and polarization profile (Maurer et al., 2007). To our knowledge,
this is the first setup of this kind which is based on a twisted nematic SLM. For instance,
we demonstrate the generation of radially and azimuthally polarized modes, which have
interesting properties. For instance, a radially polarized beam possesses a non-zero axial
electric field component (without any magnetic field component) in its core, whereas the
same beam with an azimuthal polarization has an axial magnetic field component but no
electric field in its center. The axial fields can thereby show a very sharp focus (Dorn
et al., 2003). These features may have applications in polarization spectroscopy of single
molecules or microscopic crystals (Sick et al., 2000; Novotny et al., 2001).

To perform high quality mode shaping, it is necessary to improve the flatness of the
phase modulator, which usually shows a slightly astigmatic surface curvature. Especially
when generating Laguerre-Gaussian light modes, which are highly sensitive to wavefront
errors (Boruah and Neil, 2006), it turns out that it is usually insufficient to display an
interferometrically gained correction pattern. Such patterns do not regard wavefront errors,
which are commonly introduced by additional optical components. In this context we
present an iterative method for wavefront correction in Chapter 1, which exploits the high
sensitivity of Laguerre-Gaussian modes to achieve a high quality correction, which also
incorporates errors caused by other optical elements (Jesacher et al., 2007).

Chapter 4 is about the use of twisted nematic SLMs as flexible phase filters. Inte-
grated into an imaging setup, various kinds of phase filters can be realized by these light
modulators, as for instance the well known dark field and phase contrast techniques. We
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performed comprehensive theoretical and experimental investigations on an interesting fil-
ter operation, called spiral phase filtering or vortex filtering. There, a phase spiral of the
form exp (iθ), where θ is the azimuthal coordinate of the filter plane, is utilized as Fourier
filter. We found that optical processing which such a filter leads to strong isotropic edge
enhancement within both, amplitude and phase objects (Fürhapter et al., 2005a).

An intentional symmetry break, consisting of replacing the phase vortex in the filter
center by a phase constant, breaks the symmetry of edge enhancement: “Shadow effects”
appear (Jesacher et al., 2005), which give the specimen a “three dimensional” appearance,
as if illuminated from the side. The illumination direction can be controlled by rotating
the filter. For thin samples, the effect resembles the “pseudo relief” appearing in differen-
tial interference contrast microscopy (DIC). However, when thick samples are examined,
they appear superposed by an interesting “spiralled” interference pattern (Fürhapter et al.,
2005b). Compared to “classical” fringe patterns, which consist of closed lines indicating
areas of constant phase value, such spiralled patterns contain an additional piece of infor-
mation: The rotational sense of the fringe spiral allows to distinguish at a glance between
optical “elevations” and “depressions”, something which is not possible in classical interfer-
ometry, where this ambiguity is inherent. Methods for quantitative reconstruction of phase
profile samples by one single spiral interferogram are presented (Jesacher et al., 2006a). For
arbitrary complex objects, at least three images can be mathematically combined similarly
to standard methods in interferometry (Bernet et al., 2006).
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Chapter 1

Liquid crystal spatial light

modulators

1.1 Introduction

Liquid crystal spatial light modulators (LC-SLMs) are highly miniaturized LC displays
which can influence the amplitude or phase of a light beam going through (diaphanous
devices) or being reflected from (reflective devices) the display. Both, amplitude and phase
modulations, arise from the birefringence of the LC material, where amplitude modulations
intrinsically originate from polarization modulations in combination with an analyzer. In
many applications, SLMs are used as phase modulators, since they preserve the light
intensity.

LC-SLMs (further called SLMs) can be classified according to the type of LC material.
The fastest devices (response time <1 ms) use ferroelectric liquid crystals, however, with
the drawback of just binary phase modulation, because ferroelectric LC material can have
just two stable states. Other common displays work either with parallel aligned (PAL)
nematic or twisted nematic (TN) LC material (Lueder, 2001). PAL panels are well suited
for phase modulation, but were hard to obtain in the past, because most commercial
suppliers produce TN devices. The latter were developed for video projection, and are
hence optimized for amplitude modulation. SLMs can also be classified according to the
way the individual pixels are addressed. Most devices use direct electronic addressing, but
there are also optically addressable devices (like the Hamamatsu PAL-SLM). Such SLMs
use an amplitude modulated light field projected on the panel backside in order to steer
the voltage across the LC layer.

Reflective SLMs are in some points superior to diaphanous devices. They reach shorter
reaction times as well as higher resolutions and fill factors, since the addressing circuitry
can be “hidden” behind the reflective aluminium layer. Since my work is mainly about TN
SLMs, I will in the following briefly outline their operating principle.

1.2 Manipulating light with a twisted nematic SLM

Most liquid crystals are rod-shaped as shown in Fig. 1.1(A). They are birefringent, having
different axial and transverse relative dielectric constants and thus also different refractive
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(A) (B)

Figure 1.1: (A) Rod-shaped birefringent liquid crystal molecule. The major axis direction is called
director. (B) Nematic mesophase of liquid crystal material.

indices. The major axis direction is called director. In so-called p-type liquid crystals, ∆ε =
ε‖ − ε⊥ is positive. The temperature range between their melting point and their clearing
point – where the individual molecules become randomly aligned – is called mesophase.
In this phase, the LC material is anisotropic, showing a long-range orientational or even
positional order. The mesophase shown in Fig. 1.1(B) is called nematic, meaning that all
molecules have approximately the same orientation but random positions.

Within a LCD, liquid crystal material is usually sandwiched between two glass plates,
forming a layer that is a few microns thick. The glass substrates are covered with trans-
parent electrode layers followed by “orientational layers” containing grooves to force a
specific alignment of the adjacent LC molecules. In a twisted nematic LC cell, the mole-

V>0V=0 ~~
orientation layer
containing grooves

electrode layer

E

k

E

k

E

k

E

k

Figure 1.2: Twisted nematic liquid crystal cell. The LC material is sandwiched between two
glass substrates. The substrate layers are covered with transparent electrode layers followed by
“orientational layers” of approximately 100 nm thickness, which contain grooves in order to force
a specific alignment of the adjacent LC molecules. If no voltage is applied between the electrode
layers, the LC molecules form a helix (left image). An alternating voltage between the electrode
layers causes the p-type crystals to align along the direction of the electric field.
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cules are arranged as shown in Fig. 1.2. In the “relaxed” state (no voltage between the
electrode layers), the molecules form a kind of helix (left image). This shape arises from
the perpendicular grooves in the upper and lower orientation layer. An alternating voltage
between the electrode layers causes the p-type crystals to align along the direction of the
electric field. The frequency must be high enough to prevent relaxation movements of the
molecules. Nevertheless, “flickering” of the displays is sometimes a problem of TN SLMs
(see chapter 1.5). Probably, this effect originates from such movements. However, LCDs
cannot be driven by a constant voltage, since this would cause electrolysis of the liquid
crystal molecules.

1.2.1 Amplitude modulation

In their original application areas, which is for instance back-projection television or video
projection, TN microdisplays are used as amplitude modulators. If the cell voltage is zero
and the thickness d of the LC layer fulfills the condition (Lueder, 2001)

d =
√

3
2

λ

∆n
, (1.1)

where λ is the light wavelength and ∆n = n‖ − n⊥ the difference between axial and
transverse refractive indices of the LC molecules, the polarization of an incoming light
beam polarized parallel to the director of the first LC molecules is rotated about 90◦ after
having passed the whole LC cell (Fig. 1.2). This effect is due to the birefringence of the
liquid crystal. In contrast to first intuitive suggestions, the polarization does not simple
“follow” the molecule’s directors along the cell, but rather changes its state from linear to
circular (after d/2) and finally back to linear (Lueder, 2001).

If an alternating voltage in the range of about 10 Volts is applied to the electrodes,
the rod-shaped molecules align themselves parallel to the electric field. As a consequence,
the polarization of the incident light field remains almost unaffected. The right image of
Fig. 1.2 shows nearly full alignment, which corresponds to the maximal cell voltage. If a
smaller voltage is chosen, the molecules will show a tilt angle (angle between director and
plane of the substrates) somewhere between 0 and 90◦.

In practice, it is not possible to perform a “pure” polarization modulation with a TN
display, i.e. without at least a minor coexistent phase modulation. For this reason, this
mode of operation is also sometimes called “amplitude-mostly” mode.

1.2.2 Phase modulation

Although TN panels are optimized for amplitude modulation, it is nevertheless possible to
utilize them as phase modulators. This can be achieved by proper choice of the polarization
state of the incident light field (Pezzanaiti and Chipman, 1993; Yamauchi and Eiju, 1995;
Davis et al., 1998; Moreno et al., 2001).

Basically, for each cell voltage (i.e. gray value), the operation of the LCD on the incident
light can be described by a single matrix MLCD, which is also called the Jones-Matrix:

~Eout = MLCD
~Ein. (1.2)
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In order to prevent amplitude modulation, one has to find the eigenvectors of MLCD, i.e.
polarization states which remain unchanged when passing through the LC layer. These
eigenvectors have been found to be elliptical (Pezzanaiti and Chipman, 1993). Since they
depend on the applied cell voltage, it is reasonable to choose the input polarization as the
average of the eigenvectors over a whole range of gray values.

A phenomenon often neglected in considerations about the operation of LCDs is the
influence of the geometric phase, which describes the phase shift of a light beam arising
just from changes of its polarization. This kind of phase shift is completely independent of
the dynamic phase resulting from optical path differences. S. Pancharatnam found (Pan-
charatnam, 1956; Berry, 1984) that the phase of a polarized light beam which undergoes
a cycle of polarization changes increases by −Ω/2, where Ω is the solid angle that the geo-
desic path of polarizations spans on the Poincarè sphere (see Fig. 1.3). For this reason, if
a beam passes for instance an analyzer after being modulated by the LCD, its total phase
shift may significantly differ from the prediction of the Jones-Matrix formalism.

W

Figure 1.3: The Pancharatnam phase. All possible polarization states are represented on the surface
of the Poincarè sphere. If the polarization of a beam undergoes a closed cycle of different states
(boundary of the gray shaded zone), the phase of the beam changes by −Ω/2.

Although many considerations can be made in order to find out the correct elliptic
polarization state for optimized “phase-mostly” modulation, it is for many cases sufficient
to use linearly polarized light. Experimentally, the ideal linear polarization plane can be
determined by displaying a grating on the SLM and optimizing its diffraction efficiency by
continuously rotating the incident polarization using a half-wave plate.

1.2.3 LCoS microdisplays

In reflective liquid crystal on silicon (LCoS) devices, the LC material is sandwiched between
a single glass plate and a reflective silicon microchip which also contains the addressing
circuitry (see Fig. 1.4). Reflective LCoS devices are in some points superior to diaphanous
microdisplays. They reach shorter reaction times (10 ms) as well as higher resolutions and
fill factors, since the addressing circuitry can be “hidden” behind the reflective aluminium
layer. Modern LCoS displays reach minimal pixel sizes of about 8 µm. Principally, the
theory for LCDs is also valid for LCoS panels. A difference due to the double pass of the
light through the LC layer is the smaller twist angle of the LC molecules, which is 45◦

instead of 90◦.



CHAPTER 1. LIQUID CRYSTAL SPATIAL LIGHT MODULATORS 10

cover glass

(A) (B)

silicon substrate

AR coating

electrode layer

orientation layers

reflection enhancer

LC layer

aluminum electrode
Oxide

light shield
FET capacitor

Figure 1.4: LCoS panel. (A) Cross section: The addressing circuitry is located below the reflecting
aluminium electrode, which allows fill factors over 90%. The circuitry is protected from the readout
light by a special protection layer. (B) Reflective aluminium layer. Each mirror has a side length
of 14 µm. www.hcinema.de/lcos3.jpg, (2007-04-23).

1.3 Effects of digitization

Phase modulations performed by a SLM are digitized in two ways: There is a spatial
digitization which origins from the discrete pixel structure of the panel and a digitization
of the phase, since 8-bit addressed SLMs can just generate 256 distinct phase levels.

1.3.1 Spatial digitization

For the sake of simplicity, the following considerations are made for the one-dimensional
case. The principle can be extended straightforwardly to two dimensions.

A spatially digitized phase function as displayed by a SLM can be derived from the
original continuous function by subsequently applying two mathematical operations (see
Fig. 1.5). The first operation is sampling of the original function, which is achieved by a
multiplication with a sequence of delta distributions:

ssamp(x) = s(x)
∞∑

n=−∞
δ(x− n ∆x). (1.3)

There, s(x) is the original continuous phase function, ssamp(x) the sampled function, and
∆x the distance between two pixels.

The second operation consists of convolving ssamp with the pixel shape, which is a
“square pulse” of height one and width ∆x. The result is the digitized signal sdig(x). Both
operations are sketched in Fig. 1.5.

Usually, when the SLM is used as phase diffractive element, the far field of diffracted
light is relevant. According to Fraunhofer diffraction the far field can be derived by a
Fourier transform of the field in the SLM plane. If the phase pattern sdig(x) is “imprinted”
on a plane wave, the corresponding far field can be derived by using the Fourier convolution
theorem. According to this theorem, the Fourier transform of the product/convolution of
two functions a(x) and b(x) equals a convolution/product of their Fourier transforms A(k)
and B(k):

F [a(x) b(x)] = A(k) ∗B(k),

F [a(x) ∗ b(x)] = A(k) B(k),
(1.4)
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Figure 1.5: A spatially digitized function can be derived from the original continuous function by
subsequently applying two mathematical operations: (A) Sampling is achieved by multiplying the
original with a sequence of delta distributions. The sampled function consists of a sequence of
weighted delta distributions. It is visualized in the third graph of the first row. (B) Convolving
the sampled function with a “pixel function” of height one and width ∆x finally yields the spatially
digitized version of the original function. Fill factors of less than 100% can be regarded by a
correspondingly smaller pixel function.

where F denotes the Fourier transform, and x and k are the coordinates in the SLM plane
and a plane in the far field, respectively.

According to Eq. 1.4, the effects of the sampling operation (sketched in Fig. 1.5(A))
on the far field can be described by a convolution of the Fourier transform of s(x) with
the Fourier transform of the delta sequence in Eq. 1.3. The Fourier transform of a delta
sequence yields again a delta sequence:

F

[ ∞∑
n=−∞

δ(x− n ∆x)

]
=

1
∆x

∞∑
n=−∞

δ(k − n

∆x
), (1.5)

where the distance between two delta distributions ∆k is related reciprocally to ∆x. The
convolution is sketched in Fig. 1.6(A). Apparently, sampling in the SLM plane leads to
a replicated diffraction pattern. One remark has to made on this point: If one wants to
describe the sampling step alone, i.e., describe a SLM with infinitely small pixel size, the
intensity of the diffracted light would certainly be zero, since the total pixel area is zero.
Thusly, the sampling step has to be understood as an intermediate result. Generally, the
considerations made here are quantitatively valid only for a fill factor of 100%.

The second step, which incorporates the pixel size, is described as convolution with
a “square pulse” as pixel function in the SLM plane. Again, according to the Fourier
convolution theorem, this corresponds to a multiplication with the pixel spectrum in the
far field, which is a sinc-function:

F
[
Rect

( x

∆x

)]
=

1
πk ∆x

sin (πk ∆x) = sinc
(

π
k

∆k

)
. (1.6)

Here, Rect
(

x
∆x

)
denotes a square function of height one and width ∆x. The multiplication

of the replicated spectrum with the sinc-function of Eq. 1.6 causes the intensity to fall off
from the center to the boundaries. This effect is well-known in digital holography.
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Figure 1.6: Consequences of spatial digitization in the far field. (A) S(k) is the far field diffraction
pattern of s(x). Sampling is described by a convolution with a delta sequence, which results in
a replicated spectrum. Violation of the Nyquist criteria would correspond to partially overlapping
spectra. (B) The pixel shape is incorporated by a multiplication with the Fourier transform of the
pixel shape, which is a sinc-function in the case of a square-shaped pixel. This causes the intensity
to decrease from the center to the boundaries.

Altogether, various effects of spatial digitization can be explained by just applying the
Fourier convolution theorem. For instance, the influence of a smaller fill factor on the
shape of the diffracted light in the far field can be explained immediately: A smaller pixel
size has a broader sinc-spectrum. Hence, the intensity decrease to the boundaries is less
pronounced, which is desired. On the other hand, a smaller fill factor will reduce the total
intensity of the diffracted light.

Another consequence which can be deduced from the above considerations is that the
appearance of a zeroth and a conjugate diffraction order (and higher diffraction orders)
which are usually observed in experiments, do not originate from the spatial digitization.
Responsible for these orders are rather the incorrect displaying of phase patterns on the
SLM, which is caused by nonlinear response of the liquid crystal, a limited phase modula-
tion depth (see chapter 1.5) or a small fill factor.

Furthermore, Eq. 1.6 directly explains, how the diffraction efficiency of digital blazed
gratings decreases with increasing grating constant (=resolution of the grating): For a
certain wavelength, the diffraction efficiency of an ideal, continuously blazed grating is
always 100%. Since such a grating is nothing else than the kinoform (Hariharan, 1996)
of an inclined phase plane, its spectrum consists of a single shifted delta distribution,
where the shift is proportional to the grating constant (see Fig. 1.7(A)). However, the
spectrum of a digitized slope will always be weighted by the sinc-function described in
Eq. 1.6 (Fig. 1.7(B)). Consequently, the larger the grating constant, the more will the
diffraction peak be attenuated by the sinc-weighting. The diagram in Fig. 1.7(C) shows
the maximal obtainable diffraction efficiencies of blazed phase gratings with a period of P

pixels.
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Figure 1.7: Diffraction efficiencies of digital blazed phase gratings. (A) An ideal, continuously
blazed grating achieves 100% diffraction efficiency for a specified wavelength. Its spectrum consists
of a single shifted delta distribution, where the shift is determined by the slope of the grating.
(B) Digitized version of the slope. In this example, the grating period extends over four pixels.
The corresponding spectrum Sdig(k) consists of the replicated original spectrum S(k), weighted by
a sinc-function. This weighting reduces the maximal obtainable diffraction efficiency of a 4-pixel
grating to 81%. (C) The diagram in the gray shaded box on the right shows the maximal obtainable
diffraction efficiencies of blazed phase gratings with a period of P pixels.

1.3.2 Phase digitization

Digitization of phase levels generally decreases the image quality, since continuous phase
values have to be rounded to the nearest value of 2n distinct phase levels, where n is the
number of addressing bits (usually n=8). The consequences of phase discretization cannot
be described as generally as the spatial one, since it strongly depends on the displayed phase
structure. For special structures, there might even be no visible effect, as for example for
linearly blazed gratings, the period of which has an integer number of pixels.

Generally, for off-axis phase patterns, i.e., patterns which have been mathematically
superposed by a grating, the phase of a diffracted beam is not only determined by the
pixel values of the original on-axis pattern, but also by the translational shift of the grating.
Utilizing this principle, it is possible to realize even more different phase values than a pixel
can produce. For instance, even complicated light patterns can be created with ferroelectric
SLMs (Hossack et al., 2003), which allow just binary modulation (n=1) of the phase.

1.4 Computation of diffractive phase patterns

When utilizing SLMs for shaping light, one usually wants to create a desired light distri-
bution in a plane which is conjugate to the SLM plane, i.e., the planes are associated by
the Fourier transform. Such desired light fields could for instance be an arrangement of
optical traps within an holographic optical tweezers (HOT) setup (see chapter 2).

If SLMs could influence both, amplitude and phase of light, the computation of dif-
fractive patterns would be straightforward: one would just have to perform the Fourier
transform of the desired light distribution. However, TN-SLMs are commonly utilized as
phase modulators, although simultaneous phase and amplitude modulation can in principle
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be realized for slowly varying amplitude functions (see chapter 1.6). But, even if arbitrary
complex field manipulations could be achieved with a SLM, phase-only modulations would
still be preferable in many cases, since they preserve light intensity.

Unfortunately, in the majority of cases, diffractive phase patterns cannot be derived
straightforwardly using analytical methods. In fact, there exist several techniques which
allow more or less adequate approaches (Kress and Meyrueis, 2000). In the following,
some of the most commonly used methods will be addressed.

1.4.1 Gratings and lenses

The easiest way of manipulating a laser beam is using blazed gratings and Fresnel lenses.
Gratings lead to beam deviations while lenses control the beam convergence. Phase holo-
grams, which consist of a single grating, lens or a superposition of both are special cases,
since they can be analytically derived by a Fourier transform of the corresponding far field
diffraction patterns.

Gratings and lenses are often used to steer optical traps three-dimensionally within an
optical tweezers setup. Altering the grating period leads to a lateral shift of the laser trap,
while changing the focal length of the Fresnel lens causes axial shifts. If one wants to
have, for instance, not just a single but multiple traps simultaneously, the corresponding
hologram phase p(~r) can be calculated by superposing the holograms of the individual
traps as follows:

p(~r) = arg

[
N∑

n=1

exp
(
i2π ~kn~r

)]
. (1.7)

Here, N is the total number of traps, ~kn the position of trap n in the image plane, and ~r the
coordinate vector of the SLM plane. The function arg returns the phase of its argument.

Generally, for N > 1, the sum of exponential functions in Eq. 1.7 will have a non-
uniform amplitude. The information present in this amplitude field is lost, because just
the phase function represents the final hologram. As a consequence, for N > 1, a diffractive
phase pattern derived according to Eq. 1.7 will produce an inaccurate light field: So-called
“ghost traps” appear in undesired positions (see Fig. 1.8). The magnitude of such ghost
traps increases with increasing symmetry of the hologram.

Methods to reduce the intensities of ghost traps aim at reducing the symmetry of the
hologram, which can be achieved using different methods. One possibility is to add different
random phase values to each partial hologram (Curtis et al., 2005). The total hologram
is then calculated similarly to Eq. 1.7:

p(~r) = arg

[
N∑

n=1

exp
(
i2π ~kn~r + i Rn

)]
, (1.8)

where Rn is the randomly chosen phase “offset” of trap n (Fig. 1.8).
Our own investigations show that a further slight reduction of ghost traps can be ob-

tained by multiplication of each grating term with another arbitrary amplitude pattern
according to

p(~r) = arg

[
N∑

n=1

randn (~r) exp
(
i2π ~kn~r + i Rn

)]
, (1.9)
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Figure 1.8: A matrix of light spots, diffractively created by superposing gratings and lenses. Without
using random phase terms, the hologram shows a high symmetry which leads to strong “ghost traps”.
Random phase offsets significantly reduce the hologram symmetry – ghost traps are accordingly
suppressed.

where randn (~r) is a randomly distributed array of real numbers in an adjustable range.
The corresponding increase in entropy of the hologram reduces its overall symmetry, thus
reducing the appearance of ghost traps.

Another method (Montes-Usategui et al., 2006) uses spatial multiplexing, where every
partial hologram is displayed just on a fraction of the total available pixels. Each fraction
of pixels is thereby spread randomly over the whole hologram area. An additional benefit
of this technique is that every partial hologram has just to be calculated for its own pixel-
fraction, which enables higher hologram refreshing rates. On the other hand, the total
diffraction efficiency of such a hologram decreases faster with increasing N than that of
holograms calculated according to Eq. 1.8.

1.4.2 Phase retrieval techniques

Using gratings and lenses is advantageous, when speed matters and the light structure to
produce is rather simple. However, for light fields of higher complexity, it is reasonable to
use special algorithms in order to find a corresponding phase hologram.

Phase retrieval algorithms deal with the problem of finding the phase φ(~r) of a light
field, if just the modulus A(~k) of its Fourier transform is known:

A(~k) exp
(
iΦ(~k)

)
= F{a(~r) exp (iφ(~r))}. (1.10)

This problem is of relevance in many fields of research, for instance electron microscopy
or astronomy, which led to the development of various different techniques to solve this
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problem (Fienup, 1982; Muller and Buffington, 1974). They can also be applied to the
problem of finding a phase-only hologram for creating a desired intensity distribution in
the image plane.

Common methods are so-called steepest-descent techniques like for instance the direct
binary search (DBS) (Seldowitz et al., 1987) as well as iterative Fourier transform algo-
rithms (IFTA). Popular IFTA methods are the Gerchberg Saxton (GS) (Gerchberg and
Saxton, 1972) algorithm and related techniques (Curtis et al., 2002; Haist et al., 1997).

The direct binary search

In order to find a phase hologram p(~r) for a desired light intensity I(~k), the algorithm
minimally alters the phase value of a single hologram pixel and examines whether this
change improves or degrades the result. This is done by judging a cost function ε, which
can be defined as

ε =
∑

~k

[
A(~k)− Â(~k)

]2
, (1.11)

where A(~k) is the desired amplitude, and Â(~k) the amplitude of the light field produced
by the new phase hologram p(~r). The new phase only remains, if ε has decreased by the
pixel change. Otherwise, the previous phase is restored.

Within a full working cycle, every hologram pixel is addressed in this manner. After
several cycles, ε usually converges to a value larger than zero. The algorithm is then
“trapped” in a local minimum of the cost function. This can be understood, when ε is
considered as a function of all hologram pixels. The cost function can then be visualized
as scalar field within an N -dimensional space, where N is the number of total hologram
pixels. This scalar field can have various local minima. Since the DBS performs in each
step just a minimal change of one single pixel, its operation on the hologram is represented
by a continuous curve in the N -dimensional space, which follows a way of decreasing ε and
finally ends up in the nearest local minimum. Which minimum is finally reached, solely
depends on the initial state of the hologram, which usually consists of a matrix of random
phase entries.

A method related to the DBS, which is known as simulated annealing (SA) (Kirkpatrick
et al., 1983), is able to escape “shallow” local minima in order to find “deeper” ones.
There, also worsening pixel changes are accepted with a certain likelihood. During the
optimization process, this likelihood continuously decreases to zero. The method was
inspired by metallurgical techniques, where slowly cooling down molten material leads to
larger crystals containing a reduced number of defects.

The Gerchberg Saxton algorithm

The GS algorithm is an iterative method which “bounces” back and forth between SLM
and image plane by subsequently performing Fourier transforms. After each transform,
the complex field is thereby properly modified.

Fig. 1.9 sketches the working principle of the GS algorithm. First, an initial condition
is chosen in the image plane, which usually consists of the desired amplitude field A(~k)
together with a random phase mask. In the present example, A(~k) is a matrix of bright
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Figure 1.9: The Gerchberg Saxton algorithm. Typically, the starting condition in the image plane
is the desired amplitude field A(~k) together with a random phase mask. In the present example,
A(~k) is a matrix of bright spots. After an inverse Fourier transform, this amplitude information
will be present in both, amplitude a(~r) and phase φ(~r) of the field in the SLM plane. a(~r) is
subsequently replaced by a function representing the experimental situation (by a constant, if the
SLM is homogeneously illuminated), whereas the phase φ(~r) remains. Finally, the complex field is
Fourier transformed to achieve the corresponding light field in the image plane. There the amplitude
Â(~k) is replaced by the desired amplitude. With each cycle, Â(~k) will become more and more similar
to the matrix of light spots. If the cost function ε becomes smaller than a predefined limit, the
algorithm aborts.

spots (for instance light traps). After an inverse Fourier transform, this amplitude informa-
tion will be present in both, amplitude a(~r) and phase φ(~r) of the field in the SLM plane.
a(~r) is subsequently replaced by a function representing the experimental situation (by a
constant, if the SLM is homogeneously illuminated), the phase φ(~r) remains. Finally, the
complex field is Fourier transformed to achieve the corresponding light field in the image
plane. There the amplitude Â(~k) is replaced by the desired amplitude. With each cycle,
Â(~k) will become more and more similar to the matrix of light spots. Typically, after
about ten iterations, the cost function ε converges, and the algorithm is trapped in a local
minimum.

In contrast to steepest descent methods, the operation of IFTA algorithms can generally
not be visualized by a continuous curve in the N -dimensional ε-space, since after every
cycle many pixels have changed. However, it can be shown that the cost function decreases
monotonically with the number of GS cycles (Gerchberg and Saxton, 1972).

The principle behind IFTA algorithms is the fact that amplitude and phase informa-
tion of a complex field get “mixed”, when the field is Fourier transformed. Amplitude
information affects the phase and vice versa. By repeated Fourier transforms, the whole
amplitude information of the image plane can be almost completely transferred into the
phase information of the SLM plane.
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If multiple traps are created holographically, it is usually desired that they are all of
equal intensity. Thus, the standard deviation

σ =

√√√√ 1
N − 1

N∑

n=1

[
Ân − Âmean

]2
(1.12)

is a quantity to judge the quality of a trap configuration. There, n denotes the trap
number, N the total number of traps, Ân the amplitude of trap n, and Âmean the mean
amplitude of all traps. σ depends on the configuration’s symmetry as well as on the
method which is chosen to calculate the hologram pattern (Curtis et al., 2005). As found
out by Di Leonardo et al. (2007) and independently by our group, σ can be decreased by
a minor modification of the GS algorithm. Thus, Â(~k) is not replaced by A(~k) after every
iteration, but by the quantity A(~k)− γ Â(~k), where γ is a scalar weighting factor between
0 and 1. Consequently, if the intensity of a trap becomes too large after a GS cycle, it will
be automatically attenuated in the following one. Simulations with this method show that
the standard deviation of a 3× 3 trap configuration like that of Fig. 1.8 can be decreased
by about 7% ± 1% with an almost unchanged total efficiency of the hologram (the result
is the mean value of 10 GS runs; 10 iterations per run; γ=0.6).

1.5 Optimization of SLMs

Like every physical device, LC-SLMs have some non-ideal properties, such as limited dif-
fraction efficiency or “flickering” of the diffracted light, i.e., an oscillation of its intensity.
Since the panels are slightly curved, they may even introduce significant aberrations to a
beam, which is conditional to manufacturing. Furthermore, LC-SLMs are not suitable for
UV light because the liquid crystals get destroyed.

The following sections are about how to avoid or minimize these unwanted properties.

1.5.1 Enhancing diffraction efficiency

Low diffraction efficiency causes two problems: firstly, a decrease in light intensity, and
secondly – which is even worse – a disturbance, because the residual, non-diffracted light
may superpose the “productive” part of the light. In order to avoid this, one can superpose
the original diffractive phase pattern by a blazed grating, which causes spatial separation
of the desired first diffraction order from the residual light (“off-axis” hologram).

Although the diffraction efficiency could theoretically be close to 100% (due to the
possibility of displaying blazed structures), in practice it is usually significantly lower. The
diffraction efficiency – defined as the intensity ratio of diffracted to incident beam – of the
SLMs used for the experiments described in this thesis is about 30%. A reason for this low
efficiency is among others the LC layer itself, which absorbs – depending on the wavelength
– roughly about 40% of the total incident light. This circumstance also defines a maximal
illumination power, as too high intensities will destroy the LC layer by heating. Other
properties which influence the diffraction efficiency are the fill factor, the maximal phase
modulation depth, as well as nonlinearities in the relation of SLM cell voltages to effective
phase retardation.
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The fill factor is defined as the ratio of active area (total area of active pixels) to
total area of the SLM. LCoS panels reach fill factors significantly larger than 90% (see
chapter 1.2.3).

The influence of the maximal phase modulation depth φmax is explained in Fig. 1.10.
Ideally, φmax equals 2π, i.e., one full wavelength. A smaller maximal phase retardation
leads to a reduced efficiency, as well as to the appearance of undesired diffraction orders.
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Figure 1.10: Diffraction efficiency of a blazed grating. (A) A (non-digitized) blazed grating with a
modulation depth of 2π has a diffraction efficiency η of 100%. (B) Smaller modulation depths lead
to a reduced efficiency as well as to the appearance of undesired diffraction orders. The first and
zeroth diffraction order are labelled in the figure. (C) The graph in the gray shaded box denotes the
intensity of the first diffraction order plotted against φmax.

Due to the dielectric properties of LC molecules, the attained phase retardation has a
nonlinear relationship to the voltage applied to the LC layer. Hence, an uncorrected linearly
blazed phase structure appears as a non-ideal blazed structure on the SLM display. This
decreases the diffraction efficiency η and enhances undesired diffraction orders. However,
the user can compensate for this effect by regarding this nonlinearity in the phase pattern
design. The devices of Holoeye Photonics AG – which the author used for the experimental
work – provide the possibility to load special lookup tables that correct the nonlinearities
directly in the panel driver memory.

Compensating nonlinear liquid crystal behaviour

Before a lookup table for compensation of nonlinearities can be generated, one has to
have quantitative knowledge about the phase modulation characteristics of the SLM. This
knowledge can be acquired by a measurement similar to that shown in Fig. 1.11. There
the SLM panel is operationally split in two halves: one half constantly shows a blazed
grating, while the other half displays a certain gray value. Both parts are illuminated by
collimated laser beams. At the position of the webcam, the first diffraction order of the
grating-part interferes with the laser reflected from the other part. The location of the
interference fringes on the camera chip determines the phase difference between the two
beams. During the measurement, the gray values are adjusted from 0 to 255. In this
manner, one can acquire the full phase modulation characteristic like shown in Fig. 1.12.
Note that such a characteristic depends on many factors like wavelength and polarization
state of the incident beam as well as on the adjustment of the analyzer, which affects the
geometric phase (see chapter 1.2.2). An alternative setup to that of Fig. 1.11 is suggested
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Figure 1.11: Setup for measuring SLM nonlinearities. The panel is split in two halves: one half
constantly shows a blazed grating, while the other half displays a certain gray value. Both parts are
illuminated by collimated laser beams. At the position of the camera chip, the first diffraction order
of the grating-part interferes with the laser reflected from the other part, and the spatial position
of the emerging interference fringes determine the phase difference between the beams. During the
measurement, the gray values are adjusted from 0 to 255.

by Holoeye Photonics AG (http://www.holoeye.com/download_area.html).
Fig. 1.12 represents phase modulation measurements at 1064 nm with our LC-R 3000

panel, which is optimized for wavelengths in the visible red. The left graph indicates that
significant phase modulation occurs mainly in the gray value range from 170 to 230. Due
to the SLM “flickering”, the phase shows an oscillation with a frequency of about 90 Hz.
The corresponding maximal and minimal values are denoted by circles in the graph. The
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Figure 1.12: Left: Phase modulation characteristics of the LC-R 3000 panel (optimized for red
light) for a wavelength of 1064 nm. Due to the SLM “flickering”, the phase showed an oscillation
of about 90 Hz. The corresponding maximal and minimal values are denoted by circles in the graph,
which is overlaid by a spline interpolation for better visualization. Significant phase modulation
occurs in the gray value range from 170 to 230. The measurement served for the generation of a
linearising lookup table. Right: After application of the lookup table, the panel shows an almost
linear phase modulation behaviour.
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measurement served for the generation of a lookup table to compensate for the nonlinear
behaviour. After compensation (right graph), the SLM shows an almost linear phase
modulation behaviour with a maximally achievable phase retardation of about 1.3 π.

Typically, the diffraction efficiency can be enhanced by about 20% – 30% by this proce-
dure. For instance, the efficiency of our LC-R 3000 panel (optimized for blue wavelengths)
could be increased from 26% to 33%.

1.5.2 Flattening by corrective phase patterns

Conditional to the manufacturing process, SLMs may show a slightly curved surface, which
mainly introduces astigmatism to a beam reflected from the panel. For a single wavelength,
this deviation from flatness can be compensated by a corrective phase pattern, which can
be obtained using different methods. A straightforward technique is to measure the SLM
deviation interferometrically. The corresponding correction function is then the kinoform
of its inverse.

However, one can also utilize phase retrieval techniques to get the correction func-
tion (Jesacher et al., 2007). This implies the advantage that the correction does not only
address the SLM curvature but also phase errors of the additional imaging optics, if the
SLM is integrated into an optical system. Both methods are discussed in the following.

Interferometrical determination of the SLM curvature

Fig. 1.13 sketches, how the SLM surface curvature can be measured using a Michelson
interferometer. The display is placed in one arm of the interferometer, where it is illumi-
nated by an expanded, collimated helium-neon-laser beam. The SLM, which displays a
blazed grating, is tilted such that the first diffraction order goes straightly back into the
beam splitter cube. At the output of the interferometer, it is collinearly superposed with
the reference beam. A telescope is used to remove disturbing diffraction orders and to
image the SLM surface interferogram on the CCD. A quantitative determination of the
SLM surface deformation requires at least two interferograms. Typically, one combines
three images at different values for the reference phase, which is easily adjustable in this
setup by moving the SLM grating perpendicular to the grating lines. If the grating period
is N pixels, a lateral shift of one pixel shifts the phase of the diffracted light about 2π/N .

The presented interferometric method gives a good example of the SLM as “phase step-
per”. The method is of high accuracy, since the phase solely depends on the grating position
which is adjusted by the SLM steering software. It does not depend on nonlinearities as
described in section 1.5.1 or on the maximal phase modulation depth φmax.

Once the surface shape function is determined, one can calculate the corresponding
correction pattern by inverting this function and “cutting” it into slices of 2π radians
thickness (Fig. 1.14(A)). Displaying the correction pattern on the SLM leads to significant
flattening (right image in Fig. 1.14(B)).

A disadvantage of this technique is that the deviation of the SLM surface from flatness
is actually measured by comparing it with a reference surface, i.e. with the mirror in the
other arm of the Michelson interferometer. Thus, any imperfections in the reference arm
(that may be introduced by the reference mirror, or the beamsplitter cube) will be falsely
attributed to the SLM. Another disadvantage of the method is that often it cannot be
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Figure 1.13: Michelson interferometer for measuring the SLM surface curvature. The whole display
is illuminated by an expanded, collimated helium-neon-laser beam (beams are sketched more narrow
for clarity). The SLM, which displays a blazed grating, is tilted such that the first diffraction order
goes straightly back into the beam splitter cube (BSC). At the output of the interferometer, it is
collinearly superposed with the reference beam. A telescope is used to remove disturbing diffraction
orders (just the zeroth order is sketched) and to image the SLM surface on the CCD. Phase stepping
is performed by moving the grating on the SLM perpendicular to the grating lines: if the grating
period is N pixels, a lateral shift of one pixel shifts the phase of the diffracted light about 2π/N .
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Figure 1.14: (A) Left: Surface profile of the LC-R 3000 (red opt.) panel. Right: corrective phase
pattern, calculated as the kinoform of the measured surface profile. For different wavelengths, the
correction function has to be accordingly adapted. (B) Surface interferogram before (left image) and
after (right image) correction.

performed in the same experimental situation that is also used for the subsequent SLM
application, like for instance steering of optical tweezers. However, if the SLM is removed
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and mounted at a different place after its calibration, its astigmatism is usually changed,
and thus the performance of the correction pattern may be degraded.

Surface correction using phase retrieval algorithms

The following section is based on our publication Jesacher et al. (2007), where we demon-
strated that it is also possible to apply phase retrieval algorithms in order to determine the
SLM surface shape. This is at least feasible for minor deviations from flatness on the order
of one wavelength. For that purpose, we suggested to create a Laguerre-Gaussian (LG)
laser mode (see chapter 2.3.3) with the SLM and gather the SLM surface shape from the
observed mode distortions. LG modes of small helical charge are very sensitive to phase
errors, even small irregularities cause significant deviations from their rotational symmet-
ric shape. Hence it is a delicate task to create them in high quality with a SLM. It was
shown by Boruah and Neil (2006) that this sensitivity is given for even and odd azimuthal
aberrations (i.e. Zernike polynomials, the azimuthal component of which has an even or
odd number or periods), whereas Gaussian beams are only sensitive to odd aberrations.
This sensitivity of a focussed LG01 mode (also called “doughnut” mode) to phase errors
allows to correct them just from the distorted shape of the mode: The basic idea is to use
a phase retrieval algorithm in order to find the hologram that would produce the observed
distorted doughnut if displayed on a perfectly flat SLM and imaged with “perfect” optics.
Consequently, the acquired hologram will include the information about imperfections like
the surface deviation of our “real” SLM or phase errors of the additional imaging optics.
Once the phase errors are known, a corrective phase pattern can be calculated as described
in the previous section, which can be superposed to each subsequently produced phase
pattern to compensate for any phase errors of the SLM or the optical pathway.

As discussed in chapter 1.4.2, phase retrieval algorithms usually get trapped in local
minima of the cost function ε. In contrast to the generation of phase holograms, where
this fact plays a minor role, it is important to find the global minimum (or a close-by local
minimum) of ε in this case, since here the goal is to reconstruct the phase errors precisely
instead of finding just an arbitrary phase pattern which reproduces the intensity of the
observed mode distortions. However, for small distortions there is a high probability of
finding the correct aberration pattern, since the algorithm starts with the well-known phase
distribution that would generate a “perfect” doughnut mode, assuming that the correct
solution lies close enough to this starting pattern for the algorithm to converge.

Fig. 1.15 sketches the experimental setup. The reflective SLM shows a diffractive vortex
lens, which transforms a collimated laser beam into an optical vortex of helical charge
m = 1 and focuses it on a CCD. The vortex lens is superposed by a blazed grating in order
to spatially separate the optical vortex generated in the first diffraction order from other
orders. According to surface aberrations of the light modulator, the doughnut appears
distorted. A CCD image of this doughnut is taken as input for the GS algorithm, which is
able to find the corresponding phase hologram that would produce the observed intensity
pattern, if it would be displayed on a non-distorted SLM. The acquired hologram will then
consist of an ideal phase vortex pattern overlaid by the phase errors that are retrieved with
this method.

Although in principle this procedure does not require LG modes and could also be
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Figure 1.15: Sketch of the experimental setup. The off-axis vortex lens (superposed by a blazed
grating) shown in the picture is calculated to create a focussed doughnut mode on the CCD. Due
to surface deviations of the SLM, the doughnut appears distorted. A single image of the distorted
doughnut enables an iterative phase retrieval algorithm to find the corresponding phase function in
the SLM plane.

performed on the basis of other light field patterns, we found that using doughnuts delivers
much better results in simulations and experiments than for instance using an image of
the point spread function. The main advantage of this method, besides its simplicity,
is the fact that it corrects not only the surface curvature of the SLM, but also other
phase errors that are introduced by the other optical components in the optical pathway.
The resulting correction hologram will therefore also compensate phase errors introduced
by these additional parts (however, it is clear that not every error can be completely
compensated by a phase-only modulator).

As discussed in 1.4.2, the GS algorithm, as well as steepest-descent methods like the
DBS will in every iterative step reduce the error function ε, until it reaches a minimum.
Which minimum is finally reached, solely depends on the initial hologram phase. To
ensure that the algorithm finds the global minimum, one can define detailed boundary
conditions (Fienup, 1986) in order to find the “true” solution, i.e., the global minimum.

The method presented here uses just the “standard” boundary conditions for the GS
algorithm, i.e., the amplitude fields in the SLM plane and the image plane. It turns out
that (for small phase errors) choosing the ideal phase vortex as initial hologram phase is –
together with these boundary conditions – sufficient to find the correct hologram function.
In a more descriptive view, this corresponds to the choice of an initial position in the
ε-space, which lies close enough to the global minimum of ε for the algorithm to find it.

Fig. 1.16 sketches the operation of the GS algorithm. The initial complex field is a phase
vortex arg(x+ i y) with a finite circular aperture in the SLM plane, where arg denotes the
complex phase angle (in a range between 0 and 2π) of a complex number. The aperture is
necessary, since we want the algorithm to find a phase hologram which produces a dough-
nut mode of the size we observe. Because the size of the experimentally produced focussed
doughnut depends on the numerical aperture of the imaging pathway, a correspondingly
matched numerical aperture has to be introduced in the numerical algorithm by limiting
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Figure 1.16: GS algorithm for finding phase errors. The starting pattern consists of a uniform in-
tensity distribution, limited by a circular aperture that defines the numerical aperture of the imaging
system, and a phase vortex (gray scales correspond to phase values). After a few iterative cycles, the
error function ε converges. φ(x, y) then corresponds to a phase pattern that would produce the actu-
ally observed distorted doughnut image, if displayed on a perfect SLM. It represents a perfect vortex
superposed by phase errors. By subtracting the starting pattern, the phase errors are extracted.

the theoretically assumed illumination aperture by a circular mask. Additional informa-
tion about why such an aperture has to be used, and how the right aperture size can be
determined, will follow later.

The first step of the algorithm is a fast Fourier transform (FFT) of the initial complex
field in order to determine the corresponding field distribution in the image plane. Then the
amplitude Â(kx, ky) is replaced by the square root of the doughnut intensity image, followed
by an inverse Fourier transform. In the SLM plane, the amplitude a(x, y) is replaced by a
constant value (including the aperture), which corresponds to a homogenous illumination
of the SLM hologram in the experiment. The cycle is performed until ε converges (i.e.,
until it decreases less than a certain percentage per iterative step, which is 1% in our case).
The resulting pattern p(x, y) corresponds to a pure phase hologram, that would produce
the observed distorted doughnut pattern. In order to find the corresponding wavefront
distortion C(x, y) introduced by the non-optimal surface of the SLM and the remaining
optical components, the phase wavefront of an ideal doughnut mode has to be subtracted
from p(x, y), i.e., C(x, y) = p(x, y)−arg(x+i y). Finally, in order to program the SLM such
that it compensates these distortions, C(x, y) has to be subtracted from every hologram
function, that is displayed on the SLM.

Fig. 1.17 summarizes the results of a numerical simulation. A randomly chosen phase
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Figure 1.17: Numerical simulation assuming a distorted SLM surface. (A) Phase image of the
simulated SLM surface distortion, extending over a range of about 4 rad. (B) shows the intensity of
an accordingly disturbed optical vortex in the far field. After 30 iterations, the SLM surface has been
reproduced accurately. (C) shows the remaining deviation. Note that compared to (A) the scaling
has changed to milliradians. (D) Optical vortex after correction.

pattern represents the surface distortion of a SLM. For the pattern we assumed only low
spatial frequencies like a real SLM surface is likely to show. The GS algorithm was able
to reconstruct the phase pattern with high accuracy. The remaining phase difference
(Fig. 1.17(C)) shows a standard deviation of less than 0.3 mrad.

Fig. 1.18 gives an overview of the experimental results, gained with the setup of Fig. 1.15.
The reflective SLM (LC-R 720 from Holoeye Photonics AG, with a resolution of 1280×768
pixels at a pixel size of 20 µm) is illuminated by a helium-neon-laser beam, which was
expanded to a diameter much larger than the displayed phase hologram, which has a
diameter of MHolo=512 pixels. Thus the light intensity is approximately constant over the
whole diffraction pattern. The linear polarization state of the laser is rotated to maximize
the diffraction efficiency. The SLM then shows efficient phase modulation (and a small
residual polarization modulation, see chapter 1.2.2).

The diffractive phase pattern to be displayed has the form

p(x, y) = modulo2π

[
m arg(x + i y) + k · x +

π

λ f
(x2 + y2)

]
, (1.13)

which corresponds to a phase spiral of topological charge m, superposed by a grating of
periodicity 2π/k, and a lens with focal length f . λ represents the wavelength of the used
light. If f is chosen to match the distance between SLM and CCD, the modulus of the
light field on the CCD is that of the Fourier transform of the hologram on the SLM:

A(x, y) = |F{exp (ip(x, y) + i D(x, y))}|, (1.14)

with D(x, y) denoting the phase distortion function of the SLM.
The two (inverted) intensity images of the first column in Fig. 1.18 show the CCD

snapshots of a doughnut mode and a focal spot, which are produced by the hologram
function of Eq. 1.13 for the cases m=1 and m=0, respectively. The doughnut mode seems
to be much stronger distorted than the focussed spot corresponding to the point spread
function of the setup.

After some preliminary image processing steps, this doughnut snapshot acts as input
information for the GS algorithm. The first step is precise centering of the mode, which
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Figure 1.18: Experimental results, achieved with the setup of Fig. 1.15: the small images in (A)
show doughnut modes prior (first column) and after (second and third column) correction patterns
have been added to the hologram function. The corresponding experimentally measured point spread
functions are plotted below. In this experiment, the GS algorithm was applied two times: after it
converged for the first time, the resulting correction pattern was displayed on the SLM. Then, a
second run of the algorithm was performed on the base of the now less distorted doughnut image
(second column). Finally, displaying the sum of both correction functions led to a further improved
doughnut quality (third column). In the next step an additional distortion in the optical path was
introduced by inserting a tilted glass plate in the beam path (see Fig. 1.15). Also this distortion
could be compensated by an additional run of the optimization algorithm (fifth column). The two
images in the darker box on the right show the ideal intensity distributions as they were produced by
a perfectly flat SLM. The colored patterns in (B) represent the corresponding correction functions.

makes it simpler for the algorithm to reconstruct the mode, because linear phase shifts
corresponding to trivial displacements are removed. This is followed by tight clipping of
the mode and subsequent padding with zeroes to a quadratic data array of reasonable size
MArray, e.g. MArray = 1024 pixels. This step gets rid of the noise outside the relevant
part of the image, greatly improving the performance of the approach. It is necessary to
“mask” the simulation hologram with a circular aperture, as sketched in Fig. 1.16, in order
to ensure that the computer-simulated light field has exactly the same size (in pixels) as
the real image on the CCD. The masking thus represents a correction for the different
size scaling factors of the software (numerical FFT) and hardware (optical lens) Fourier
transform. The optical FT incorporates length scaling factors which the FFT disregards,
like wavelength, focal lengths, and the pixel size ratio between SLM and CCD. Because
of the aperture masking, the correction pattern (which has the size of the aperture) will
always be smaller than MArray. Consequently it is reasonable to choose MArray larger than
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the hologram size in the first place.
The choice of the right diameter of the aperture is crucial. Experimentally, it can easily

be determined by subsequently displaying two gratings on the SLM, the grating vectors of
which differ by ∆k (in inverse pixels), and measuring the corresponding spatial shift of the
laser spot on the CCD. The desired aperture diameter A (in pixel units) is then determined
by

A =
MHolo MArray ∆k

2π ∆`
, (1.15)

where ∆` is the focus-shift on the CCD in pixel units, MArray the side length of the data
array, and MHolo the diameter of the hologram on the SLM, both measured in pixels.
Eq. 1.15 loses its validity if additional apertures narrow the beam diameter. According
to Eq. 1.15, the aperture diameter (and hence the size of the correction pattern) depends
linearly on MArray. Consequently, the resolution of the correction pattern increases with
the size of MArray, however, at the cost of higher computational effort. If MArray is chosen
to be 2π∆`/∆k, the correction pattern will have the resolution of the SLM hologram.
However, for our experiments, this value is in the range of 5000 pixels, i.e. too large for
reasonably fast computation. Thus we choose MArray = 1024 pixels, and “re-sample” the
achieved correction pattern to the size of MHolo.

The image in the second column of Fig. 1.18 shows a doughnut mode which was created
by the corrected hologram. In some experiments it was possible to improve the result by
performing a second run of the algorithm, where the correction pattern acquired by the
first cycle was displayed on the SLM and the resulting image served as starting image.
This is also the case in the example of Fig. 1.18. The final correction function is calculated
as the sum of the output functions of both cycles (left colored image in (B)). Similar to
the simulations, a small discontinuity emerged near the center of the phase function. The
two images in the third column of Fig. 1.18(A) represent a doughnut and the point spread
function, produced by adding the correction pattern to the hologram function of Eq. 1.13.
Both images are very close to their ideal shapes, which are shown in the darker shaded box
on the right.

As a further test of the method, a tilted glass plate (microscope slide) was placed into
the converging beam path in order to introduce astigmatism. This again significantly
distorted the doughnut mode (fourth column). However, the doughnut shape could be
restored perfectly by adding a second corrective phase pattern (colored image on the right),
which was achieved by another run of the GS algorithm.

The second experiment (Fig. 1.19) demonstrates the optimization of a simple imaging
system, where the SLM is directly integrated into the optical pathway. If the SLM displays
just a grating, lens 2 places a magnified image of the test object on the CCD. The grating
constant is chosen in a way that the first diffraction order enters the CCD (for simplicity
other orders were neglected in the sketch). Before the correction, the upper right image
of the test object (cypher 4) appears blurred, which mainly originates from the SLM
distortion. The size of the letter at the resolution target was chosen such that it was close
to the resolution limit of the optical setup. In order to create a doughnut test image to
“feed” into the GS algorithm, we superpose the SLM grating by a diffractive vortex lens
which focuses a doughnut beam directly on the imaging chip (upper image in the small
box).
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Figure 1.19: Optimization of a simple imaging path. (A) Sketch of the setup. Just the first
diffraction order is shown. Lens 2 images the resolution target on the CCD, when the SLM is used
as a mirror. (B) Images of the resolution target and a doughnut mode, before (upper image) and
after (lower image) SLM correction.

After the achieved correction function was superposed on the grating on the SLM, the
imaging quality showed significant enhancement. The image of the test object shows much
less blurring than before the correction. In contrast to the first experiment of Fig. 1.18, a
second run of the algorithm did not lead to further improvement.

Using the GS algorithm for direct retrieval of the SLM surface errors has turned out
to be fast and accurate. The method uses one single image of a focussed doughnut beam,
created by the SLM, to find the corresponding phase hologram with the algorithm. A
doughnut beam of helical charge m=1 has proven to be much more suitable for this tech-
nique than LG modes of significantly higher order, and also more suitable than trying to
optimize the point spread function directly. The reason for this is the high sensitivity of LG
modes to both, even and odd azimuthal aberrations (Boruah and Neil, 2006). Generally,
it seems plausible that the m=1 doughnut mode hologram is an “optimal” test pattern
for obtaining a phase correction function, since it generates an extended doughnut image
with an isotropic structure that is created purely by interference and depends critically on
the perfect phase relation between all field components in its Fourier plane, i.e., the SLM
plane.

According to the performed simulations and experiments, the GS algorithm is able to
reconstruct hardware phase errors on the order of one or two wavelengths. If the phase
distortions are larger, the algorithm tends to find wrong solutions corresponding to local
minima of the error function ε. This is expected because the phase vortex is in this case
no longer an adequate initial condition. Using more sophisticated search algorithms like
for example Simulated Annealing (see chapter 1.4.2) promises improvement in this case.
Alternatively, after each iterative step, the correction function could be directly applied to
the SLM. The convergence to wrong solutions can immediately be noticed by an abruptly
decreasing doughnut quality.
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The method promises applicability in research areas where the light phase has to be
modified by flexible devices like SLMs or micro mirror arrays with high accuracy, as it is the
case in interferometry, laser mode shaping, STED microscopy (Hell and Wichmann, 1994)
or optical trapping. The method could also be used to optimize the entire optical setup,
since the determined correction function also corrects distortions which are introduced by
other optical elements.

1.5.3 Reduction of “flickering”

According to our experience, the light diffracted from the phase patterns displayed on LC
SLMs tends to show an oscillation in amplitude and phase, which might originate from
relaxation movements of the LC crystals. In the case of our SLMs, this undesired intensity
oscillation has a frequency of about 91 Hz and an amplitude which depends on the used
gray value lookup table. In the example shown in Fig. 1.20, the oscillation amplitude is
about 50% of the mean value. However, the gray value dependence of this “flickering”
suggests that it can be reduced by finding optimal gray values, where the flickering is
minimal, and using just these gray values for all holograms to be calculated.

Figure 1.20: “Flickering” of the SLM. The intensity of a grating’s first diffraction order shows an
91 Hz oscillation.

Fig. 1.21 shows the results of measurements, where we examined diffraction efficiency
and oscillation amplitude of different binary phase gratings, displayed on the SLM panel
(LC-R 720 ). The used wavelength is 633 nm (helium-neon-laser). We tested several
different combinations of two gray values between 0 and 165 (from 256 possible values) for
the grating function. According to these measurements, the obtained diffraction efficiency
is maximal for gratings consisting of gray values around 32 and 145, respectively (see
Fig. 1.21(A)). Interestingly – with only 1%-2% of the mean diffracted intensity – these
gratings show also a minimal oscillation amplitude (see Fig. 1.21(A)).

Consequently, if the main priority of an application is the stability of the diffracted
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Figure 1.21: Mean value (A) and oscillation amplitude (B) of the intensity diffracted from binary
phase gratings, displayed on the SLM (LC-R 720). The axes correspond to the two different gray
values of the binary grating. The lower and higher grating values have been changed from 0 to 165
during the measurement. The diffraction efficiency is maximal for gratings consisting of gray values
around 32 and 145, respectively. With only 1%-2% of the mean diffracted intensity, these gratings
show also a minimal oscillation amplitude.

light, such as for instance in atom trapping experiments, it is reasonable to use just binary
diffraction patterns consisting of the identified “optimal” gray values.

1.6 Simultaneous amplitude and phase modulation

Since the diffraction efficiency of a grating depends on its modulation depth (see chap-
ter 1.5.1), it is possible to control the amount of diffracted light by spatial variations
of this parameter. In this manner, the amplitude of an off-axis phase hologram can be
shaped (Vasara et al., 1989; Maurer et al., 2007). The method is applicable, if the spatial
frequency of the grating is significantly higher than that of the desired amplitude function.

Fig. 1.22 demonstrates the principle at the hand of a simulation. A Laguerre-Gauss
eigenmode is created from a top-hat beam (homogenous intensity) by a phase hologram,
which has been modified in this manner, thus containing both, amplitude and phase in-
formation. The transverse complex field of an LG mode is described by (Abramowitz and
Stegun, 1970)

E(ρ) = E0 ρm exp
(−ρ2/w2

)
L
|m|
l

(
ρ2

)
exp (imφ) . (1.16)

Here ρ =
√

x2 + y2/w, where w is the waist of the beam, and Lm
l (x) denotes Laguerre

polynomials of radial order l and azimuthal order (i.e. helical charge) m. Usually, when
LG beams are created by phase only modulators, just the phase function exp (imφ) is
displayed. Superposed by a fine blazed grating, this yields the left pattern of Fig. 1.22(A).
If the grating depth is modulated according to the amplitude function of Eq. 1.16, the
grating smoothly disappears towards the center and the boundaries of the hologram (right
pattern of Fig. 1.22(A)).

The amplitudes of the far field diffraction patterns (just the first diffraction orders
are shown) indicate that the hologram modulation leads to a good reproduction of the
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Figure 1.22: Encoding amplitude and phase within a single phase-only hologram. The example
demonstrates the principle at the hand of the (simulated) generation of a LG0,10 mode. (A) Phase
and amplitude of the full complex hologram. The phase is a vortex of helical charge m=10, super-
posed by a blazed grating with a period of four pixels. The amplitude information is encoded in the
phase mask by local variations of the grating modulation depth. A strong amplitude corresponds to
a deep grating (right image). (B) The amplitudes of the far field diffraction patterns (first diffrac-
tion order) indicate that such a hologram modulation leads to a quite accurate reproduction of the
hologram amplitude, like expected from an eigenmode. The sidelobes – which emerge when just the
phase of the complex hologram is displayed on the SLM – completely disappeared, however, at the
cost of intensity which is redistributed from the first diffraction order to the on-axis zeroth order.

amplitude in the far field, as it is expected from an eigenmode. The sidelobes – which
emerge when the original, non-modified phase is displayed on the SLM – have completely
disappeared. However, this happens at the cost of intensity, which moves from the first
diffraction order mainly to the on-axis structure.

The relationship between grating modulation depth and diffracted intensity slightly
depends on the grating period. It is sketched in Fig. 1.23 for a period of four and two
pixels (binary grating) 1.

1Also a binary grating has its maximal efficiency at a modulation depth of 2π. This is explained by

the fact, that the step height – i.e., the phase difference of one pixel to its neighbor – of a spatial digitized

blazed grating with a period of N pixel is generally determined by φDepth/N , where φDepth is the modulation

depth.
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Chapter 2

Holographic optical tweezers

2.1 Introduction to optical tweezers

Optical tweezers or laser tweezers are tools to trap and manipulate microscopic particles
like cells by light (Ashkin, 1997). The forces originate from the linear momentum of the
photons, which is partially transferred when the light interacts with the microscopic spec-
imen. In the recent past, laser tweezers have become a valuable instrument for biomedical
research, since they allow very precise and sterile manipulation. Using micro-spheres as
“force transducers”, optical tweezers can be utilized to apply or measure well defined forces
in the pN regime on cell parts and membranes (Ehrlicher et al., 2002; Guck et al., 2000;
Singer et al., 2003), or even single molecules such as DNA (Greenleaf and Block, 2006).

Common types of laser tweezers are fiber traps, such as so-called optical stretchers
(Guck et al., 2000; Singer et al., 2003), or single-beam gradient traps (Ashkin et al., 1986).
Especially the latter type is easy to implement in research light microscopes, which is one
reason for the fact that they are the most common type of laser tweezers.

In general, the forces exerted on dielectric particles by laser tweezers can not be de-
rived analytically. Closed solutions exist only for very simple geometries, especially when
the particle size is in the order of the light wavelength. In this regime, the Generalized
Lorentz-Mie theory (Gouesbet, 1999) can be applied to calculate the forces. There also
exist numerical approaches, which allow force calculation even for objects of more complex
shape (White, 2000a; Nieminen et al., 2001). When the object size differs much from the
wavelength, the calculations can be simplified by approaching either the object by a single
dipole scatterer (Rayleigh regime) or the light field by distinct rays (ray optics regime).

2.1.1 Rayleigh regime

Within this simplified model, the scattering particle is assumed to be a point-like single di-
pole, which is induced by the electric field of the laser. The force on the particle can be split
into two parts: the scattering force, which acts along the direction of beam propagation,
and the gradient force, which acts along the intensity gradient of the light field.

34



CHAPTER 2. HOLOGRAPHIC OPTICAL TWEEZERS 35

Scattering force

Due to momentum transfer the absorption and emission of photons exert forces on a dipole.
Since absorbed photons can be re-emitted in any direction (except into the direction of the
dipole axis), there remains a net force acting along the direction of beam propagation,
which can be describe as (Harada and Asakura, 1996)

~Fscat = nm
〈~S〉σ

c
, (2.1)

where 〈~S〉 denotes the time averaged Poynting vector, and nm the refractive index of the
medium. The scattering cross section σ is a function of the particle radius r, the wave
number k, and the relative refractive index nr = n/nm, which is for isotropic scattering
determined by

σ =
8
3
π (kr)4 r2

(
n2

r − 1
)2

(n2
r + 2)2

. (2.2)

The scattering force acts destabilizingly in single-beam traps but stabilizingly in fiber traps
like optical stretchers, where particles are trapped in the field of two counter propagating
beams. However, if a beam is focussed tightly enough, the axial gradient force can overcome
the scattering force, hence providing stable equilibrium positions for dielectric particles.

Gradient force

The gradient force is caused by an inhomogeneous electric field. In the case of light,
a dielectric particle is polarized by an oscillating electromagnetic field. If the particle’s
polarization vector is able to follow this oscillation, a force parallel to the intensity gradient
remains, since – at the point of time shown in Fig. 2.1 – the positively charged part of the
particle lies within a stronger field than the negatively charged part. After a half period,
all electric fields and induced polarizations are reversed, resulting again in a net force to
the beam center.

+
-

IF ?

momentary light
polarization

propagation
direction

dielectric particle

E

induced dipole

+

-

Figure 2.1: Influence of the gradient force. The dielectric particle is polarized by the oscillating
electric field of the laser. At the particular moment sketched in the figure, the positively charged
part of the particle lies within a stronger field than the negatively charged part. Thus a net force
toward the beam center remains.

Quantitatively, the gradient force can be derived by considering the force of an electric
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field E on a charge distribution ρ:

F k(~x) =
∫

d3x ρ(~x)Ek(~x), (2.3)

where k denotes the vector component. In case of an inhomogeneous light field, a Taylor
expansion can be applied to E at the position of ρ (assumed: ~x = 0):

F k(~x) =
∫

d3x ρ(~x)
[
Ek(~0) +

∂Ek

∂xl
(~0) xl . . .

]

= Ek(~0)
∫

d3x ρ(~x)
︸ ︷︷ ︸

q

+
∂Ek

∂xl
(~0)

∫
d3x ρ(~x) xl

︸ ︷︷ ︸
pl

+ . . .
(2.4)

The Einstein summation convention is used in the equation above. Hence, the force on the
charge distribution ρ can be written as

F k = qEk + pl ∂Ek

∂xl
, (2.5)

which in the case of neutral particles (q=0) with polarizability α and polarization vector
~p = α~E simplifies to

F k = αEl ∂Ek

∂xl
. (2.6)

Using vector notation, this result can be written as

~F = α
(

~E · ~∇
)

~E =
α

2
∇ ~E2. (2.7)

In the case of a sinusoidally oscillating electric field with amplitude E0, the force is given
by

~Fgrad =
α

2
~∇〈 ~E2〉 =

1
2

α

2
~∇ ~E0

2
. (2.8)

The factor 1/2 originates from temporal averaging 〈 . 〉. Using the time averaged Poynting
vector (Harada and Asakura, 1996)

〈~S〉 =
nmε0c

2

∣∣∣ ~E0
2
∣∣∣ , (2.9)

Eq. 2.8 can be written as
~Fgrad =

α

2
1

cnmε0
~∇〈~S〉. (2.10)

The polarizability of a spherical particle with radius r and refractive index n, dispersed in
a medium of refractive index nm, is given by (Harada and Asakura, 1996)

α = 4πε0n
2
mr3

(
n2

r − 1
n2

r + 2

)
, (2.11)

where ε0 = 8.85 · 10−12As/Vm is the vacuum permittivity. According to 2.11, gradient
force and intensity gradient are parallel just for the case of nr > 1, i.e., when the refractive
index of the particle is larger than that of the surrounding medium. Such particles are
sometimes called “high-field seekers”. Considering a single dipole, this corresponds to
excitation with a frequency below the dipole resonance (“red-shifted”). If nr < 1, gradient
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force and intensity gradient are antiparallel, the particle is a “low-field seeker” (or low-
index particle), hence repelled from focussed laser beams. On the scale of a single atom,
this corresponds to excitation with a frequency above the dipole resonance (“blue-shifted”).
Nevertheless, even “low-field seeker” particles can be trapped using lasers, for instance by
utilizing the dark core of an LG beam (Gahagan et al., 1999).

2.1.2 Ray optics regime

In the case of particles much larger than the wavelength, the propagating light field can be
approximated by discrete beams perpendicular to the wavefront. In this approximation,
absorption as well as wave properties such as interference and diffraction are neglected.
Each beam is characterised by intensity, direction of propagation, and polarization. The
forces on a particle are calculated using Fresnel’s formulas and Snellius’ law of refraction.
In the case of a transparent sphere, the acting forces can be derived analytically (Ashkin,
1992). This example is sketched in Fig. 2.2. The figure shows how scattering and gradi-
ent force emerge by reflection and refraction of rays. To calculate the total force, every
reflection/refraction process occurring at the boundary of the sphere has to be considered.

For objects of higher complexity, numerical approximations can be performed straight-
forwardly (Jesacher et al., 2006c). Such an example will be treated in chapter 2.3.3.

incident
beam

incident
beam

reflected
beam

Frefl Frefl

Frefr FrefrFrefr
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Fgrad

center
of sphere

reflected
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Fg

Figure 2.2: Trapped spherical particle. The scattering force (green arrows) and the gravitational
force ~Fg are compensated by the stabilizing gradient force (blue arrows).

2.1.3 Design of single-beam optical tweezers

Fig. 2.3 sketches a typical optical tweezers setup. Utilizing a dichroic mirror, the trapping
laser is coupled into the microscope objective and focussed to a single spot in the object
plane. When using high-NA objectives, the strong axial intensity gradient around the focus
allows stable trapping of microscopic objects. For this reason, most tweezers systems make
use of oil- or water-immersion objectives. The objective fulfills two functions: creating the
trap and magnifying the object plane. Usually, two-dimensional steering of the trap is pro-
vided by either using a rotatable gimbal mounted mirror or an acousto-optical modulator.
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Figure 2.3: Design of a single-beam gradient trap. The trapping laser is coupled into the microscope
objective and focuses in the object plane. The strong axial intensity gradient allows optical trapping
of microscopic objects. Spatial steering of the trap is provided by a gimbal-mounted mirror.

Alternative setups allow even trap movements in three dimensions (Fällman and Axner,
1997).

2.2 Design of holographic optical tweezers

Since their introduction in 1986, single-beam optical tweezers have become versatile tools
for biological and physical research. However, their applicability is restricted in some
aspects: For example, the creation of multiple traps requires either diffractive optical el-
ements – which have the drawback of just being static – or devices like acousto-optical
modulators, which create multiple traps by temporal multiplexing. The use of SLMs as
dynamic diffractive elements within optical tweezers systems has proven to be very advan-
tageous. Such systems are in the meanwhile widely known as holographic optical tweezers
(HOT) (Dufresne and Grier, 1998).

The possibility to display almost arbitrary diffractive phase patterns and to modify
them in real time, greatly enhanced the flexibility of tweezers systems: up to hundreds of
traps can be generated and steered individually in three dimensions (Curtis et al., 2002).
Laser modes of higher complexity can be generated, which are able to trap low-index
particles (Gahagan et al., 1999) or show advantageous properties in terms of trapping effi-
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ciency (Simpson et al., 1998). Furthermore, HOT can be used for micro fabrication (Korda
et al., 2002a; Roichman and Grier, 2005), optical sorting and transportation (Korda et al.,
2002b; Jesacher et al., 2004b; Ladavac and Grier, 2004), or for differentiated measurements
in micro-rheology (Ladavac and Grier, 2005).

HOT are usually designed like “common” optical tweezers. The major difference is that
beam steering is provided by a SLM instead of a rotatable mirror (Fig. 2.4). Normally the
SLM is located in a plane which is conjugate to the object plane (also called Fourier plane).
An alternative setup uses the SLM at another position, where – in contrast to the Fourier
plane – lateral shifts of the hologram affect also the lateral position of the corresponding
laser trap (Jesacher et al., 2004a). This has the advantage that lateral steering of traps
does not require hologram refreshing, which makes it significantly faster.

reflective SLM

L1

L2

f1

f1

f2

f2

expanded laser

diaphanous
SLM

objective

Figure 2.4: Sketch of a holographic optical tweezers setup. The rotatable mirror has been replaced
by a reflective SLM. The diffracted laser is coupled into the microscope objective by a telescope. The
insert shows an alternative setup using a diaphanous SLM for beam steering.

Another technique, which offers similar advantages, is the Generalized Phase Contrast
(GPC) method. (Glückstad, 1996; Lynge Eriksen et al., 2002). There a phase contrast (see
chapter 4.1) filtered image of the SLM plane is directly imaged on the specimen plane of the
microscope. Desired intensity patterns (for instance arrays of optical traps) are displayed as
phase patterns on the SLM. Due to the phase contrast filtering, displayed phase functions
are “converted” into corresponding intensity functions. Using the GPC technique, multiple
optical traps can be steered independently in real time. However, the intensity contrast of
the produced light structures depends on the SLM phase pattern (Glückstad and Mogensen,
2001). Furthermore, three dimensional particle manipulation can only be realized using
counter propagating beams, which require a more sophisticated setup (Rodrigo et al., 2004).
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Fig. 2.5 shows examples of how the trapping laser can be manipulated by a SLM within
a “common” HOT setup like that shown in Fig. 2.4. Transverse trap movements are per-
formed using blazed gratings, whereas axial shifts require diffractive lenses. Fig. 2.5(C)
sketches the creation of an optical phase vortex, which carries orbital angular momen-
tum. In principle, almost arbitrary intensity patterns can be realized by displaying the
corresponding phase hologram.

@

(A) (B)

(C) (D)

Figure 2.5: Modulation of the trapping laser by a reflective SLM. (A) Transverse trap movements
are performed using blazed gratings. (B) Beam convergence and hence axial trap shifts require
diffractive lenses. (C) Shaping of an optical phase vortex. (D) Arbitrary intensity patterns can be
realized by displaying the corresponding phase hologram. The gray values in the sketched holograms
represent corresponding phase shifts.

2.3 Manipulations on an air-liquid interface using holographic

optical tweezers

In the majority of cases, manipulations with HOT are carried out on particles in liquid
environments, as for instance cells in a culture medium. Exemplary exceptions are ex-
periments, where particles are trapped in air (Burnham and McGloin, 2006; Huisken and
Stelzer, 2002) or in the evanescent field of a lensless optical trap (Garcés-Chávez et al.,
2005).

For the purpose of three-dimensional trapping one has to use microscope objectives with
a high numerical aperture, required mainly for particle confinement in the axial direction.
Sufficiently high numerical apertures can only be obtained by using immersion objectives.
Since the objectives are immersed in a liquid, it is not possible to manipulate particles at
a gas-liquid interface.

Nevertheless, there are many interesting effects which can be studied at interfaces, for
example the effects of surfactant, the assimilation of molecular monolayers at surfaces, the
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effects of surface tension and exposure to air on biological samples like living cells, and
local material parameters like surface viscosity and surface tension (Bertocchi et al., 2005).
Especially effects of surface tension at such microscopic scales are of great importance, since
this force dominates all other forces at micro-scales. Other interesting effects are surface
convection which can be driven either by temperature- or by surfactant gradients within
the surface. Therefore, a HOT system giving experimental access to such an interface can
be a valuable tool for many new studies.

By using a special kind of water chamber (Bertocchi et al., 2005), which is sketched in
Fig. 2.6(B), air-liquid interfaces can be easily made accessible for a HOT system, which is
based on an inverted microscope. In doing so, different kinds of preliminary experiments of
particle manipulations on an air-water interface were demonstrated by our group (Jesacher
et al., 2006b).

2.3.1 Experimental setup

Fig. 2.6 sketches a typical HOT setup, which we use for the majority of our experiments.
Alternatively, we make also use of a modified setup (Jesacher et al., 2004a), where the
SLM is positioned off the Fourier space of the object plane. Such a “Fresnel” configuration
offers the advantage that spatially separated light structures can be encoded in individual
holograms. The reflective SLM (LC-R 3000 ) displays the programmed diffractive phase
patterns which are illuminated by an expanded laser beam emerging from an Ytterbium
fiber laser (linear polarized continuous wave emission of up to 10 W at 1064 nm). The
hologram’s diffraction efficiency is about 30% and the efficiency of the whole setup typically
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f1 f1 f2

phase hologram

objective

dichroic
mirror
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b

f2=a+b
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(A) (B)

Figure 2.6: (A) HOT setup for manipulating particles on an air-liquid interface. The SLM is
illuminated with an expanded, collimated laser beam. The phase hologram diffracts the light through
a telescope, which images the SLM plane onto the Fourier plane of the objective. (B) Cone vessel
(diameter about 5 cm) which contains the microscopic probe dispersed in aqueous solution. The
container shows a tiny hole (diameter 300 µm) in its bottom, small enough to prevent leakage.
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lies around 15%–20%, depending on the actually displayed phase structure.
The first diffraction order is coupled into a microscope air objective (Zeiss Achroplan

63x, NA=0.95 and Reichert 63x, NA=0.8) and projected bottom-up onto a water-air inter-
face, which is located in a 300 µm sized hole in the bottom of a conic water container. The
lower part of the container is a commercially available nozzle (Comadur SA) which was
glued into the home-made container consisting of stainless steel. The hole in the nozzle is
surrounded by sapphire and of highly precise shape. The container was developed by the
Division of Physiology of the Innsbruck Medical University.

When particles (e.g. micro beads) arrive at the surface after sinking through the water
volume, they are held within the surface by surface tension. Hence, laser tweezers can trap
them two-dimensionally within the surface without the need of axial confinement. This is
the reason why air objectives with their rather low NA can be utilized.

2.3.2 Polystyrene sphere at an air-water interface

We mainly utilized polystyrene microbeads for these experiments, because they are hy-
drophobic and spherical, and their relative large refractive index (np=1.57) allows effective
laser manipulations due to high scattering forces. When manipulating polystyrene beads
on an air-water interface, it is interesting to know where the particles are located exactly,
i.e. which fraction of their surface contacts air. It is also interesting to know how strongly
they are attached to the interface. These questions can be addressed by considering the
individual surface energies of the involved materials, i.e., water, air and polystyrene. Grav-
ity is negligible. The total surface energy of a polystyrene sphere at an air-water interface
is (Pieranski, 1980)

E(h) = E(h)w/a + E(h)w/p + E(h)a/p =

= −σw/a

(
R2 − (R− h)2

)
π + σp/a 2πR h + σp/w

(
4πR2 − 2πRh

)
,

(2.12)

where Ew/a, Ew/p and Ea/p denote the total surface energies of the water-air, water-
polystyrene and air-polystyrene interfaces, and σ the corresponding surface tensions. h

quantifies the part of the sphere which reaches out of the water (Fig. 2.7(A)). R is the
bead radius. With the surface tensions given in Pieranski (1980), a polystyrene sphere
penetrates air with about 32.5% of its diameter, which corresponds to the same fraction of
its surface, since the surface of a spherical calotte depends linearly on h.

The force, which is necessary to remove the bead from its equilibrium position is the
slope of the surface energy:

F (h) =
dE

dh
= 2πR

(−σw/a + σp/a − σp/w

)
+ 2σw/ahπ. (2.13)

For a common bead size of R=1 µm, the forces which are necessary to move the sphere
completely into water/air are 300 nN/620 nN , which is definitely more than can be pro-
vided by optical tweezers. Nevertheless, it was sometimes observed by myself, that beads
were pushed completely into the water bulk by the light forces, which is probably due to
impurities at the interface.
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Figure 2.7: (A) Polystyrene bead at an air-water interface. Its equilibrium position is determined
by a minimum in surface energy. (B) Black graph: surface energy as function of penetration depth
in air h. The energy shows a minimum at h=0.65 R. Red graph: Force which is necessary to
remove the bead from its equilibrium position.

2.3.3 “Doughnut” modes and the transfer of orbital angular momentum

to microparticles

Most tweezers experiments, which are subject of this thesis, utilize the orbital angular
momentum of Laguerre-Gaussian laser modes to drive objects by light forces. For this
reason, some properties of these modes are explained in the following.

So-called “doughnut” modes are a subgroup within the group of Laguerre-Gaussian (LG)
modes (Siegman, 1986), which represent a class of solutions of the paraxial wave equation.
LG modes can be conveniently expressed in cylinder coordinates. They are characterised
by two numbers, the radial index l – representing the number of zeros in the radial field
component – and the azimuthal index m, which is the number of 2π cycles of the phase in
azimuthal direction. m is also sometimes denoted as helical or topological charge. An LG
mode with indices l and m is usually denoted as LGlm or TEM∗

lm.
Doughnut modes are LG modes with radial index l=0. Their transverse intensity dis-

tribution is ring-shaped (Fig. 2.8) and can be written as (Simpson et al., 1998)

I(r) ∝
( r

w

)2m
e
−r2

w2 , (2.14)

where w denotes the radius where the Gaussian term has decreased by the factor 1/e2.
Differentiation of Eq. 2.14 shows that the diameter of a doughnut mode increases linearly
with the square root of m:

rmax = w
(m

2

)1/2
. (2.15)

However, as shown by Curtis and Grier (2003), this relationship becomes approximately
linear when a doughnut is focussed by a lens:

rmax = a
λf

πΣ

(
1 +

m

m0

)
, (2.16)
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Figure 2.8: Transverse intensity distribution of an LG05 “doughnut” mode.

where a and m0 are lens-dependent constants, and λ is the wavelength. Σ and f denote
the aperture and focal length of the lens, respectively. Note that Eq. 2.16 is only valid
within the focal plane of the focusing lens.

A phase hologram for generating the phase profile of a doughnut mode with helical
charge m=5 with a SLM is shown in Fig. 2.9. Note that the hologram does not regard the
ring-shaped amplitude profile.

Figure 2.9: Hologram for generating the phase profile of a doughnut mode with helical charge m=5.
Phase levels are represented as gray values. It corresponds to the kinoform of a phase helix with a
pitch of 10π rad, which explains the 5-fold rotational symmetry.

A particular property of doughnut modes is the fact that they carry orbital angular
momentum (OAM) of m~ per photon with respect to the transverse mode center (O’Neil
et al., 2002). The OAM is explained by the helical phase front of these modes, which
correspond to a “twisted” bunch of rays in the ray optics picture (see Fig. 2.10(B)).

It has been shown in many experiments that LG modes can transfer their OAM to
microparticles (He et al., 1995; Simpson et al., 1997), which results in a rotation of these
particles within the ring-shaped transversal intensity profile of the mode. The rays enter
the trapped particle under a certain angle α – which depends on the numerical aperture
(NA) of the system – and transfer linear momentum by being reflected from the particle.
The momentum component in the plane transverse to the beam propagation direction is
what can be interpreted as OAM.

It appears plausible that the effectiveness of OAM transfer depends strongly on the
particle’s shape. As shown by our group (Jesacher et al., 2006c) there even exist cases,
where the acquired OAM is negative compared to that of the driving laser field. This case
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will be explicitly discussed in the following section.
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Figure 2.10: Transfer of OAM. (A) Helical wavefront of a Laguerre-Gaussian laser mode. (B) In
the ray optics picture, the wavefront can be interpreted as bunch of twisted rays, which enter the
particle under a certain angle α and transfer linear momentum by being reflected from the particle.
The momentum component in the plane transverse to the beam propagation direction is what can
be interpreted as OAM.

Demonstration of “negative” orbital angular momentum transfer

This section is based on our publication Jesacher et al. (2006c), where we investigate the
influence of the particle shape on the quality of OAM transfer. Using a simple ray optics
model, we showed that it can cause particles to acquire OAM of opposite sign compared
to that of the driving laser field.

As already mentioned, the effectiveness of OAM transfer depends on intrinsic particle
properties like for instance its shape. Although this fact is well-known and also some
papers address the shape-dependence within optical tweezers (White, 2000b; Nieminen
et al., 2004; Galajda and Ormos, 2001), considerations on this complicated issue are still
of high interest.

The experiments described in this section demonstrate that the shape-dependence does
not only determine the absorbed percentage of OAM, but can also cause particles to ac-
quire OAM of opposite sign compared to that of the driving laser field, i.e. their sense of
rotation is contrary to that of “ordinary” scattering objects, like for example microbeads.
It turns out that such a behavior can be explained by an interplay of the particle shape,
the transverse intensity gradients of the LG mode, and the particle confinement in a two-
dimensional plane (in our case an air-water interface).

An experiment, which demonstrates a negative OAM transfer is described in Fig. 2.11
(the corresponding tweezers setup is that of Fig. 2.6). It shows a polystyrene bead (about
1.4 µm diameter) and a glass sliver rotating in the light field of an LG mode of topological
charge m=±30. The laser mode is generated by displaying the phase function p(x, y) =
m ·φ(x, y)+kx ·x, where x and y are cartesian coordinates in the SLM plane, and φ(x, y) is
the corresponding azimuthal angle, measured from the hologram center. kx is the grating
vector of the superposed grating.

The images in the first row of Fig. 2.11(A) indicate that both particles are rotating in
the same direction within the light field of an LG mode with m=−30. The light field itself
can be identified by a faint reflection from the water surface. The fact that it seems to have
a larger diameter than the particles’ circular tracks is explained by chromatic aberrations
of the imaging system: In contrast to the light of the visible spectra, the infrared trapping
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Figure 2.11: Orbiting of a polystyrene bead and a glass splinter in an optical vortex (m=±30). The
interface is almost flat over the visible area. (A) shows sequential movie captures which indicate
the particles’ movements. (B) represents the measurements of the corresponding velocities. The
m=−30 vortex makes both objects rotate counter-clockwise (frames 1–32), whereas inverting the
topological charge to m=+30 (frames 33–37) causes only the bead to change its sense of rotation.

laser is incorrectly imaged, which results in a focal shift of a few microns with respect to
the focal plane of the visible light. Consequently, the light ring of the doughnut mode in
Fig. 2.11 appears unfocussed.

Interestingly, inverting the topological charge of the laser mode (second row of captures
in Fig. 2.11(A) only inverts the bead’s rotational sense, while the glass particle’s direction
of orbiting remains unaffected. This behavior is somehow unexpected, since it means
that the glass splinter absorbs OAM of opposite sign than that of the driving laser field.
Obviously, the phenomenon arises from the irregular shape of the sliver. Its origin and the
preconditions for its appearance are qualitatively explained in the following.

To explain the phenomenon of reversed orbiting, we performed numerical simulations
on the interaction of light with irregularly shaped particles. For simplicity, we restrict
ourselves to simulations within the ray optics regime. This is an adequate approach for
qualitative predictions, since the glass splinter in Fig. 2.11(A) is sufficiently large compared
to the wavelength (at least its lateral extension is). We calculated the momentum transfer
occurring at every reflection/refraction process of a selected ray by calculating the proper
Fresnel coefficients, and included multiple reflections until the beam’s intensity was reduced
to < 1% of its original value. Multiple reflections occurring between the air-water interface
and the lower particle side were neglected, because they do not affect the lateral momentum
transfer. All calculations were made for unpolarized light.

As model for the microparticle, we chose a wedge with apex angles ψ and χ (see
Fig. 2.12(A)), because it is one of the simplest asymmetric structures. Its material is
assumed to be hydrophilic and transparent (e.g. glass) with a refractive index of 1.52. Due
to the interplay of gravity and surface tension, one face of the particle is expected to lie
flat in the air-water interface, still covered with a water layer of marginal thickness (see
Fig. 2.12(A)).

The light field at the particle position was approximated by a bundle of parallel rays with
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Figure 2.12: (A) Wedge-shaped glass particle as model for our numerical calculations. The particle
is assumed to lie flat on the air-water interface, still fully covered with water. (b) Within geometrical
optics, the helical light field of an optical vortex can be represented by a bundle of “twisted” rays,
whereas each ray includes the angle α with the light ring of the LG mode.

angle of incidence α (see Fig. 2.12(B)), where α can be written as α = arcsin [mλ/ (2πrmode)] .
Here, λ is the laser wavelength in air, and rmode the radius of the focussed LG mode, which
– besides m – depends on the objective’s magnification and numerical aperture (Sacks
et al., 1998).

Asymmetric particles like the glass splinter in Fig. 2.11 tend to be fixed in a certain
orientation with respect to the light ring. This is mainly caused by gradient and scattering
forces, which appear due to the transverse intensity profile of the LG mode, and rotate an
asymmetric particle until its potential energy reaches a minimum. Within our simulations,
we simply assume this stabilizing effect in accordance with our actual observations, instead
of including intensity gradients in our model.

Altogether, a hypothetic observer located in the center of the doughnut mode would
always see the same side of a particle rotating around him, which is continuously illuminated
by rays with constant angle of incidence. Switching the helicity from +m to −m leads to an
inversion of α. Obviously the system becomes quite simple when viewed from this position,
thus we base our simulations on this viewpoint.

A further important fact is that we only concentrate on the transferred momentum
component parallel to the interface since the lateral component is cancelled by surface
forces. This projection of the total forces on the interface plane is one basic condition
for the appearance of reverse orbiting. The situation thus resembles the performance of a
sailing boat, which can move against the wind due to the projection of the wind forces on
the keel direction (see Fig. 2.13).

Our simulations indicate that refraction and reflection of light rays on the particle
surfaces may, indeed, cause the object to move against the inclined light propagation
direction (see Table 2.1). The basic reason is that the parallel component of the transferred
momentum can have an inverted sign with respect to the parallel momentum component of
the incident light. For diffraction from irregularly shaped particles, this condition can be
fulfilled for a large part of the total diffracted light, with the result that the microfragment
shows “counter-intuitive” orbiting. The OAM of the particle may thereby originate from
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Figure 2.13: The situation of a reverse orbiting particle resembles the performance of a sailing
boat, which can sail upwind due to the projection of the wind forces on the keel direction.

the light’s original OAM as well as from its axial momentum. If the helicity of the light
mode is switched, all particles still keep their original orientation (since the trapping forces
are unchanged) and most particles move further on in the same direction, but this depends
on their exact shape (see Table 2.1). However, it can be expected that their velocities are
changed. Incidentally, the glass fragment tracked in our experiment approximately kept
its velocity when m was inverted.

Naturally, there also exist particularly shaped particles, which always show “counter-
intuitive” orbiting, i.e. their rotational sense is – independent of the sign of m – always
contrary to that of symmetric particles like microbeads. Even this case, which we have not
yet observed, is represented in Table 2.1, which summarizes the simulation results.

The table contains OAM transfer efficiencies, i.e. ratios of transferred to incident OAM,
for three different wedge geometries. For all simulations, α was set to ±40◦, which cor-
responds to m=±30 in our experimental situation. The ratios in the table indicate that
the three particles will behave differently when interacting with the photons of a doughnut
mode: The wedge with apex angles ψ = χ = 60◦ will show “ordinary” orbiting, i.e. its
OAM has the same sign as the LG mode. Most microparticles behave qualitatively iden-
tical, also cells and microbeads. The asymmetric splinter assumed in the second row will
always exhibit a definite sense of rotation, independent of the sign of m. In fact, this is
what the glass splinter in our experiment does. Finally, there exists also a third case where
particles always rotate counter-intuitive. For our beam parameters, a symmetric wedge
with apex angles ψ = χ = 36◦ would show this behavior.

Table 2.1: Momentum transfer efficiencies for different wedge geometries. The sign of the
efficiency values denote the direction of the transferred momentum with respect to the
incident beam direction.

ψ χ α = 40◦ α = −40◦

60◦ 60◦ +0.29 +0.29
60◦ 36◦ +0.16 -0.21
36◦ 36◦ -0.15 -0.15
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Summarizing, “counter-intuitive” particle orbiting can already be explained by a sim-
plistic model for the interplay of an asymmetric, prism-like particle shape, an asymmetric
radial intensity profile of the projected doughnut light field, and the particle confinement in
a two-dimensional plane. The irregular particle shape and the asymmetric radial intensity
profile stabilize the particle orientation with respect to the light ring, such that the particle
does not change its orientation, even when switching the beam helicity. The fixed particle
orientation leads to a “refractive” momentum transfer due to the prism-like particle shape,
which is independent on the particle position in its orbit, and which can – under certain
conditions – over-compensate the OAM transfer, resulting in a particle rotation in the
“wrong” direction.

In principle, the velocity of moving particles can be utilized to deduce quantitative
statements, e.g. to characterise the OAM of novel light modes. The presented experiment
demonstrates that such considerations have to be made with great care, since the shape of
a moving particle turned out to have a much stronger influence on its motion than generally
assumed. In fact, even the sign of the light’s OAM cannot be deduced by simply observing
the rotational direction of a trapped particle.

On the other hand, the presented results suggest that artificial particles could be op-
timized for definite purposes, e.g. for optimal momentum transfer, and may thus play a
role in future considerations on optically driven nano-transport techniques. For instance,
directed transport of biological substances could be performed by linking them to specially
tailored micro-transporters and simply using a plane light wave as driving mechanism.

2.3.4 Experiments

In the previous sections, the principles of OAM transfer from light to matter have been
demonstrated. It was explained that the OAM of an LG beam originates from its helical
wavefront, which shows at every point an inclination with respect to the propagation
direction of the whole beam. Furthermore, the strong influence of the particle shape on
this OAM transfer was emphasized.

In the following sections, which are mainly based on our publication Bernet et al. (2006),
it will be shown by different preliminary experiments, how rotational movements of mi-
crobeads – induced by the OAM of light – can be utilized as a “tool” for various micro-fluidic
tasks, such as “optical pumps”, particle size selection or the determination of fluid surface
parameters.

Surface vortex

When particles are rotated by interacting with a doughnut beam, trapping can only be
accomplished in the plane transversal to the beam’s propagation direction (even for high
NA objectives). Confining the particles in axial direction is typically achieved by sand-
wiching a thin layer (10 µm – 20 µm) of liquid together with the particles between two
glass coverslips (Ladavac and Grier, 2004, 2005). In the case of an air-liquid interface as
experimental environment, axial confinement is provided directly by the surface tension of
the interface.

Fig. 2.14 gives another demonstration of OAM-transfer to polystyrene micro beads,
trapped in an air-water interface. The inner particles rotate with a frequency of about
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Figure 2.14: (A) High-speed rotation of multiple particles (2.8 µm diameter) in a doughnut beam of
helical index m=13, focussed by the Reichert objective with NA=0.8. The induced flow in the liquid
is indicated by the motion of surrounding free beads. The inner beads rotate with a frequency of
about 20 Hz. (B) The velocity of surrounding free particles decreases quadratically with the distance
from the rotor center.

20 Hz. The net laser power at the interface is about 1.5 W. Obviously, the rotation of the
trapped beads induces a rotational flow in the whole surface around the beads as indicated
by the motion of surrounding free particles. The velocity of these particles decreases
quadratically with the distance from the rotor center. A possible application for such a
vortex pump could be the measurement of surface viscosity or mobility of particles, and
on the other hand to act as an efficient driving motor for creating surface flows which – for
example – could be used for sorting of particles by guiding them through optical potential
“landscapes” (Gopinathan and Grier, 2004).

A modification of such a tool is shown in Fig. 2.15. There, two doughnut beams of
different helical charge (and hence diameters) are projected eccentrically onto the surface.
The inner light ring (m=10) is completely filled with beads which induce a surface flow.
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Figure 2.15: Two doughnut modes with different helicities and different diameters are eccentrically
arranged. The two helicities have the same sign, such that their induced rotations have the same
orientations. The inner light ring (m=10) is filled with beads, such that a surface flow is induced.
The movie shows the hydrodynamic coupling between the vortex surface flow induced by the inner
rotating ring of beads and the outer orbiting bead, which is trapped in a doughnut beam of m=80.
The velocity of the single bead depends on its distance from the inner ring. (B) Plot of the tangential
bead velocity as a function of its angular position. The closest distance between the two rings is
obtained at the zero angle position. The plot shows that the maximal bead velocity is obtained before
the bead actually reaches the zero angle position (note that the positive angle direction is measured
counter-clockwise, whereas the beads rotate clockwise).
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The outer ring (m=80) is filled with just a single bead, the velocity of which depends on
the OAM transfer of the large vortex beam and the flow induced by the particles rotating
in the inner ring, respectively. Hence, the velocity of the single orbiting bead could be a
measure for the viscosity of the surrounding liquid.

On this point it is important to notice that inertial forces can be completely neglected in
our considerations, since the particle masses are very small. This means that the equation
of motion simplifies to

~F = −C~v, (2.17)

where F is the force applied by the tweezers light field and v the particle velocity. C is
the friction coefficient, which has the form C = 6πRη (“Stoke’s friction”) in the case of a
sphere with radius R in a laminar flow 1 of dynamic viscosity η. Note that in this case an
applied force results in an almost instantaneously achieved motion with a constant speed.
Consequently, if the forces applied by optical tweezers are known, the bead velocity is on
every point a direct measure for the fluid viscosity.

However, in our experiment we got the surprising result that the interaction between
beads at the outer and inner ring is not purely hydrodynamic, but also affected by optical
effects. In the experiment we “loaded” the inner ring with beads rotating in one direction.
Since the inner ring was completely filled, we expected the generation of a stationary
surface flow. The corresponding flow profile was probed by a single bead rotating on the
eccentrically arranged outer ring into the same direction as the inner beads. By measuring
the tangential velocity of the outer bead by particle tracking, we made the observation that
the local bead velocity was not symmetric with respect to the symmetry axis of the two
traps (i.e. the connection line between the centers of the two doughnut beams). Instead,
the plot of the velocity as a function of the bead angular position (Fig. 2.15(B)) shows
that the velocity of the bead at the outer ring became maximal before reaching the closest
approach between the two rings, and it significantly decreased at the symmetric position
behind the point of the closest approach. The experiment was repeated with similar results
with different doughnut-generating holograms. Furthermore, the velocity measurements
were corrected for fluctuations due to intensity variations along the outer doughnut ring
by subtracting the velocity profile of the probe bead alone (i.e., without “rotor”). We also
excluded an electrostatic interaction (rejection of beads with equal charge) by adding salt
ions to the liquid. After exclusion of artifacts by a non-uniform intensity distribution, or
an electrostatic interaction, an optical interaction seems the most plausible explanation. In
fact, the beads move within a light interference pattern which is created by the incoming
light and the light scattered by the beads themselves. It has been shown in previous work,
that such interferences lead to a complicated optically induced interaction between the
beads, which is also sometimes denoted as “optical binding” (Burns et al., 1989; McGloin
et al., 2004; Singer et al., 2003). There, beads are moving in a light potential which is
strongly influenced by the beads themselves. In static light fields without OAM transfer,
this results in a static arrangement of beads such that the coupled system of beads and light
field is in a minimum of its potential energy. In our actual case, the effects of this optically
induced interaction may for the first time be examined in a dynamical system. There the

1In this microscopic regime, fluid flows can always be considered to be laminar. The corresponding

Reynolds number is much less than 1.
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interaction leads to deviations of the particle velocities from their expected values when
approaching each other. In fact, moving fringes are generated by the interference of light
scattered from the travelling outer bead with the incident projected light field. Thus it
can be assumed that moving beads generate moving optical interference patterns which
can trap and move other adjacent particles, thus inducing an optically transferred particle
interaction based on the interference of scattered light.

Further evidence for this assumption is demonstrated in the experimental results pre-
sented in Fig. 2.16. There, a bead circling at the outer doughnut ring is at a certain position
completely stopped by the counter-rotating hydrodynamic flow induced by beads swirling
in the inner, eccentrically arranged ring. However, as soon as a second bead (which also
moves at the outer ring) approaches the first one to a distance of approximately 11 µm, cor-
responding to 4 bead diameters, an apparent repulsive interaction between the two beads
at the outer ring releases the stationary bead from its trap such that it proceeds with its
path along the outer ring. In the following, the other bead approaches the trapping position
and gets trapped itself, exchanging the roles of trapped and released beads. This sequence
continues periodically. The movie demonstrates the existence of a long-range interaction
between the two micro-beads in the outer ring, which is probably induced by optical forces
due to scattered light.

Released bead

Travelling bead

Stopped bead

Travelling bead

Stopped bead

Travelling bead
Travelling bead

Stopped bead

Figure 2.16: Long range interaction of beads moving in a light field and a hydrodynamic flow field
induced by a rotating vortex pump. Two beads are trapped in the light potential of an outer doughnut
ring which induces a counter-clockwise rotation. However, an inner ring filled with beads induces a
clockwise surface flow. At a certain position one of the two outer beads is stopped due to a balance
between the counterclockwise acting optical scattering force and the clockwise acting surface flow.
However, the bead is released from its equilibrium position as soon as the second bead approaches
to a distance of several bead diameters. In the following, the two beads change their roles, i.e., the
travelling bead becomes trapped, whereas the formerly trapped starts orbiting. The whole movement
repeats periodically.

“Clocked” bead traffic

The previous experiment has demonstrated that one particle in a “stopped” position can
be released by an approaching second one. If such a situation could be extended to an
arrangement of multiple beads and multiple “stopping” positions, this would result in a
“clocked” traffic of beads that could be used for a synchronization in the processing of
multiple particles. For example, one particle is kept waiting until another particle, which
is released elsewhere, pushes it out of its trap. A first step for the realization of such a
timing between particle transport is demonstrated the experiment presented in Fig. 2.17.

There, various beads are moving within the two doughnut modes. Beads which reach
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Figure 2.17: Clocked bead traffic. Beads are orbiting at two intersecting doughnut modes of different
helicities and rotational directions (indicated by yellow semicircles). The two intersection points
(indicated by arrows) are stable traps for beads. The movie shows that the trapped beads are pushed
away by other beads circling around the doughnut modes, which subsequently get trapped themselves.

the intersection points are stably trapped in the local intensity maxima of the intersection
points. However, they are released as soon as another bead arrives which pushes them out
of their stable position and becomes trapped itself. In this case, the originally trapped
bead proceeds on the same ring and into the same direction from which its “rescuer” ap-
proached. As a result, a complicated “traffic” of beads arises, redistributing them between
the two storage rings. For future applications, such a clocked bead traffic might be used
in different contexts, like producing a controlled interaction between beads coated with
different substances. For example, if the two rings were loaded with beads of two different
types, then each bead which changes from one ring to the other has interacted with a bead
from the other species. The method can be extended to include a larger number of inter-
secting doughnut rings which provide the possibility to control the interactions between
various bead species which may carry different chemical or biological substances.

Arrays of vortex pumps

Micro-pumps, consisting of an array of optical vortices, have already been demonstrated
for controlled transport of particles in the water bulk (Ladavac and Grier, 2004). However,
the principle can also be applied to an air-liquid interface, where we found such pumps to
be even more effective.

The movie sequence of Fig. 2.18(A) demonstrates the effects of a such a micro-pump on
beads, which are located at the air-liquid interface. The doughnut modes become “filled”
with microbeads, which start to rotate due to the transferred OAM. This movement induces
a flow of the near-surface liquid, which transports free microbeads through the pump.

The pump was created using the “standard” setup shown in Fig. 2.6, which is some-
times also called “Fourier” setup, because SLM plane and object plane are mathematically
connected by the Fourier transform. It creates a quite fast water flow at the surface of
about 50 µm per second. The net light power in the object plane is about 2 W.

Fig. 2.18(B) shows a representative phase hologram, which encodes four vortex-pumps.
It is calculated by complex addition of four single optical vortex-holograms, including a
random phase term to reduce the hologram symmetry (see chapter 1.4.1). Additionally,
the inner part of the hologram is spared out to reduce disturbing diffraction rings (Guo
et al., 2004).
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Figure 2.18: Micro-pump which allows controlled transport of released particles. An array of dough-
nut modes is projected onto the surface, where the individual vortices get “filled” with microbeads
which rotate due to transferred OAM. The rotating beads induce a flow in the surrounding fluid,
which is responsible for the transport of free floating particles. (A) The three images were captured
in one-second time steps. The released beads have a velocity of about 50 µm per second. (B) Phase
hologram, which encodes the micro-pump (representative example). The inner part of the hologram
is spared out to reduce disturbing diffraction rings in the resulting light structure.

Alternatively, we realized similar pumps using the Fresnel setup (Fig. 2.19), where
each vortex can be controlled independently and interactively because they are encoded
in individual holograms. Then the direction of the pumped fluid can be easily changed,
which is especially advantageous when a larger “pump-system” consisting of more than
four doughnut modes is to be controlled. Furthermore, the distance between the doughnut
modes can be adjusted in real time by mouse-dragging the corresponding hologram windows
across the SLM screen. However, it is not possible to go below a certain minimum distance
without causing the holograms to overlap.

T=2 sec T=4 sec T=6 sec T=8 secT=0 sec

(A)

(B)

Figure 2.19: Vortex pumps, created using the Fresnel setup, where each vortex is encoded within
an individual hologram. (A) Pump, consisting of eight single vortex beams of helical charge m=10.
The trapped beads have a diameter of 1.4 µm. (B) Four doughnut modes with the same helical index
(m=20) but selectable rotational orientations are projected onto the surface. The flow directions are
indicated in the pictures by arrows. By changing the rotational direction of the different doughnut
modes, the surface flow can be controlled. The trapped beads have a diameter of 1.4 µm. For this
experiment, a long distance objective with a working distance of about 1.5 mm was utilized (Zeiss
LD-Plan 40×, NA=0.6).

The movie sequence of Fig. 2.19(B) demonstrates the independent steering of vortex
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traps. In the first part of the movie the four doughnut modes induce a particle rotation
into the directions indicated by the arrows. A flow going from right to left is induced.
Switching the sign of helical index of one of the doughnut modes changes the flow profile
(second image). Now a freely floating bead follows a bent path through the doughnut
array, with a 90◦ turn in its center. Switching the signs of other doughnut beams results
in repeated changes of the flow pattern as seen in the movie snapshots.

Size selective splitting of particle pathways

Separation of beads according to different properties such as size can be of advantage for
various types of applications (Korda et al., 2002a; MacDonald et al., 2003; Jesacher et al.,
2004b). Here we show that the track which a bead moves along a light structure of very
narrow positioned optical vortices can depend on its size. In our example (see Fig. 2.20),
two excentric doughnut modes are arranged so close to each other that they almost touch.
The two doughnut modes have helicities of m=90 and m=30, respectively. The image
series of Fig. 2.20(A) shows the behaviour of a polystyrene micro bead (diameter 2 µm),
when it gets into contact with the light field. It stays within the light ring of the larger
mode, since it is too small to interact with the inner, more intense vortex. Other beads
which are just slightly larger (diameter 2.8 µm) obviously behave differently, as the image
sequence of Fig. 2.20(B) indicates. Large enough to interact with the inner light ring, they
are pulled into the inner orbit by gradient forces, hence following a different path than
the smaller polystyrene spheres. Finally they are stopped by a single light spot, which is
placed on a certain position along the inner doughnut mode.

T=1,3 sec T=2,6 secT=0

T=1,3 sec T=2,6 secT=0

(A)

(B)

Dia.=2 µm

Dia.=2,8 µm

10µm

(C)

Figure 2.20: Size selective splitting of the paths of micro beads. The image sequences of (A) and
(B) show two beads of different sizes circling around a doughnut mode with a high helical index of
90 (large dashed circle in the first image). As the beads approach an eccentrically arranged inner
light ring (doughnut mode with a helical index of 30) the larger bead is drawn into the inner circle,
whereas the smaller bead proceeds on its orbit on the outer circle. The objective is a Zeiss Achroplan
(63×, NA=0.95). (C) Representative phase hologram of the particle-splitter. It is divided into three
circular “zones”, where each zone encodes another light structure.

The hologram for such a “sorting” light pattern is shown in Fig. 2.20(C) (in reality,
the grating periodicities are fines than shown in the figure). It is separated into three
distinct zones (Guo et al., 2004), where each zone encodes another light structure: The
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central circular area creates the “stopping” trap for the large particles on the inner circle.
The two outer hologram rings encode the sorting doughnuts. In some experiments we
also introduce a fourth hologram ring, which creates a “protection light ring” in order to
prevent other particles from diffusing into the experimental environment. This technique
of creating holograms is advantageous when the application requires a “fine tuning” of the
intensity ratio of different light structures. It also avoids the appearance of “ghost traps”
(see chapter 1.4).

2.3.5 Discussion

The presented experiments give an overview on optical manipulation methods of mi-
crobeads located at a gas-liquid interface which are realized by holographic methods. Some
of the presented results (like vortex pumps and vortex arrays) have been reported already
previously by other groups, however, the main difference of the present experiments is the
application to interfaces, with the advantage of using air objectives which may have a rather
low numerical aperture for trapping of the particles in the two-dimensional surface. Thus
the presented methods give access to the measurement of surface properties like viscosity
and surface tension, which are of particular interest, since there they are dominant forces
on a micro-scale. Most of the presented experiments make use of the fact that even static
light fields can transfer OAM to micro-particles on the surface, thus inducing a controlled
surface flow. The applications range from highly efficient vortex pumps, which are able
to set the whole surface into rotation, to steerable flows generated by vortex arrays con-
sisting of individually and interactively switchable doughnut modes. The experiments also
demonstrate that the combination of intersecting doughnut modes leads to stable trap-
ping positions, which can produce a complicated “clocked” traffic of beads. Finally, the
pathways of beads on their light guides can be split depending on their sizes. The demon-
strated “toolbox” of laser-tweezers may be a first step into the realization of an optical
micro-workshop dealing with the selection, transport, and assembly of micro-structures at
a gas-liquid interface. Although the presented methods have all a rather low throughput
they are characterised by a high level of interactivity.



Chapter 3

Vector Mode shaping with a

twisted nematic SLM

3.1 Introduction

The contents of this chapter is based on the publication Maurer et al. (2007).
“Vector beams” are laser modes which show a spatially modulated polarization. Inter-

esting cases are radially and azimuthally polarized beams, where the polarization vector on
each point within a cross section is linear, but consists only of a radial or an azimuthal com-
ponent, respectively (see Fig. 3.1(A)). Interestingly, the intensity distribution of a Gaussian
TEM00 beam becomes that of a LG01 “doughnut” mode when it is radially or azimuthally
polarized. This is because both beams represent a kind of optical vortex: A phase vortex –
where the phase of the field on the beam axis is undefined – in the case of doughnut modes
and a polarization vortex in the case of radially and azimuthally polarized beams, where
the polarization state of the axial field shows a singularity.

Figure 3.1: (A) Gaussian vector modes, radially (left) and azimuthally (right) polarized. Their
shape is similar to that of a Laguerre-Gaussian LG01 “doughnut” beam. (B) The axial fields of
tightly focussed beams are geometric components of the transverse polarization.

Vector beams recently gained interested in various fields of applications, since in high
NA systems such as microscopes, the polarization state of a beam can significantly affect
the intensity distribution. This is due to axially polarized fields, which become significant
in the case of tight focussing. As indicated in Fig. 3.1(B), axially polarized fields arise from
a geometrical component of the transverse polarization.

57
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Thus the intensity of a linearly polarized Gaussian (or Laguerre-Gaussian) beam – which
is normally axially symmetric – anisotropic when strongly focussed (Bokor et al., 2005),
whereas radially and azimuthally polarized beams remain axially symmetric. However,
they show also unusual properties in this case. For example, a radially polarized beam
possesses a non-zero axial electric field component (without any magnetic field compo-
nent) in its core, whereas the same beam with an azimuthal polarization has an axial
magnetic field component but no electric field in its center. The axial fields can thereby
show a very sharp focus (Dorn et al., 2003). These features may have applications in
polarization spectroscopy of single molecules or microscopic crystals (Sick et al., 2000;
Novotny et al., 2001), they are suggested as linear accelerator mechanisms for electron
beams (radially polarized beams) (Romea and Kimura, 1990), and they might be used as
addressing/switching mechanisms for magnetic cores in novel data storage materials (az-
imuthally polarized beams) (Van Waeyenberge et al., 2006). Furthermore, vector beams
made of higher order LG-modes have controlled complex electric and magnetic field distri-
butions in their focussed core, corresponding for example to electric and magnetic dipole,
quadrupole, and higher order fields. Such modes may find interesting applications in spec-
troscopy, in atom trapping, and in optical tweezers.

Due to these application areas, there were several attempts to generate such vector
- beams (Nesterov et al., 1999; Mushiake et al., 1972; Neil et al., 2002; Tidwell et al.,
1990; Flores-Pérez et al., 2006; Stalder and Schadt, 1996; Novitsky and Barkovsky, 2006;
Kozawa and Sato, 2005). In some of the methods, the resonator of a laser is manipu-
lated such that the beam is emitted in a desired vector mode structure (Mushiake et al.,
1972). Other methods transform a “normal” (usually Gaussian TEM00) laser beam with
interferometric methods, diffractive elements or lithographically produced sub-wavelength
polarization gratings (Dorn et al., 2003; Török and Munro, 2004; Flores-Pérez et al., 2006;
Bomzon et al., 2002; Toussaint et al., 2005) into the desired vector modes. Interferomet-
ric approaches are typically based on the combination of different scalar modes, e.g. a
superposition of a HG01 mode and a HG10 mode with orthogonal polarizations yields a ra-
dially or an azimuthally polarized beam when the phase between the two beams is properly
adjusted (Tidwell et al., 1990, 1993).

All of the above mentioned methods are designed to produce a particular vector beam
mode, but they cannot be adapted to produce a variety of modes, or to switch between
different modes. A more flexible way is to use a SLM to generate the desired light fields
(Neil et al., 2002; Stalder and Schadt, 1996). Neil et al. (2002) demonstrated an elegant way
to use a ferroelectric liquid crystal SLM for the generation of a variety of high quality vector
beams. There an incoming laser beam is split by a Wollaston prism into two orthogonally
polarized beams propagating into slightly different directions. A hologram displayed at the
SLM is designed such that it transforms the beams by diffraction into the desired beam
modes, and simultaneously superposes the two beams in one of its diffraction directions.
For this purpose, the SLM used by Neil et al. (2002) had to diffract the two incoming
orthogonal polarizations with equal efficiency. This was possible with a ferroelectric SLM
as used by the authors of Neil et al. (2002), but there is the disadvantage that such an SLM
can display only binary diffractive structures, resulting in a poor diffraction efficiency.

Our method is similar to the method in Neil et al. (2002), but it avoids this disadvantage
and allows us to use a common twisted nematic SLM, with a theoretically obtainable mode
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conversion efficiency of 100%. Furthermore it provides a greater flexibility in the laser
mode control, particularly it allows to control the spatial amplitude distribution of the
diffracted wavefronts in addition to pure phase control. This is possible since the two
incident beams are diffracted not just from one single, but from two adjacent holograms
that are displayed on the same SLM. Another advantageous feature is that one can create
controlled superpositions of vector beam modes of different orders with unusual properties.
As an example, we demonstrate mode mixtures which are designed such that they undergo
a mixed geometrical phase shift that depends on the spatial position within the wavefront
when the global beam polarization is rotated.

3.1.1 Experimental setup

The basic setup is shown in Fig. 3.2.
For the demonstration we use linearly polarized TEM00 laser light from a Helium-Neon

laser at 633 nm. Using a first half-wave plate the linear polarization of the laser beam is
adjusted to an angle of 45◦. The beam is then deflected by a 50/50 non-polarizing beam
splitter cube to a Wollaston prism. There the incoming beam is split into a horizontally and
a vertically polarized beam with a mutual propagation angle of 2.5◦. The two beams pass
an arrangement of two lenses that act as a telescope, expanding the beams to 4 mm - 6 mm
diameter and reducing their propagation angle difference to 0.65◦. Then the two beams are
diffracted at two adjacent phase holograms that are displayed in two image windows on a
high resolution SLM. Since the nematic SLM is optimized only for diffraction of a vertically
polarized beam, the horizontally polarized beam first passes a half-wave plate (arranged at
a 45◦ angle) in front of the SLM, that rotates its horizontal polarization to the vertical state.
For these experiments, we use the LC-R 3000 reflective SLM. It is controlled by a computer
in real time, using Matlab software routines to compute the mode-converting holograms.
The holograms are blazed phase grating structures, designed such that they exactly reverse

Figure 3.2: Experimental setup: A linearly polarized laser beam is deflected by a non-polarizing
beam splitter cube to a Wollaston-prism. The prism splits the input beam into two orthogonally
polarized beams with equal intensities. A half-wave plate (HP) in one of the beams rotates its
polarization axis, such that it matches the vertical polarization direction required by the SLM. Two
adjacent holograms displayed at the SLM transform the modes of the beams and diffract them back
to the Wollaston prism, where they are recombined. Behind the beam splitter cube a quarter-wave
plate (QP) transforms the orthogonal linear polarizations of the two superposed beams into right-
and left-circular polarizations, respectively.
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the propagation directions of the two incoming beams in their respective first diffraction
orders (indicated in the figure). Additionally, the holograms are programmed such that
they transform the incoming vertically polarized TEM00 beams into selected beam modes
(like a LG mode) of the same vertical polarization. Each of the two beams is diffracted at
its own hologram consisting of a 500× 500 pixel hologram window.

The corresponding holograms are calculated by using the analytically known wavefront
cross-section of the desired mode, E(x, y), like that of equation 1.16, that consists of an
amplitude and a complex phase angle. In order to produce an off-axis hologram that
generates this mode in its first diffraction order in a direction of ~k = (kx, ky), the complex
field amplitude E(x, y) is multiplied with exp[i(kxx + kyy + Φ)]. Φ denotes an offset
phase that is used to control the relative phase between the beams diffracted at the two
adjacent SLM holograms. The values of kx and ky are interactively optimized such that
the first order diffracted beam is back-reflected. Then the phase angle of the obtained
complex function is calculated modulo 2π which results in a blazed grating structure that
is displayed as a phase hologram at the SLM. Since this procedure neglects a possible
modulation of the absolute value of the amplitude of the desired mode, it works only
well for “simple” modes like LG beams with a radial index of 0. For modes with a more
pronounced amplitude profile, the modulation of the absolute value of the amplitude has
to be considered by spatially modulating the “contrast” (i.e. the modulation depth) of the
displayed grating structure as described in chapter 1.6.

The two back-diffracted beams then pass the same arrangement of telescope lenses such
that they are narrowed again and recombine at the rear port of the Wollaston prism. Note
that the originally horizontally polarized beam passes again through the half-wave plate
in front of the SLM, such that its final polarization in front of the Wollaston prism is
again horizontal. The effect of the Wollaston prism is then to recombine the two back-
travelling beams into one single beam, conserving their individual horizontal and vertical
polarization states, thus creating a vector beam with a controlled spatial polarization
distribution. This vector beam then propagates from the front port of the Wollaston prism
back to the 50/50 beam splitter cube, where the transmitted part of the vector beam
is analyzed. For creating the interesting class of linearly polarized vector beams (i.e. a
beam with a wavefront that has a linear polarization at each local position, but with a
spatially varying direction), a quarter wave-plate is placed at a ±45◦ angle in the beam
path. It transforms the horizontal and vertical linear polarization components within the
combined vector beam into a left- and a right-circular polarization state, respectively. In
all (typical) cases, where the intensity cross sections of the two orthogonally polarized
beam components are equal, such an interference of a left- and right-circularly polarized
beam leads to a locally linear polarization. However, the linear polarization direction
now depends on the spatial position within the wavefront since the local relative phase
difference between its two circular polarization components has a spatial variation. It can
be controlled by manipulating the relative diffraction phase of the two beams at the SLM,
which is done by a spatial shift of the underlying grating structure by fractions of a grating
period. Finally, the vector beam is sent through a rotatable linear polarization filter to a
CCD camera. Recording the transmitted intensity distribution in the far field at a variety
of polarization angles allows one to investigate the vector mode structure of the generated
beam.
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Although our method is interferometrical, i.e., the phase between the two split and
recombined beams determines the properties of the generated vector beams, the setup is
very stable against environmental noise like vibrations or air circulation. This is due to
the fact that the two beams travel along almost the same paths between splitting and
recombination. For the same reason, a coherence length of the incident laser light on the
order of one wavelength is sufficient, i.e., the setup also works for rather broad-band light,
or for pulsed laser beams.

To date the setup provides only a low overall conversion efficiency (limited to maximally
25%), since 75% of the incident beam is lost at the 50/50 beam splitter cube. However,
such an intensity loss can in principle be prevented with additional optical components by
avoiding the double pass setup, using two different beam paths for splitting and recombina-
tion of the laser beams. For example, the SLM could be tilted by 45◦ in order to deflect the
two beams by 90◦ to another telescope and half-wave plate, and to recombine them at the
second Wollaston prism. Although such an implementation used more optical components
it could achieve a theoretical conversion efficiency of 100%, since it is theoretically possible
to obtain a 100% diffraction efficiency at blazed phase holograms. However, as discussed
in chapter 1.5.1, our SLMs show just a diffraction efficiency of 20%-30%, which is mainly
due to the high absorption of the panels.

3.2 Vector fields of first order Laguerre-Gaussian modes

As already mentioned, the quarter-wave plate in our experimental setup generates a left-
and a right circular polarization state of the two beams which are then coherently su-
perposed. Fig. 3.3 sketches the basic mechanism how such a superposition produces a
linearly polarized vector beam. In the example, we investigate the superpositions of two
left- (corresponding to spin = 1) and right (corresponding to spin = -1) circularly polarized
Laguerre-Gaussian beams of helical indices m = 1, and m = −1, respectively, i.e. of a LG01

and a LG0−1 mode of different circular polarizations.
Within the figure the polarization states at each position of the circularly polarized

doughnut beams (left two columns) are indicated by small circles with a clockwise or
counterclockwise orientation specified by arrows. They are arranged around the ring-
shaped intensity profile of the beam, which is denoted by a large central circle with an
orientation (i.e. the sign of its helical charge) indicated by an arrow. The positions of
the arrow tips at the small circles denote the local phase of the circular polarization, i.e.
they have to be interpreted such that the actual direction of the electric field vectors point
from the center of the small circles to the arrow tips. Similarly, the position of the arrow
tip at the large central circle indicates the “global” phase offset of the doughnut. For
example, the circular polarization phase of the beam mode drawn in the upper left edge
of the figure (corresponding to a left circularly polarized LG01 beam) changes along the
ring-shaped intensity profile, as indicated by the changing positions of the arrow tips of
the small circles. This is caused by the fact that the local phase of a LG01 mode changes
linearly from zero to 2π (counter-clockwise) on a circle around the doughnut core, and this
phase acts as an offset for the circularly polarized field components around the ring.

The first row shows the superposition of a LG01 mode with left circular polarization,
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Figure 3.3: Superposition “arithmetics” of vector beams: The figure shows the resulting vector
beam modes (right column) if two LG0±1 modes with opposite helical indices (m = ±1, as indicated
by the arrow tips in the large circle in the center of each graph), and opposite left (lc) - and right
(rc)-circular polarization states (indicated by the arrow tips within the small circles around the large
central ones) are coherently superposed with different relative phases of 0 and π. The examples in
the first two rows correspond to the case where each individual beam has the same sign of its spin
and orbital angular momentum. This results in the creation of linearly polarized vector modes
(right column) with a radial or azimuthal polarization (indicated by the directions of the “double-
arrows”), depending on their mutual phase shifts of 0 (first row) or π (second row), respectively.
The combinations in the third and fourth row correspond to the case, where each beam has opposite
sign in spin and orbital angular momentum. There the superposition results in so-called anti-vortex
modes, which are linearly polarized at each local position, but with a local polarization direction
changing between radial and azimuthal. A relative phase shift of 0 (third row) and π (fourth row)
between the two superposed components just produces a rotation of the mode by 45◦.

and a right circularly polarized LG0−1 mode with a relative phase of 0. The result is a
linearly polarized vector beam, where the local polarization direction (indicated by double-
ended arrows) corresponds to the polar angle of each spot. Such a beam is called a radially
polarized vector beam.

The second row shows the superposition of the same two beams, however with a relative
phase offset of π, indicated by the changed arrow tip position within the central circle of
the second beam, and by the correspondingly changed phases of the small circles. In the
experiment, such a phase offset of π is simply obtained by recalculating the corresponding
hologram at the SLM with a Φ = π phase offset, resulting in a grating structure that is
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spatially shifted by half a period. In the resulting vector beam the local direction of the
linear polarization is oriented tangentially around the ring of light. Such a mode is known
as an azimuthally polarized vector beam.

The next two examples correspond to cases where each of the two superposed LG0±1

modes has a different sign of its spin- and orbital angular momenta. In the experiment this
situation can be achieved by exchanging the helical indices m of the two adjacent holograms
with respect to the first two cases. In this case it turns out that the resulting vector beam is
still linearly polarized, but its local polarization direction changes periodically from radial
to azimuthal. For example, when following the ring of light in a clockwise direction, the
local field vector rotates counter-clockwise, such that the vectors are twisted inside. Such
vector modes are known as anti-vortices (Van Waeyenberge et al., 2006). The last example
(fourth row) shows the superposition of the same two beams, but with a π relative phase
shift. This again results in the creation of a polarization anti-vortex, which is similar to
that of the previous example, but rotated by an angle of 45◦. In order to demonstrate our
method, we have experimentally generated all of the vector modes sketched in Fig. 3.3.
The results are plotted in Fig. 3.4.

The first row of the figure shows the intensity distributions of the different vector beam
modes as recorded by the CCD camera without an inserted polarization filter. As expected,
all generated modes show an isotropic doughnut intensity distribution. For generating a
radially polarized vector beam (first column), the signs of the helical indices of the two
holograms at the SLM were chosen such that the helical charge of each back-diffracted
beam had the same sign as its spin. The relative phase between the two superposed beams
could be interactively adjusted under computer control by shifting the grating phases of
the corresponding holograms. In order to switch between the radial and the azimuthal
polarization modes (first and second columns), it was just necessary to shift the phase Φ
(i.e. the phase of the grating) of one of the two SLM holograms by π. For switching to
an anti-vortex mode (third row), the signs of the helical indices of the two SLM holograms
were switched. Finally, for obtaining the anti-vortex state in the fourth column, the phase
of one of the displayed hologram gratings was again shifted by π.

The states of the beams were investigated by inserting the polarization filter in front
of the CCD camera and rotating it to four positions, with corresponding transmission di-
rections indicated at the left of the figure. Behind a polarization filter, all vector beam
states show an intensity distribution similar to a Hermite-Gaussian beam of first order (e.g.
HG01), consisting of two adjacent intensity maxima, however with different behavior when
the polarizer is rotated. Most remarkably, when rotating the polarization filter in front of
the CCD camera, the transmitted intensity distributions of the radially and azimuthally
polarized modes (first and second column) rotate in the same direction, whereas the in-
tensity distributions of the anti-vortex modes (third and fourth row) rotate in opposite
direction. The purity of the polarization states was verified by measuring the contrast of
the intensity maxima and minima behind the polarization analyzer. This was done by
calculating the ratio (I‖ − I⊥)/(I‖ + I⊥), where (I‖) and (I⊥) are the intensities measured
parallel and perpendicular to the transmission axes of the polarization filter, respectively.
For the radially and the azimuthally polarized modes the contrast ratio was 94%. From
the intensity distributions transmitted at the different polarization filter orientations, the
state of the vector beams could be found out. The results are plotted as vector fields in
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Figure 3.4: A set of experimentally generated linearly polarized vector beam modes based on LG0±1

modes. The upper row shows the isotropic doughnut intensity profiles of the vector beams as imaged
without the polarization analyzer in front of the CCD camera. The next four rows show the intensity
cross sections behind the inserted polarization filter at different polarization angles (the orientation
of the transmission axis of the polarization filter is indicated at the left). From these measured
intensity distributions the polarization states of the beams were reconstructed (vector-field plots in
the lowest row). The mode in the first column corresponds to a radially polarized vector beam, the
second column to an azimuthally polarized beam, and the next two columns to “anti-vortex” beams
with a mutual rotation angle of 45◦, as expected from the model in Fig. 3.3. The last column shows
the results of an analytic calculation of the intensity distributions of an ideal, radially polarized
beam LG0±1 beam behind a rotated polarization analyzer, corresponding to the experimental results
of the first column.

the lowest row of the figure. They correspond to the modes which are expected according
to our considerations of Fig. 3.3.

The right column of the figure compares our experimental results with a simulation
based on the theoretical behavior of an ideal radially polarized LG0±1 vector beam behind
a rotating polarization analyzer. Analytically, a scalar LG mode is described by Eq. 1.16.
The corresponding intensities of the superposed beam behind a linear polarizer at different
rotation angles is then calculated by projecting the electric field vector on the correspond-
ing linear polarization states, and calculating the corresponding intensity by squaring the
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absolute values of the electric field. A comparison between the theoretical and the experi-
mental results shows very good agreement and thus demonstrates the high quality of the
generated vector modes.

3.3 Vector beams by superpositions of Hermite-Gaussian

modes

An alternative interferometric construction method for radially or azimuthally polarized
Laguerre-Gaussian vector beams superposes two orthogonal Hermite-Gaussian beams (HG01

and HG10) with orthogonal linear polarizations and a controlled relative phase (Tidwell
et al., 1993). In our experiment this can be achieved by programming the two holograms
such that they transform the incident Gaussian beams into a HG01 and a HG10, respec-
tively. In this case, the quarter-wave plate behind the out-coupling beam-splitter cube is
removed in order to keep the polarizations of the two superposed beams linear (instead of
circular, as before). The two SLM-holograms are sketched in the upper row of Fig. 3.5, and
the corresponding HG01 and a HG10 modes (as recorded individually by the CCD camera)
are displayed below.

Figure 3.5: Generation of a radially polarized LG01 vector beam by superposition of a HG01 and
a HG10 mode. The upper row shows the two holograms for transforming the incident TEM00 beam
into the HG01 and the HG10 modes, respectively. Images (A) and (B) show the individual intensity
distributions of the two HG beams as measured before they are superposed, and (C) shows the
intensity distribution after superposition. The lowest row indicates the polarization directions of the
two superposed HG beams (below (A) and (B)), and the vector field of their superposition (below(C)).

These modes consist of two vertically or horizontally separated amplitude maxima with a
relative phase difference of π. Consequently, these modes are generated by two holograms
consisting of (blazed) gratings with a phase jump of π in vertical (HG01) or horizontal
(HG10) directions. However, for a perfect generation of these modes, not only the phase
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but also the amplitude has to be controlled. For this purpose we also shaped the local
diffraction efficiencies by controlling the modulation depths of the diffraction gratings in the
regions of the phase jump. This results in the “blurred” appearance of the two holograms
of Fig. 3.5 along their vertical or horizontal axes.

The superposition of the two orthogonally polarized HG10 and HG01 modes results in
the doughnut mode displayed at the lower right edge of the figure, if the intensity profile is
well adjusted. Without the amplitude mask the superimposed intensity profile becomes a
square. An analysis of this mode with an inserted polarizer at different polarization angles
showed that it equals that of the left column in Fig. 3.4, i.e. to a radially polarized LG01

vector beam.
The principle of the generation of differently polarized vector beam modes by superpo-

sitions of Hermite-Gaussian beams is sketched in Fig. 3.6.

Figure 3.6: “Arithmetics” of the transformation of two first order HG modes into a LG mode.
The intensity distributions of the HG modes are indicated by elliptical areas (that are included by
square brackets). Within the areas, the polarization directions, and their phases (of 0 or π) are
indicated by the directions and the orientations of vector arrows. The vector fields of the resulting
LG01 modes are indicated at the right.

The first row indicates the coherent superposition of a horizontally polarized HG10
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beam with a vertically polarized HG01 beam with a relative phase of 0 (meaning that the
corresponding electric field amplitudes reach their corresponding maxima and minima at
the same instant). The π phase shift between the left and the right parts of the HG10 mode
(as well as the upper and the lower parts of the HG01 mode) are indicated by the vector
arrow tips. The result of the superposition is a radially polarized LG beam, as sketched at
the right side.

The situation changes if the phase of the HG01 beam is shifted by π/2 (second row - phase
shift indicated by multiplication of the corresponding field amplitude with the imaginary
unit “i”). This results in the vector mode sketched at the right, with alternating linear and
elliptical/circular polarization states. A further phase shift of π/2 of the HG01 mode (third
row, indicated by the switched position of the polarization vector arrows with respect to
the first row) then creates an anti-vortex mode, consisting of locally linear polarizations
the orientation of which changes in an opposite direction with respect to their angular
coordinate. This is the same mode as demonstrated in the third row of figure 3.4. Finally,
the last row of the diagram demonstrates the effect of switching the polarizations of the
two HG modes (which is indicated by a 90◦ rotation of the polarization vectors). In this
case, the superposition results in an azimuthally polarized LG mode.

An experimental verification of these considerations is demonstrated in Fig. 3.7. There
the respective beam modes were generated with the same methods as explained in the
diagram of Fig. 3.6, i.e. by introducing relative phase shifts between the two superposing
HG beams, via control of the respective grating phases, and by controlling the respective
polarization directions. With this method a radially, an azimuthally and a mixed polar-
ization state of the resulting LG beam were produced. The polarization structures of the
corresponding vector beam modes were verified in the same way as before, i.e. by rotating a
polarization analyzer in front of the CCD camera and recording the transmitted intensities
at different polarization angles.

The first column of Fig. 3.7 displays the doughnut intensity distributions recorded with-
out a polarization analyzer in front of the CCD. The next four rows display the transmitted
intensities behind a polarization filter at polarization angles indicated at the left. The re-
constructed local polarization structures of each of the three beams are sketched below.
The result shows that a radially (left column) and a horizontally (second column) polarized
beam were constructed with the methods described in Fig. 3.6. A beam with mixed linear
and elliptical polarization structure is displayed in the third column. A peculiar feature of
it is that at two orthogonal positions of the polarization analyzer the transmitted intensity
is still a doughnut. An analysis of these two cases shows that the light fields behind the po-
larizer corresponds to the two linearly polarized LG0±1-modes of opposite helical charges,
respectively. This might be tested, for example, by investigating the corresponding angular
momentum transfer of such a laser mode to a trapped particle in an optical tweezers ex-
periment. The effect of switching between the two doughnut beams by rotating an inserted
polarizer by 90 degrees would then be to switch the rotational direction of particles circling
around the intensity ring of such a mode.
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Figure 3.7: Experimentally generated LG01 vector modes by superpositions of a HG01 and a HG10

beam. The upper column shows the intensity distributions of a radially polarized, an azimuthally
polarized, and a beam with mixed polarization. The beams were created with the methods described
in figure 3.6. The next four columns show the respective intensity distributions of the three beams
behind a polarizer at a polarization angle indicated at the left. The reconstructed vector fields of the
3 modes are sketched in the lowest column.

3.4 Higher order Laguerre-Gaussian vector beams

Hermite-Gaussian or Laguerre-Gaussian modes of higher order can be generated in laser
resonators, however typically as a mixture of many modes, and not in a pure state. Nor-
mally they are also in an uncontrolled (or spatially unmodulated) polarization state. In
Fig. 3.8 we present an experimentally recorded “gallery” of higher order pure LG vector
modes, up to a helical index of 7 and a radial index of 2.

All modes were created by superposing two Laguerre-Gaussian modes with opposite
circular polarizations (i.e. the quarter-wave plate was re-inserted at the position of Fig. 3.2),
and with the same radial, but opposite helical indices. The first row shows the results of
a simulation of the intensities of certain vector beam modes (LG01, LG02, LG07, LG11,
LG12, LG22), calculated according to Eq. 1.16. The next row shows the corresponding
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Figure 3.8: An image gallery of experimentally generated higher order Laguerre-Gaussian vector
beams with locally linear polarization. Upper row: Numerically calculated intensity distribution
of a LG01, LG02, LG07, LG11, LG12, LG22 beam mode, respectively. Second row: Corresponding
experimentally obtained intensity distributions (measured without a polarizer in front of the camera).
Third to sixth rows: Corresponding intensity distributions as measured with a polarizer in front of
the camera (polarization directions indicated at the left). The vector field plots in the last row show
the corresponding polarization distributions as reconstructed from the measured data.

experimentally measured intensity distributions. For these measurements, the polarizer in
front of the CCD camera was removed. The next four rows show the intensity distributions
with the polarizer re-inserted, and at 4 positions of its polarization axis, as indicated at
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the left. The distribution of the electric field as reconstructed from these measurements
is sketched below as a vector field that indicates the local directions of the electric field
vectors at a certain instant.

In order to improve the quality of the modes we used the advantageous feature of
our setup, that not only the local phase, but also the local amplitude of the two beams
diffracted at the respective SLM holograms can be controlled. Similar to the holograms
plotted in Fig. 3.5, the local diffraction efficiency was modulated by reducing the contrast
of the diffraction gratings in the regions of π-phase jumps.

An interesting feature of vector beams is their unusual axial electric and magnetic field
distribution within their dark core. In Fig. 3.9 the axial field distributions of a few selected
vector beam modes have been numerically calculated (see appendix A.1) from the Maxwell
equations in the paraxial approximation. Therefore, the results are in principle only valid
for unfocussed beams. However, the qualitative structure of the axial field components will
be similar also for focussed beams if the numerical aperture is sufficiently low.

Figure 3.9: Numerically calculated axial electric and magnetic field distribution within the cross-
section of certain vector beams.

The upper row shows the calculated intensity cross-sections of radially polarized LG01,
LG02, LG03, LG11 modes, and of an anti-vortex LG01 mode, respectively. The next two
rows show the absolute values of the corresponding axial electric and magnetic field ampli-
tudes, respectively. Note that adjacent field maxima (white areas) within one mode have
alternating signs of their amplitudes (not indicated in the figure).

The first column shows that a radially polarized LG01 beam has a strong axial electric
field component (which oscillates with the light frequency), without any magnetic field
component. Higher order LGlm modes with zero radial index (l = 0) have symmetric
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patterns of alternating axial magnetic and electric field components, which correspond for
(m = 2) to dipole fields (second column), for (m = 3) to quadrupole fields (third column)
and for higher m to corresponding multi-poles (not plotted any more).

Beams with higher radial indices l have rotationally symmetric electric or magnetic
field distributions, similar to annual growth rings in trees, arranged around a string-like
maximum in the center. In the fourth column of the figure we show an azimuthally polarized
LG11 mode. Whereas its axial electric field component equals zero, its axial magnetic field
is similar to that of a coil, with a forward-pointing magnetic field vector in the central core,
and an opposite field direction in a ring around that core. Note that for all of the modes
presented so far, the axial field amplitudes have their maxima in the dark regions of the
modes.

This changes for anti-vortex modes. The right column shows an anti-vortex based
on a LG01 mode. It has a quadrupole-like electric and magnetic field distribution in its
center, with zero amplitudes in the middle. The axial field distribution resembles that of
the radially polarized LG03 mode of the third column. However, the intensity doughnut
(upper row) of the anti-vortex is much smaller, such that the maxima of the axial field
amplitudes now coincide with the intensity maxima.

In any case the amplitudes of the electric and magnetic field components can be ex-
changed by shifting the relative phase between the two interfering left- and right circularly
polarized components by π. For example, this allows to switch between pure magnetic
and pure electric fields along the axis of a vectorial LG01 mode. The gallery of Fig. 3.8
gives only a few examples of higher order vector beam modes that can be realized with
the presented method. These modes have complicated, but nevertheless completely con-
trollable axial field distributions within their cores. It may be assumed that a variety of
fundamental research experiments may be performed by a controlled interaction of such
beams with dielectric or magnetic materials, as well as with polarizable molecules, or atoms
in magneto-optical traps.

3.5 Asymmetric beam rotation of superposed vector modes

An interesting feature of vector modes with locally linear polarization is the fact that
their intensity image that is transmitted through a rotating linear polarizer also rotates
continuously, either in the same or in the opposite direction with respect to the rotational
direction of the polarization filter (see Fig. 3.3). Interestingly, the rotation angle of the
image scales reciprocally with the helical index m of the vector beam mode. For example,
a locally linearly polarized LG07 mode (as that in the third column of Fig. 3.8) rotates
with a frequency of 1/7 Hz, when the polarizer is rotated at a rate of 1 Hz.

This behavior may be interpreted as a manifestation of an interplay between two dif-
ferent geometric phases (Berry, 1984), namely a “Pancharatnam” phase (Pancharatnam,
1956), which is associated with polarization rotation, and a “rotational” Doppler shift, or
actually the corresponding phase shift, which arises when a LG beam is rotated around
its longitudinal axis. Pancharatnam phases appear if the polarization of a beam is con-
tinuously rotated by polarization modulating components, such as specific combinations
of half- and quarter-wave plates (Galvez et al., 2003; Niv et al., 2006). For example, if an
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incident linear polarization is continuously rotated by 180◦ the phase of the corresponding
beam changes by π (see Fig. 3.10). A rotational phase shift of a LG beam, on the other
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Figure 3.10: Illustration of the Pancharatnam Phase. The linear polarization of a wave (red) is
continuously rotated by 180◦, which causes a phase shift of pi radians with respect to the non-rotated
wave (blue).

hand, appears if the whole beam is rotated around its longitudinal axis, as for example by
an arrangement of optical components (Dove prisms) that would also perform an image
rotation by the same angle in an imaging experiment (Galvez et al., 2003; Courtial et al.,
1998; Nienhuis, 2006; Galvez, 2002). Interestingly, this rotational phase shift scales with
the helical index of the LG beam, i.e. a rotation of 360◦ results in a 2πm phase shift of
a LGlm beam (an additional circular polarization of the beam would manifest itself as an
additional ±2π phase shift associated with a “spin redirection phase” (Galvez, 2002)).

In our experiment we introduce a Pancharatnam phase shift by projecting the polariza-
tion of the vector beams on a rotating polarization axis, by revolving the polarization filter
in front of the CCD camera with a frequency ω. This shifts the frequency of the beam by
the same amount of ω. This frequency shift due to a polarization rotation manifests itself
as an image rotation of the light intensity distribution transmitted through the polarizer.
This can be interpreted as an inversion of the rotational Doppler effect of (Courtial et al.,
1998), where an image rotation creates a frequency shift. However, since the rotational
Doppler effect generates a frequency shift of mω, when a LGlm beam is rotated with a
frequency ω, the corresponding inversion of the effect demands that the image of the beam
is rotated with a frequency of only ω/m when the frequency of the beam is shifted by
ω. This behavior corresponds to our above mentioned experimental observation that the
image rotation angle corresponds to the rotation angle of the polarizer multiplied with
m−1.

This feature appears in an even more striking way, if a superposition of vector beam
modes with different helical charges is observed (Nienhuis, 2006). In this case, the image
rotation introduced by a rotating polarizer varies for the different LG components within
the beam, allowing for example to program beams whose intensity images transmitted
through a rotating polarizer behave similarly as a cogwheel “gear-mechanism”, or as the
small and the large hands of a watch.

In Fig. 3.11 we demonstrate such a peculiar behavior of a certain mode superposition.
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Figure 3.11: Transmitted intensity image of a mixed vector beam mode behind a rotating polariza-
tion filter. The mode consists of a superposition of a radially polarized LG01 with a LG04 mode.
The sequence of 9 images is recorded at the polarization angles indicated below. The arrows within
the images indicate the changing positions of an intensity maxima of the LG01(inner arrow), and
the LG04 mode (outer arrow), respectively. Note that the two inner intensity maxima rotate 4 times
faster than the 8 outer ones.

For this purpose each of the two holograms at the SLM was programmed to transform an
incident Gaussian beam into a superposition of an “inner” LG01 mode and an “outer“ LG04

mode. The corresponding intensity distributions of the two modes are spatially separated
in two concentric doughnut rings of different diameters, since the LG01 mode has a much
narrower cross section than the LG04 mode. The superposition of the beams diffracted by
the two holograms (with opposite circular polarizations) then results in a mixture of two
radially polarized modes with helical indices of 1 and 4, respectively.

Fig. 3.11 shows the transmitted intensity of such a mode mixture as recorded behind
a rotating polarization analyzer (polarization directions indicated in the lower row). The
pattern consists basically of a mixture of the individual patterns of a radially polarized
LG01 mode as in Fig. 3.3 (consisting of two intensity spots in the central part of the mode)
and that of a LG04 mode (consisting of 8 intensity maxima arranged on a ring around
the central two ones). The figure shows a sequence of 9 images recorded at equidistant
rotational angles within a full revolution of the polarization filter in a range between 0 and
2π. For better illustration, the positions of one of the 8 intensity maxima at the outer
ring, and one of the two maxima of the inner ring are indicated by arrows. Obviously, the
rotating polarization filter produces an intensity pattern rotating in the same direction,
and additionally changing its shape. It turns out that the 2π rotation of the polarization
filter results in a complete 360◦ revolution of the inner LG01 mode pattern, whereas the
outer LG04 mode only rotates by 90◦. More generally, any LG mode with a helical charge
of m is rotated by an angle of 2π/m after a full 2π revolution of the polarization filter.

This effect can have applications in optical trapping experiments. Intensity maxima
like that in Fig. 3.11 can be used as traps for individual particles (like micro-beads, cells
etc.) and their relative spatial arrangement can then be controlled by rotating a polarizer
in front of the trap. The ”gear-reduction” factor of m−1 of the intensity pattern rotation
angle with respect to the rotation angle of the polarization filter allows an exact fine-
adjustment of the angular position of a trapped particle. Furthermore, if an arrangement
like that of Fig. 3.11 was used for trapping different (distinguishable) particles, a set of 8
outer particles would rotate around a set of 2 inner ones, and the initial starting position
would reappear not until 4 full 2π revolutions of the polarizer. Such a processing can
be generalized to an arrangement of cogwheel shaped intensity distributions that rotate
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with different controllable velocities and process micro-particles like a “clockwork”. In the
case of mixtures of modes with various helical charges mi, the overall periodicity (i.e. the
number of full 2π polarizer rotations required to obtain the starting situation) is given by
the least common multiple of all helical charges mi, e.g. for m1 = 4 and m2 = 7 there
would be a periodicity of 28 polarizer revolutions.

3.6 Conclusion

We have demonstrated a novel method to generate vector beams of arbitrary mode struc-
ture, tailored polarization distribution, and controlled superpositions of different vector
modes. In principle the method can achieve a mode conversion efficiency of 100%. It re-
quires only low longitudinal coherence length, thus it can be used with pulsed lasers. It is
stable against environmental disturbances like vibrations, and the generated vector beams
are of high purity. The method provides the possibility to switch electronically between
different mode structures. This can happen at video rate by changing the holograms dis-
played at the SLM. However, by making use of the fact that the phase difference between
the two superposed beams determines the polarization state of the vector beams (as seen
e.g. in the transformation between an azimuthally and a radially polarized beam), the
switching can be done much faster (on a MHz or GHz scale), as such a phase change can,
for instance, be introduced by inserting two acousto-optic modulators into the two sepa-
rated beam paths in front of the SLM. An alternative would be to substitute the Wollaston
prism in the setup by an acousto-optic modulator that is driven such that it separates an
incident beam equally into the zero and first diffraction order. The flexible and controlled
generation of vector beams is of practical interest in many areas like material processing
and optical tweezers. The beams are also of fundamental interest due to their strange axial
electric and magnetic field distributions, promising interesting interactions with dielec-
tric and magnetic materials, non-linear materials, optically active substances, fluorescent
molecules, and atoms in gases or magneto optical traps.



Chapter 4

Spiral phase contrast microscopy

4.1 Introduction to optical microscopy techniques

Optical Fourier filtering or optical processing (Reynolds et al., 1989) is a well-known tech-
nique for enhancing image contrast in microscopy. It is based on the fact that all the
light diffracted from an object into a certain direction corresponds to a definite position
in the Fourier space, regardless from which point within the object the light is scattered.
Hence, every spatial frequency of the object structure can be individually manipulated by
influencing the corresponding point in the Fourier space.

Fig. 4.1 sketches the basic principle of optical processing, assuming illumination of a
transparent object with a plane wave. The light field a(~x) describing the object is Fourier
transformed by a lens placed in distance f , where f is the focal length of the lens. Hence,
F [a(~x)] emerges in the back focal plane, where optical processing is performed by a spatial
filter with the complex transfer function T (~k). Finally, the modified field is again Fourier
transformed by a another lens (Reynolds et al., 1989), which places the filtered image â(~x)
on its back focal plane.

f f f f

coherent
illumination

Fourier filter

object plane image plane

x=(x, y) k=(k , k )x y x=(x, y)

Figure 4.1: Optical Fourier transform. The light field of the object a(~x) is Fourier transformed by
a lens placed in distance f , where f is the focal length of the lens. F [a(~x)] emerges in the back focal
plane, where optical processing is performed by introducing a spatial filter. Finally, the modified
field is again Fourier transformed by a another lens, which places the filtered image on the image
plane.

The whole filter operation can be described mathematically by either using the complex
filter function T (~k):

â(~x) = F
[
F [a(~x)] T (~k)

]
, (4.1)

75
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or by using its Fourier transform t(~x), which is also called the kernel of the optical system:

â(~x) = a(~x) ∗ t( ~−x). (4.2)

The negative sign of the argument in t is due to the inverting property of the optical
4-f system. In Eq. 4.1, this corresponds to using a second Fourier transform instead of an
inverse Fourier transform.

Especially in biomedical research, where examined samples are typically of poor con-
trast, the introduction of Fourier filter techniques like dark field, phase contrast and dif-
ferential interference contrast caused significant improvement. These techniques will be
briefly discussed in the following. A more comprehensive overview of different contrast
methods and live cell imaging are given in Stephens and Allan (2003) and
http://micro.magnet.fsu.edu/primer/techniques/contrast.html.

4.1.1 Dark field and phase contrast

Dark field and phase contrast (Zernike, 1934) are the most commonly used contrast meth-
ods in light microscopy. Both aim on better visualization of phase samples, i.e., objects
which influence light in its phase rather than in its amplitude, and perform the contrast
enhancement by turning phase differences – which the human eye is not able to detect
– into intensity differences. The principle of the dark field method is shown in Fig. 4.2.
There, an aperture stop is placed in the center of the Fourier plane, where it blocks the
undiffracted “background” light, which contains no structural information of the object.
Only diffracted light passes the aperture stop and reappears in the image plane. Thus,
edges and structures of the object appear much more emphasized (see Fig. 4.2(B)).

f f f f

x=(x, y) k=(k , k )x y

Fourier planeobject plane image plane

(A) (B)

x=(x, y)

Figure 4.2: (A) Principle of dark field method. The zeroth diffraction order is blocked by an
aperture stop in the Fourier plane. Consequently, this undiffracted “background” light which bears
no structural information of the object is absent in the filtered image. (B) Dark field image of a
snow crystal. http://www.sgipt.org/wisms/gb/Schnee1.jpg, (2007-04-05)

The principle of the phase contrast method is outlined in Fig. 4.3. The phase of the
zeroth order is shifted by a quarter wavelength with respect to the residual light. This
alters the interference in the image plane such that formerly invisible phase differences
show intensity variations (see Fig. 4.3(B)). The phase contrast effect can be explained by a
few mathematical considerations: “Shallow” phase samples, which cause only minor phase
contrast (Zernike condition), can be Taylor-expanded to (Reynolds et al., 1989)

a(~x) = exp (iψ(~x)) ≈ 1 + i ψ(~x), (4.3)
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where ψ(~x) represents the phase function of the object. The first lens performs a Fourier
transform of a(~x):

F [a(~x)] = A(~k) ≈ δ(~k) + i Ψ(~k), (4.4)

where Ψ(~k) is the Fourier transform of ψ(~x). The filter operation of the phase retarder
in the Fourier plane can be described by a multiplication of the delta distribution with
the complex number i. Hence, after the filter process, the light field has form Â(~k) ≈
iδ(~k) + i Ψ(~k), which is finally again Fourier transformed to

â(~x) ≈ −i [1 + ψ(~x)] . (4.5)

According to the above equation, the intensity of the filtered light field has the form

Î(~x) ∝ |â(~x)|2 ≈ |1 + ψ(~x)|2 ≈ 1 + 2ψ(~x). (4.6)

Obviously, the phase contrast method “converts” a phase function directly into a corre-
sponding intensity function.

f f f f
Fourier planeobject plane image plane

(A) (B)

p/2

bright field phase contrast

x=(x, y) k=(k , k )x y x=(x, y)

Figure 4.3: (A) Principle of phase contrast method. The phase of the zeroth order is shifted by 90◦

with respect to the residual light. This alters the interference in the image plane such that formerly
invisible phase differences show intensity variations. (B) Bright field and phase contrast images of
neurons. http://www.quarks.de/dyn/11155.phtml, (2007-04-05)

Using phasor arguments, the effects of dark field and phase contrast can be descriptively
visualized. Within this model, the field of an object is represented by numerous individual
phasors, each describing field amplitude and phase at a single point of the sample. Hence,
phasors which describe a phase-only object will have the same length, but different angles
(see Fig. 4.4(A)).

As already discussed, the dark field method corresponds to a subtraction of the back-
ground light, which is represented by a single phasor (red arrow in the figure). This zeroth
order is a vectorial part of all phasors, since it contributes to every point of the sample
with equal amplitude and phase. Consequently, subtracting the zeroth order results in a
change of the complex field as shown in Fig. 4.4(B). It becomes apparent that the dark
field method does not only suppress the background, but also “converts” phase values into
intensity values – quite similar to the phase contrast method: Depending on the phasors’
original angles, their lengths (amplitudes) are modulated differently.

Phase contrast goes one step further: Starting from the dark field state in Fig. 4.4(B),
it corresponds to adding the zeroth order again, but rotated by 90◦ (Fig. 4.4(C)). The
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Figure 4.4: Descriptive explanation of dark field and phase contrast using phasor arguments. (A)
Phasors describing a phase-only object show the same length, but different angles. (B) Visualization
of dark field: Subtraction of the zeroth order results in a changed complex field. The total intensity
is reduced, phase differences cause amplitude differences. (C) Phase contrast does not absorb the
zeroth order, but rotate it about 90◦. The total intensity is preserved. According to the angle of the
phasors, they undergo a significantly different amplitude modulation.

resulting intensity contrast is higher than in the dark field case, furthermore the total
intensity is preserved since phase contrast is non-absorptive 1.

4.1.2 Differential interference contrast

Differential interference contrast (DIC) or Nomarski contrast (Nomarski, 1955; Davidson
and Abramowitz, 2002) is sensitive to phase gradients in a sample. Although DIC is a
shearing method and not a typical Fourier filter technique, I give a brief introduction to
the method, since it in some points resembles the spiral phase contrast, which is the main
topic of this chapter.

How DIC achieves a sensitivity to phase gradients is shown in Fig 4.5. The specimen is
illuminated by two orthogonally polarized beams showing a sub-wavelength lateral shear.

1In practice, the phase retarder is partly absorptive to achieve higher contrast

f f f f

Nomarski prism
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(A) (B)

bright field DIC

analyzer
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Figure 4.5: (A) Principle of differential interference contrast. The specimen is illuminated by
two orthogonally polarized beams showing a sub-wavelength lateral shear (the two beams are created
from a single linearly polarized beam by a modified Wollaston prism (Nomarski prism), which is
not sketched in the figure). They pass the object at different positions and are subsequently merged
again by another Nomarski prism in the Fourier plane. After passing a polarizer, the two collinearly
superposed beams interfere to an image, where large phase gradients are strongly enhanced. (B)
Bright field and DIC images of neurons. http://www.quarks.de/dyn/11155.phtml, (2007-04-05)
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These two beams are created from a single linearly polarized beam by a modified Wollas-
ton prism (Nomarski prism), which is not sketched in the figure. They pass the object at
different positions and are subsequently merged again by another Nomarski prism in the
Fourier plane. After passing a polarizer, the two collinearly superposed beams interfere to
an image, where large phase gradients are strongly enhanced, since this interference detects
phase differences between the sheared waves. However, the phase differences are only de-
tected along the shearing-direction, i.e., the image is not isotropic. A so-called pseudo-relief
appears (see Fig. 4.5(B)). A drawback of DIC is that birefringent specimens like plastic
tissue culture vessels cannot be examined. However, this is possible with a modified DIC
setup (http://www.photonik.de/magazin/aktuell/pdfs/photonik_2004_01_42.pdf).

4.2 The spiral phase filter

As described in the previous chapter, standard microscopy methods such as phase contrast
microscopy use a filter located in a Fourier plane (Steward, 1987) of the imaging setup. Our
group performed comprehensive theoretical and experimental investigations on a Fourier
filter technique called spiral phase or vortex filtering. There the complex filter has the form
of a phase vortex: T = exp (iθ), where θ is the azimuthal coordinate of the filter plane. As
described in chapter 1.5.2, this phase pattern can also be used to shape LG beams (Arlt
et al., 1998). In earlier experiments (Larkin et al., 2001), the spiral phase filter was in-
troduced theoretically as a two-dimensional generalization of the one-dimensional Hilbert
transform (Bracewell, 1999). Other groups used the numerical spiral phase transform for
the analysis of interference fringes (Villa et al., 2005) or speckle patterns (Wang et al.,
2006).

As observed by our group, a physical implementation of such a spiral phase filter results
in strong isotropic edge-enhancement of amplitude and phase samples. In the case of am-
plitude objects, this property has also previously been observed by other groups (Crabtree
et al., 2004; Davis et al., 2000; Swartzlander, 2001).

The origin of this edge enhancement is explained in Fig. 4.6. Filtering with a spiral
phase filter corresponds to convoluting the object with the (inverted) Fourier transform of
the filter, i.e. the kernel of the system. As described in chapter 1.5.2, the Fourier transform
of a spiral phase filter is an optical vortex, i.e., a doughnut-shaped field distribution with
the same azimuthal phase dependence as the filter. Hence, every sample point is imaged
as diffraction-limited optical vortex. A following summation over all image points results
in a complete cancellation of doughnuts in “flat” regions of constant amplitude. This is
caused by the dependence of the vortex filter kernel on the polar angle. On the other
hand, amplitude (or phase) jumps within the sample contribute to the image of the filtered
sample. Therefore, borderlines between regions with different amplitudes (or phases) are
highlighted by constructive interference. The phase of these borderlines shows an interest-
ing distribution. It reflects the geometric direction of the local amplitude edge, i.e., the
angle of the local amplitude gradient.

A more detailed analysis of spiral phase filter effects will be made in the following
section, which is based on our publication Jesacher et al. (2006a).
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Figure 4.6: Visualization of the principle of spiral phase filtering: A binary amplitude sample (left
image) is convoluted with the spiral phase kernel. Different phase values are represented by different
colors. Every sample point is imaged as a diffraction-limited optical vortex. After summation over
all image points, the light on almost every image point cancels out, except at edges or phase jumps.
In the filtered image (third and fourth image) edges appear bright against a dark background. The
phase of the filtered image shows an interesting distribution: It reflects the geometric direction of
the local amplitude edge, i.e., the angle of the local amplitude gradient.

4.2.1 Effects of the spiral phase filter

As already mentioned, the result of the vortex filter process can be derived by a convolution
of the original object function a(x, y) with the vortex kernel tV , which corresponds to the
Fourier transform of the mirrored filter function exp (iθ).

â(x′, y′) = (a ∗ tV ) (x′, y′) = (4.7)
∞∫

x=−∞

∞∫

y=−∞
a(x, y)tV (x′ − x, y′ − y)dxdy,

where tV – in polar coordinates – has the form

tV (r, φ) =
2π

λf
i exp (iφ)

ρmax∫

ρ=0

ρ J1

(
2π

λf
rρ

)
dρ. (4.8)

J1 is the first order Bessel function of the first kind, λ the light wavelength and f the focal
length of the two lenses which perform the Fourier transforms.

The explicit analytical form of tV (r, φ) is derived in appendix A.2. It is related to
the field distribution of a doughnut mode and often called “optical vortex”. In the limit
ρmax →∞, tV simplifies to iλf/

(
2πr2

)× exp (iφ) (Larkin et al., 2001).
For comparison, Eq.4.9 describes the convolution kernel of the setup without vortex

filter – hence representing a simple two-lens imaging system:

t(r, φ) =
2π

λf

ρmax∫

ρ=0

ρ J0

(
2π

λf
rρ

)
dρ = (4.9)

ρmax

r
J1

(
2π

λf
ρmaxr

)
.
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t(r, φ) is the point spread function (PSF) of a circular aperture with radius ρmax (within
this thesis simply called point spread function).

Comparing the convolution kernels of Eq. 4.8 and Eq. 4.9 (see also Fig. 4.7), one can
identify the main differences to be the different orders of the Bessel functions and the
vortex phase factor exp (iφ), which causes the vortex kernel tV to be φ-dependent.

Fig. 4.7 gives more detailed information about the spiral phase kernel and compares
it to the point spread function (PSF) of a system of equal numerical aperture (NA=0.1).
According to the figure, the doughnut kernel is broader than the PSF, which suggests that
vortex filtering decreases resolution. However, as will be shown in chapter 4.2.2, judging
resolution has to be done with care, since the kernel phase has to be regarded. Furthermore,
the concept of resolution firstly has to be defined in the case of vortex filtering.
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Figure 4.7: Comparison of the spiral kernel with the transfer function of a circular aperture,
assuming a wavelength of 785 nm and a NA of 0.1. (A) Transfer functions in the Fourier plane.
Within the circular apertures, gray shades correspond to phase values. (B) Comparison of the kernel
amplitudes. The spiral kernel is “doughnut” shaped. (C) As opposed to the point spread function,
the phase of the spiral kernel shows azimuthal dependence. (D) Real parts of a kernel cross section,
defined by θ = −π/2.

A descriptive way to achieve the convolution of two functions tV (x, y) and a(x, y) at a
certain point ~P = (Px, Py) is to mirror tV at the origin, then shifting it to point ~P , and
finally integrating over the product of the shifted kernel with a(x, y).

Consider – for simplicity – an approximated filter kernel

t̃V (r, φ) =

{
1
N exp (iφ) for Rin < r < Rout

0 elsewhere
(4.10)

where N is a scaling factor defined as N = (R2
out − R2

in)π. This assumption allows the
result of the convolution at point ~P to be derived as

â(~P ) =
1
N

2π∫

φP =0

Rout∫

rP =Rin

exp (iφP ) a′(rP , φP )rP drP dφP (4.11)
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Here, (rP , φP ) defines a polar coordinate system with its origin in the center of the kernel
(see Fig. 4.8), and a′ the input light field, expressed in this local coordinate system.

For an investigation of the basic effects of such a convolution procedure, we expand
a′(xP , yP ) = |a′(xP , yP )| exp (iψ′(xP , yP )) in a Taylor series to first order:

a′(xP , yP ) ≈ |a′(~0)| exp
(
iψ′(~0)

)
+ (4.12)

exp
(
iψ′(~0)

) [
~gAm(~0) · ~rP + i |Êin(~0)| ~gPh(~0) · ~rP

]
.

Here, ~gAm = ∇|a′| and ~gPh = ∇ ψ′ describe amplitude and phase gradient of a′, evalu-
ated at point ~P (= kernel-center), which is equal to the origin ~0 in the local coordinate
system (xP , yP ). Together with Eq. 4.11, the output light field can – after integration (see
appendix A.3) – finally be written as:

â(~P ) ∝ exp
(
iψ(~P )

)
gAm(~P ) exp

(
iδAm(~P )

)
+ (4.13)

i a(~P ) gPh(~P ) exp
(
iδPh(~P )

)
.

Here, δAm(~P ) and δPh(~P ) are the polar angles of the corresponding gradients (see
Fig. 4.8). Eq. 4.13 allows a qualitative examination of the vortex filtering properties:
It is apparent that it consists of two terms, which describe the effects of amplitude and
phase variations of the input object on the filter result. The terms are proportional to
the absolute values of the gradients gAm and gPh respectively, which explains the observed
strong isotropic amplification of amplitude and phase edges. The factors exp (iδPh) and
exp (iδAm) are a manifestation of some kind of gradient-dependent geometric phase. Note
that δPh and δAm were originally geometric angles which indicated the spatial direction of
the respective gradients. These factors now appear in the filtered image not as directions

a(x,y)

point P

local
amplitude gradient

d
Am

gAm

rP

fP

Px

Py

shifted kernel

Rin Rout

xP

yP

x

y

Figure 4.8: Graphical scheme to explain the convolution process for the case of a pure amplitude
object: The result at a certain location is derived by shifting the (mirrored) kernel to this point, and
integrating over the product of the shifted kernel with a(x,y).
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anymore, but as additional phase offsets of the image wave at the appropriate positions.
Similar to other manifestations of geometric phases, the phase offset does not depend on
the magnitude of its basic origin (which is in this case the magnitude of the amplitude or
phase gradient), but only on its geometric characteristics (which is in this case the direction
of the field gradient).

A consequence of the factors exp (iδPh) and exp (iδAm) is that the edge amplification
becomes anisotropic when interfering â with a plane reference wave, because they produce
a phase difference of π between a rising and falling edge of equal orientation. The resulting
“shadow effect”, which gives the impression of a sidewise illumination, agrees with our
observations (Jesacher et al., 2005) and will be further discussed in chapter 4.5. Due to the
factor i in Eq. 4.13, this pseudo-illumination shows a 90◦ rotation between pure amplitude
and phase samples.

4.2.2 Resolution of spiral phase filtered images

An interesting question is how the resolution of an image is affected by spiral phase filtering.
Generally, resolution is defined as the minimal distance of two distinguishable points. The
criterion, when two points should be understood as distinguishable, is solely defined for
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Figure 4.9: Image of two neighboring points, separated by 2.8 µm. The imaging system has a
numerical aperture of 0.1 and the light wavelength is 532 nm. The blue graphs correspond to the
fields, the red graphs to the total intensity. (A) According to the Sparrow criterion, the non-filtered
points can be resolved in the incoherent case (left), but not in the case of coherent light (right).
(B) With the spiral phase filter, the points are better resolved in the incoherent case. However, for
coherent light the resolution is degraded with respect to the non-filtered case (see text).
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the point spread function of Fig. 4.7(A). Hence, for the case of a doughnut-shaped kernel,
a comparable criterion can be introduced.

According to the Sparrow criterion, two points are resolved when their common intensity
function along their connecting line has a local minimum. Since the position of a spiral
filtered point is “tagged” by the central minimum of the spiral kernel, two vortex filtered
points could analogously be called resolved, when there is a remaining local maximum in
the intensity function along their connecting line.

Fig. 4.9 sketches the fields and the total intensity of two points, separated by 2.8 µm,
which are imaged with an optical system of NA=0.1 at a wavelength of 532 nm. Without
using the spiral phase filter (non-filtered case), the points can be resolved using incoherent
light (upper left graph). The corresponding resolution limit is 0.95λ/D. For coherent light,
the resolution limit is worse (1.46λ/D, upper right graph). Using the spiral phase filter,
the resolution limit is 0.76λ/D for incoherent and 1.56λ/D for coherent light (lower right
graph). Obviously, for incoherent light, the resolution benefits from spiral phase filtering:
The resolution limit is about 20% smaller. For coherent light, the situation changes: Spiral
filtering degrades the resolution about 7%.

4.3 Experimental realization using a SLM

Our experimental investigations on spiral phase filtering were mainly performed by dis-
playing the spiral phase filter on a high resolution SLM, which is placed in the Fourier
plane of the imaging pathway. Alternatively, a static phase hologram (Heckenberg et al.,
1992; Khonina et al., 1992) or spiral phase plate (Jaroszewicz and Koodziejczyk, 1993;
Oron et al., 2001; Oemrawsingh et al., 2004) could be used instead of the SLM. Other
investigators of spiral phase filtering used vortex lenses (Davis et al., 2000; Swartzlander,
2001; Crabtree et al., 2004).

4.3.1 Laser illumination

A setup using laser illumination is shown in Fig. 4.10. The collimated light of a single
mode laser diode passes through the specimen which is placed on a stage. The scattered
light is captured with a microscope objective. The Fourier transform of the object is
usually located inside the microscope objective and not accessible for Fourier filters. Hence
we image this plane on the SLM by a set of two lenses that builds a telescope. This
telescope is dimensioned such that the size of the Fourier plane image fits the dimensions
of the SLM panel and its PSF is smaller than the SLM pixel size. On the SLM the spiral
phase hologram is displayed. It is superposed by a blazed grating in order to separate the
first diffraction order of the grating (which contains the filtered object light) from residual
light. A sample hologram is illustrated in Fig. 4.10. The fork-like discontinuity in its center
coincides with the zeroth Fourier order of the incoming light field which typically contains
most of the total image intensity. The imaging lens performs a second Fourier transform
and projection of the filtered image on the CCD camera. For our experiments we used
two camera systems: A DVC 1310 firewire camera and a TILL Imago with frame grabber
board.

Alternatively to the setup shown in Fig. 4.10, we demonstrated that it is also possible to
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Figure 4.10: Setup for coherent illumination: the sample is illuminated with collimated light emitted
from a laser diode. A microscope objective captures the transmitted light. The Fourier transform
of the image is projected with lenses on the reflective SLM (LC-R 3000). There the blazed filter
hologram performs spiral phase filtering. The diffracted first order containing the filtered light is
again Fourier transformed by the imaging lens. The filtered specimen is imaged on the camera CCD.
Typical focal lengths of the lenses are around 200 mm.

integrate the SLM into a camera output pathway of a research microscope (Zeiss Axiovert
135 ). The SLM is then placed within the body of the microscope as shown in Fig. 4.11.
Apart from the SLM, this setup utilizes only the optical elements of the microscope. Con-
sequently, the image quality is superior to “home-made” setups. However, the size of the
Fourier image at the place of the SLM is significantly smaller than the panel, which means
that the setup does not make use of the full display resolution.

Using a SLM as “optical processor” has the great advantage that different microscope
techniques can be emulated (see Fig. 4.12). A bright field image is achieved, when the

Figure 4.11: SLM, fully integrated into the imaging pathway of a Zeiss Axiovert 135 research
microscope. The black device in the foreground is a DVC 1310 firewire camera.
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SLM displays a pure blazed grating. Dark field and phase contrast filters correspond to
blazed gratings, where its central region is omitted (dark field) or shifted by a quarter
period (phase contrast), respectively.

bright field phase contrastdark field

Figure 4.12: Mica fragment (muscovite), dispersed in immersion oil, imaged using different “emu-
lated” contrast methods. The viewable area has a diameter of approximately 350 µm. The first row
shows the filtered images, the second row the corresponding filter holograms (gray shades represent
phase values). A bright field image is achieved, when the SLM displays a pure blazed grating (left
column). The dark field filter corresponds to a blazed grating, where the central region is omitted
(center column) and the phase contrast filter corresponds to a blazed grating, where its central region
shifted by a quarter period (right column).

Images obtained with coherent illumination

The following images are presented to illustrate the efficiency of spiral phase filtering and
to discuss some aspects of a laser as illumination source.

Fig. 4.13 shows an absorptive resolution target (USAF test pattern), imaged using bright
field (left image) and spiral phase contrast. As predicted by Eq. 4.13, the edges of the
specimen appear highlighted under the spiral filter, whereas uniform regions are dark. Since
the spiral filter is non-absorptive, both images are expected to show equal total intensity. In
fact, the difference is approximately 17 %. This can be explained by saturation of the CCD
(see histogram). Furthermore, intensity conservation is only fulfilled for the entire image.
Locally, as for instance the field of view in Fig. 4.13, there may certainly be deviations.
The light redistribution has also consequences on the gray value histogram of the image
(second row). In the spiral filtered case, the histogram shows suppressed intensity in the
mid-region (region B) and an increase of very bright and dark pixels (regions A and C).

Fig. 4.14 shows a conglomerate of immersion oil droplets in water as phase sample.
Both liquids are transparent but have different refractive indices. Although this specimen
is a pure phase sample, the oil droplets are also visible in the bright field view. This is
explained by the fact that the imaging optics can not catch all the light scattered by the
oil-water boundaries. The missing fraction of light causes contrast as explained in Fig. 4.4.
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Figure 4.13: Absorptive resolution target, imaged using bright field (left) and spiral phase contrast.
The objective is a Olympus EA10 (10×, NA=0.25). The smaller square has a side length of about
35 µm. The total intensities of the images differ by approx. 17 %. The gray value histograms of the
image differ mainly in the tagged regions A, B and C. The histograms are plotted linearly (black)
and logarithmic (gray).

Figure 4.14: Drops of immersion oil in water. The objective is a Olympus EA10 (10×, NA=0.25).
The size of the area of view is 660×500 µm. Left: bright field view. Right: spiral phase filtered
image. The inhomogeneous “speckled” illumination is typical for coherent illumination. The used
laser wavelength was 785 nm.

Consequently, even pure phase samples are commonly at least faintly visible in bright field
mode.

The spiral filtered image of the droplets shows a significantly higher contrast than
the bright field image. The inhomogeneous “speckled” illumination, which is apparent in
Fig. 4.14, is typical for coherent illumination. It originates from light, which undergoes for
instance multiple reflections on lens surfaces in the imaging path or scattering processes.
Such residual light – which would cause only a slight decrease in contrast, if it was incoher-
ent – interferes on the CCD with the image of the object, causing disturbing speckles. A
common way of reducing these speckles is coupling the illumination laser into a vibrating
multi mode fiber 2. The resulting rapid change of speckle patterns will appear as homoge-

2The vibration can for example be realized by sticking the fiber to the membrane of a loudspeaker.
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neous background for adequately long exposure times of the CCD camera. For the images
in Fig. 4.14, this “speckle reduction” technique was not used.

4.3.2 White light illumination

As demonstrated in the previous section, the coherence of laser illumination causes inter-
ference speckles, thus an undesired degradation of image quality. Although vibrating the
illumination fiber can reduce speckles, it is often more reasonable to choose a light source
with low temporal coherence instead of a laser. This prevents the appearance of disturbing
interference patterns.

An important criterion when choosing a low coherence light source is its luminance,
measured in cd/m2. This quantity determines the degree of spatial coherence, which has
to be high for spiral phase filtering. Low spatial coherence will cause a blurred Fourier
image, hence it has to be high enough to ensure that a single Fourier order (like for instance
the zeroth order, i.e., the focused illumination light) does not significantly extend beyond
the size of a few SLM pixels.

Basically, the resolution of the Fourier image depends on the size of the light source (see
Fig. 4.15). The size of a Fourier order (denoted as S3 in the sketch) is thereby determined by
the lens system between light source and SLM: S3 = S1 (fobj f3) / (f1 f2). Consequently,
the sharpness of the Fourier image increases with the focal length of the fiber collimation
lens fobj . On the other hand, a larger fobj leads also to smaller illuminance (measured in
lux) at the place of the specimen.

fiber

coll. lens
L1

objective telescope lenses
SLML2 L3

f1 fobj f2 f2+f3 f3

S1 S2 S3

Figure 4.15: The sharpness of the Fourier image on the SLM depends on the size of the light
source and the optics in between. For instance, the zeroth Fourier component is an image of the
fiber output. Its size S3 is determined by S1 (fobj f3) / (f1 f2), where S1 is the size of the fiber
core (400 µm in our case).

Apart from the considerations on spatial coherence, there is another problem which has
to be addressed: Unfortunately, the setup of Fig. 4.10 will cause white light to disperse on
the SLM phase grating. The filtered image will appear blurred along one direction. Since
we normally use very fine gratings with periods of about 20 µm - 30 µm (2-3 pixels) to
maximize the field of view (see section 4.3.3), significant image degradation will occur even
for “narrow” light bandwidths in the range of 10 nm. Therefore, it will be discussed in this
section how one can design a SLM filter setup for white light.

Such a setup is sketched in Fig. 4.16. There, the SLM displays two adjacent holograms.
The upper hologram in the sketch represents the phase filter. The light dispersion caused by
its off-axis structure is “cancelled” by another diffraction process on the lower hologram,
which just contains the pure blazed grating. Therefore, the upper hologram has to be
imaged at the lower one, which is performed by a telescope, consisting of a single lens and
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Figure 4.16: Setup for white light illumination. The SLM panel displays two adjacent holograms.
The filter process is performed by the upper hologram, which also causes undesired light dispersion
because of its off-axis structure. A “one lens” telescope, consisting of a single lens and a mirror,
images the upper filter hologram onto the lower half of the SLM. There, a pure grating without phase
vortex is displayed, which compensates the dispersion by another diffraction process.

a back-reflecting mirror. Finally, the light can be coupled out by a prism, as shown in the
figure, or by a mirror.

One might expect problems when applying spiral phase filtering to white light, because
the desired phase function exp (iθ) is physically realized perfectly just for a single wave-
length. However, in the experiment we observe no disturbing artefacts. Concerning the
wavelength dispersion it also has to be considered that the SLM provides phase shifts not
refractively like a lens, but by a more complicated effect incorporating birefringence (see
chapter 1.2), the dispersion properties of which are different.

Images obtained with white light illumination

The images presented in the following were captured using a white light source. The illumi-
nation was achieved by coupling the light of a 100 W Tungsten halogen lamp (alternatively,
we used a 1000 W Xenon arc lamp) into a multi mode fiber with a core diameter of 400 µm.
The remaining power at the fiber output is in the range of 10 mW.

Fig. 4.17 shows a human cheek cell, imaged using different contrast methods which
have been emulated by the SLM. Whereas the cell is almost invisible in the bright field
mode (A), spatial “high-frequency” structures like the core become highlighted in the
dark field view (B). Phase contrast (C) and spiral phase contrast (D) show more details,
where especially in the latter case the cell boundaries are emphasized. All images show
significantly reduced illumination artefacts. The remaining inhomogeneities originate from



CHAPTER 4. SPIRAL PHASE CONTRAST MICROSCOPY 90

the high spatial coherence of the light.

(A) (B) (C) (D)

Figure 4.17: Cheek cell, imaged using white light illumination and different contrast methods. The
objective is an Olympus UPlanFl (60×, NA=1.25, oil immersion). The field of view measures
approx. 50×50 µm. The bright field view (A) bears just little information. The cell appears almost
invisible. The dark field method (B) enhances small details like the cell core. Phase contrast (C) and
spiral phase contrast (D) show more details, where in the latter case especially the cell boundaries
are emphasized.

Fig. 4.18 shows a mica fragment, which has been dispersed in immersion oil to reduce
“phase jumps”. Again, spiral phase filtering is seen to strongly emphasize edges.

(A) (B) (C) (D)

Figure 4.18: Mica fragment (muscovite), dispersed in immersion oil, imaged using white light
illumination and different contrast methods. The objective is a Zeiss A-plan (20×, NA=0.45). The
field of view measures approx. 250×250 µm. (A) bright field, (B) dark field, (C) phase contrast,
(D) spiral phase contrast.

4.3.3 Remarks

The presented SLM-based optical Fourier filter setups represent flexible methods, where
a specimen can be examined using almost arbitrary filter techniques. However, there are
some drawbacks. On the one hand, the light efficiencies of the setups are rather low – it is
mainly determined by the diffraction efficiency of the SLM, which is about 20 %. Especially
the “double-filtering” white light setup requires an intense light source, if long exposure
times have to be avoided.

On the other hand, the presented off-axis technique – where every filter function is
superposed by a blazed grating – leads to a relatively small field of view, since the light
“cones” of the individual diffraction orders have to be separated (see Fig. 4.10). The light
cones can only be separated up to a certain angle, which is limited by the minimal SLM
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grating period. This disadvantage could be avoided by a higher diffraction efficiency of
the light modulator, which would allow to use on-axis filters. Another possibility would be
the use of a static on-axis vortex filter. Results obtained with such a filter will be briefly
discussed in the following chapter.

4.4 Experimental realization using a static vortex filter

In a collaboration with Carl Zeiss, Inc., our group had the possibility to test an on-axis
spiral phase filter, which was produced by RPC photonics, Inc. using photolithography.
The vortex itself is located on the surface of a silica glass cube, which has a side length
of about 9 mm, and a vortex pitch of 650 nm. The cube can be integrated into a camera
output beam path of our Zeiss Axiovert 135 research microscope (at the same position
where the SLM is placed in Fig. 4.11). The experimental setup is sketched in Fig. 4.19.
For our experiments, we use the standard microscope illumination, with an almost closed
aperture stop for a high degree of spatial coherence.

microscope
illumination

sample
stage

objective

CCD

spiral
glass plate

Figure 4.19: Setup using an on-axis spiral phase filter, manufactured using photolithography. The
filter is directly implemented into the beam path of a Zeiss Axiovert 135 microscope. Standard white
microscope illumination is used.

Fig. 4.20 shows some exemplary images obtained with the spiral filter cube, giving proof
that it leads to strong isotropic edge enhancement.

An interesting “shadow effect” can be obtained by an intentional slight “misalignment”
of the filter (see Fig. 4.21), where the filter is shifted laterally about 10 µm out of the
beam path. The images appear somehow three-dimensional, as if the samples would be
illuminated from the side. Interestingly, the direction of this “pseudo-illumination” is
determined by the direction of the lateral filter shift. This three dimensional impression
resembles the “pseudo relief” of a DIC microscope. However, in contrast to DIC, the spiral
filter shows no polarization dependence, which makes it suitable for examining birefringent
specimens.

The origin of these “shadow effects” is a broken filter symmetry, which is in this case
obtained by a lateral shift of the filter. However, as will be shown in the following chapter,
a properly modified spiral filter can also directly show this effect.

Obviously the images obtained with the on-axis glass filter are of superior quality com-
pared to the images obtained with the SLM. However, this can be mainly ascribed to the
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Figure 4.20: Images obtained without (first row) and with (second row) spiral filter cube. The
pictures in column (A) show crystallized proteins on a glass cover slip (Zeiss A-Plan objective,
20×, NA=0.45). Those of column (B) human erythrocytes (Olympus UPlanFl, 60×, NA=1.25, oil
immersion). The spiral filter is seen to give rise to a strong isotropic edge enhancement.

(A) (B) (C)

bright field

spiral phase contrast

Figure 4.21: Anisotropic edge enhanced images, obtained with (second row) and without (first row)
spiral filter. The pictures show fibroblast cells (column A), crystallized proteins (column B) and
human cheek cells (column C). The anisotropic edge enhancement is achieved by a slight intentional
“misalignment” of the filter. All images were made using a Zeiss A-Plan objective (20×, NA=0.45),
the visible areas measure approx. 200×160 µm2.
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field of view, which is significantly smaller in the SLM case. There, the images have to be
“inflated” to appear of comparable size, which gives the impression of lower resolution.

4.5 Anisotropic edge enhancement

Spiral phase filtering results in isotropic enhancement of amplitude and phase edges. Com-
pared to darkfield (with a Fourier filter having an absorptive center) no absorptive Fourier
filter is used. Therefore the total image intensity is conserved, but isotropically redistrib-
uted to the edges within the sample. In this chapter, it will be shown that a slightly modified
spiral phase filter can introduce a symmetry break, resulting in relief-like “shadow” images
of amplitude- or phase samples (Jesacher et al., 2005).

As discussed in chapter 4.2.1, spiral phase filtering can be described as a convolution
of the object function with the spiral kernel, which is iλf/

(
2πr2

) × exp (iφ) in the limit
of an infinitely large aperture. Such a convolution is isotropic, if the center (r = 0) is
absorptive. In this case, the edge enhancement by the spiral phase transform is isotropic.
In practice, real spiral phase elements have a central point which is not absorptive, but has
a well-defined complex transmission. For instance, in our case the phase shifting element
is a pixelated SLM. Consequently, the zeroth Fourier component of the object light which
focuses at the filter center is not absorbed, but transmitted, leading to a broken symmetry
in edge enhancement. This symmetry break emerges because the transmitted zeroth order
acts as “reference wave” at the image plane. There it interferes with the remaining filtered
wave to create the actual image of the sample. In the case of a spiral phase filtered wave,
the phase of the image field depends on the geometrical direction of the gradients within
the sample (see Eq. 4.13). Thus the interference with the plane wave evolving from the
zeroth order leads to a magnification or suppression of the image intensity, depending on
the geometrical directions of the local gradients and the offset phase of the zeroth order
Fourier component. A descriptive explanation of the shadow effect is sketched in Fig. 4.22.

0

2 p

zeroth order

amplitude phase

Figure 4.22: Descriptive explanation of the shadow effect. The zeroth order can be visualized
as plane reference wave, which interferes with the residual, spiral filtered light wave on the CCD.
Hence, edges showing the same phase are enhanced whereas “out of phase” edges are accordingly
suppressed.
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The symmetry break can be significant, since for typical objects the majority of light is
concentrated in the zeroth Fourier component.

Sometimes, a broken symmetry can be useful: a microscopic sample examined with
DIC shows enhanced edges along one direction. This results in a pseudo-relief that micro-
scopists sometimes find helpful in recognizing more details of the specimens: elevations and
depressions within a phase topography can be distinguished at a glance. However, DIC
does not work, if one wants to examine birefringent samples or use plastic cover slips which
are widely used in microscopy. The spiral phase filter does not impose this limitation,
and nevertheless produces images comparable to DIC microscopy, if the symmetry of the
filter is broken. Furthermore, as will be shown in chapter 4.6, multiple anisotropic filtered
images can be used for a quantitative analysis of phase samples.

Many of our experiments have indicated that the quality of spiral filtered images can
be improved by causing a forced symmetry break. This can be realized by simply using a
spiral phase plate with a “hole” in its center (Fig. 4.23), the size of which is matched to
the size of the zeroth order.

Figure 4.23: “Holey” spiral phase filter (not to scale). The zeroth order Fourier component of the
object light, which focuses in the center of the filter, remains unaffected by the phase vortex. Left:
on-axis filter; right: off-axis filter.

Fig. 4.24 gives an impression of the anisotropic edge enhancement which arises by using
a “holey” spiral phase filter. To enlarge the field of view, the image of PtK2 cells (rat liver
cells) was concatenated from 19 individual captures. The emerging “shadow effect” gives a
three dimensional impression of the sample. However, every difference in refractive index
will also appear relief-like, hence this effect is also known as “pseudo-relief”.

Another example is shown in Fig. 4.25. The observed phase sample – a so-called
“Richardson slide” – consists of fine regular relief structures, etched 240 nm deep in silica
glass. The direction of the shadows depends on the relative phase between the zeroth order
and the residual, spiral filtered light wave. Hence it can be controlled either by steering the
phase value in the filter center (in the case of a SLM) or simply by rotating the whole filter
(preferably in the case of a static vortex filter). The latter option would be of particular
interest when such a modified phase vortex were realized as static filter.
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10 µm

Figure 4.24: PtK2 cells, viewed using anisotropic spiral phase filtering. The large field of view
(150×100 µm2) of the image was achieved by concatenating 19 individual captures. The objective
is a Zeiss Fluar (40×, NA=1.3, oil immersion)
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Figure 4.25: Phase sample (“Richardson slide”) filtered with the “holey” phase filter of Fig. 4.23.
The left image was taken in bright field mode. The other images show anisotropic edge enhancement,
where the “shadow” directions were controlled by the phase relation of the zeroth Fourier component
to the residual, spiral filtered light wave by changing the gray value of the pixels in the filter center.
The objective is an Olympus UPlanFl (60×, NA=1.25, oil immersion).

4.6 Quantitative imaging of complex samples: spiral inter-

ferometry

In the previous chapter, the importance of the central singularity of the spiral phase plate
has been pointed out. When using a “holey” spiral phase filter (i.e. a spiral phase filter with
a “hole” in its center) as shown in Fig. 4.23, the zeroth Fourier component of the object light
is not affected by the phase vortex. Thus it can be treated as a plane reference wave in the
image plane, where it interferes with the spiral filtered residual light. Such a modified spiral
phase plate acts effectively as a self-referenced (or common-path) interferometer (Kadono
et al., 1994; Ng et al., 2004; Popescu et al., 2004). It has further been shown that rotating
the filter results in an analogous rotation of the shadow effect. In the following, it will
be shown how this rotating shadow effect can be used to reconstruct the exact phase and
amplitude transmission of a complex sample. The chapter is based on our paper Bernet
et al. (2006).

Basically, the possibility to distinguish amplitude from phase modulations results from a
π/2 phase offset between the scattering phases of amplitude and phase structures, resulting
in a corresponding rotation angle of π/2 between the respective shadow orientations (Je-
sacher et al., 2005). The feature that an image can be uniquely reconstructed is based
on the fact that there is no information loss in non-isotropically spiral phase filtered light
fields (using a transmissive center of the spiral phase element) as compared to the original
light fields, due to the reversibility of the spiral phase transform. For example, a second
spiral phase transform with a complimentary spiral phase element (consisting of complex
conjugate phase pixels) can reverse the whole transform without any loss in phase or am-
plitude information. Note that this would not be the case, for example, if a spiral phase
filter of the form ρ exp (iθ) (where ρ is the radial polar coordinate) was used. Although
such a filter would produce the true two-dimensional gradient of a sample (Larkin, 2005),
it simultaneously erases the information about the zeroth order Fourier component of a
filtered input image. Therefore, the image information could only be restored up to this
zeroth order information, consisting of an unclear plane wave offset in the output image.
This missing information would not just result in an insignificant intensity offset, but in a
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strong corruption of the image, since the plane wave offset coherently superposes with the
remaining image field, leading to an amplification or suppression of different components
(see Fig. 4.26).

(A) (B)

Figure 4.26: (A) Amplitude object. (B) The same object, with the phase of the zeroth order shifted
by π/2 radians. The phase shift leads to strong corruption (here an inversion) of the original object.

4.6.1 Numerical post-processing of a series of rotated shadow images

The relief-like shadow images obtained from the anisotropic spiral phase filter give a nice
impression of the sample topography. In contrast to the DIC method – which creates
similar shadow images – the spiral phase method works also for birefringent samples. For
many applications quantitative data about the absolute phase and transmission topography
of a sample are desired. Here we show that such quantitative data can be obtained by post
processing a series of at least three shadow images (even better results of real samples are
obtained by a higher number of images), recorded at evenly distributed shadow rotation
angles in an interval between 0 and 2π. The intensity distribution of a series of three images
Iout1,2,3 = |â1,2,3|2 in the output plane of a spiral phase filtering setup can be written as:

Iout1,2,3 = |(a− a0) ∗ tV exp (iα1,2,3) + a0|2 , (4.14)

with tV as defined in Eq. 4.8. In the above equation, a = |a (x, y)| exp (iψ (x, y)) is
the complex input light field, a0 = |a0| exp (iψ0) is the constant zeroth order Fourier
component (including the complex phase) of the input light field, and α1,2,3 are three
constant rotation angles of the spiral phase plate which are adjusted during recording of
the three images, and which are evenly distributed in the interval between 0 and 2π, e.g.
α1,2,3 = 0, 2π/3, 4π/3. tV denotes the spiral phase kernel for the limit of an infinite aperture.

The three equations 4.14 mean that the input light field without its zeroth Fourier
component is spiral filtered (i.e., convoluted with the spiral kernel) with three different
rotational positions α of the phase vortex filter. Then the unmodulated zeroth order
Fourier component a0 which has passed through the center of the spiral phase plate is
added as a constant plane wave. The squared absolute value of these three “interferograms”



CHAPTER 4. SPIRAL PHASE CONTRAST MICROSCOPY 98

corresponds to the intensity images which are actually recorded. The three equations 4.14
can be expanded to:

Iout1,2,3 = |(a− a0) ∗ tV |2 + |a0|2 (4.15)

+ [(a− a0) ∗ tV ] a∗0 exp (iα1,2,3)

+ [(a− a0) ∗ tV ]∗ a0 exp (−iα1,2,3) .

Here, a∗ symbolizes the complex conjugate of a number a. In order to reconstruct the
original image information a, a kind of complex average IC is formed by a numerical
multiplication of the three real output images Iout1,2,3 with the three known complex phase
factors exp (iα1,2,3), and subsequent averaging:

IC =
1
3

[Iout1 exp(−iα1) + Iout2 exp(−iα2) + Iout3 exp(−iα3)] . (4.16)

Analyzing this operation, it is obvious that the multiplication with the complex phase
factors exp (iα1,2,3) supplies the first and the third lines of Eq. 4.15 with a complex phase
angle of exp (−iα1,2,3), and exp (−i2α1,2,3), respectively, but it cancels the conjugate phase
term. The subsequent summation over the three complex images leads to a vanishing of
all terms with phase factors, since the three angles are chosen evenly distributed within
the interval between 0 and 2π. Thus the result is:

IC = [(a− a0) ∗ tV ] a∗0. (4.17)

Since it is the aim to reconstruct a, it appears reasonable to deconvolve Eq. 4.17, with the
inverse spiral kernel t−1

V :
IC ∗ t−1

V = (a− a0) a∗0. (4.18)

In practice, the deconvolution corresponds to a Fourier filter process with the function
exp (−iφ) and hence to a numerical spiral “back-transform”. Note that for this numerical
back-transform it is not necessary to consider the phase value of the central point in the
spiral phase kernel, since the zero-order Fourier component of IC is always zero. According
to Eq. 4.18, a can be restored by:

|a (x, y)| exp (i (ψ (x, y)− ψ0)) =
(
IC ∗ t−1

V + |a0|2
)

/ |a0| . (4.19)

There the complex image information a has been split into its absolute value and its phase.
Therefore, if the intensity |a0|2 of the constant zeroth order Fourier component of the input
image is known, it is possible to reconstruct the complete original image information a up
to an insignificant phase offset ψ0 , which corresponds to the spatially constant phase of the
zeroth order. Thus the final task is to calculate the intensity of the zeroth order Fourier
component of the input image |a0|2 from the three spiral transformed images. For this
purpose, we first calculate the “normal” average IAv of the three recorded images, which
is an image consisting of real, positive values, i.e.:

IAv =
1
3

(Iout1 + Iout2 + Iout3) . (4.20)
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Again, all terms within Eq. 4.20, which contain a complex phase factor exp(±iα1,2,3), will
vanish after the averaging, due to the fact that the three angles α1,2,3 are evenly distributed
within the interval 0 and 2π. The result is:

IAv =
∣∣(a− a0) ∗ t−1

V

∣∣2 + |a0|2 . (4.21)

Finally, the following equation is gained from comparing Eq. 4.21 with Eq. 4.17:

|a0|4 − IAv |a0|2 + |IC |2 = 0, (4.22)

from which one can calculate the desired value for |a0|2 as:

|a0|2 =
1
2
IAv ± 1

2

√
I2
Av − 4 |IC |2 . (4.23)

Note that using this equation, |a0|2 can be calculated for each image pixel individually,
although it should be a constant. For the ideal case of numerically simulated samples,
|a0|2 in fact delivers the same value at each image pixel. In practice there can be some
jitter due to image noise around a mean value of |a0|2, which is a direct measure for the
noise of the imaging system and thus delivers a useful consistency check. In numerical
tests and real experiments it turned out that in this case the best results are obtained by
searching the most frequently occurring value (rather than the mean value) of |a0|2 in a
histogram, and to insert this value for further processing of Eq. 4.19.

Interestingly, there are two possible solutions for the intensity |a0|2 of the zeroth order
Fourier component, which differ by the sign in front of the square root. In the two cases,
the constant intensity of the zeroth order Fourier component at each image pixel exceeds
or falls below one half of the average image intensity. This means that in the case of
a positive sign, most of the total intensity at an image pixel is due to the plane wave
contribution of the zeroth order Fourier component of the input image, and the actual
image information is contained in a spatially dependent modulation of the plane “carrier-
wave” by the higher order Fourier components. This always applies for pure amplitude
samples, and for samples with a sufficiently small phase modulation, which is typically the
case when imaging thin phase objects in microscopy. On the other hand, if the sample
has a deep phase modulation (on the order of π or larger) with a high spatial frequency,
the solution with the negative sign is appropriate. This happens, for example, for strongly
scattering samples like ground glass, where the zeroth order Fourier component is mainly
suppressed. In practice, our thin microscopic samples investigated to date have all been
members of the first group, where the positive sign in front of the square root in Eq. 4.23 has
to be used. After inserting |a0|2 from Eq. 4.23 into Eq. 4.19, the absolute phase topography
of the sample (up to an insignificant offset) is obtained by calculating the complex phase
angle of the right hand side of Eq. 4.19. Note that the sample phase profile is obtained in
absolute phase units, i.e., there is no undetermined scaling factor which would have to be
determined by a previous calibration. Furthermore, the transmission image of the sample
object can be computed by calculating the square of the absolute value of the right hand
side of Eq. 4.19. The result corresponds to a bright field image of the object, which could
be also recorded with a standard microscope. However, the transmission image of the spiral
phase filtering method has a strongly reduced background noise as compared to a standard
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bright field image, due to the coherent averaging of IC over a selectable number of shadow
images. There, all image disturbances which are not influenced by the phase shifting
during the different exposures (like readout-noise of the image sensor, stray light, or noise
emerging from contaminated optics behind the Fourier plane) are completely suppressed.
In practice, noise reduction and image quality can be even enhanced by a straightforward
generalization of the described method to the imaging of more than three shadow images.
The only condition for this generalization to multiple exposures is that the rotation angles
of the spiral phase plate are evenly spread over the interval between 0 and 2π.

4.6.2 Experimental results

The setup we used for the experiments described in the following is that for white light
(see Fig. 4.16). In order to produce spiral phase filtered images with an adjustable and
controlled shadow effect, a circular area in the central part of the vortex creating hologram
is substituted by a “normal” grating. It has a diameter on the order of the size of the
zeroth order Fourier spot of the incident light field (typically 100 µm diameter, depending
on the collimation of the illumination light, and on the focal lengths of the objective,
and the subsequent telescope lenses). There the zeroth order Fourier component is just
deflected (without being filtered) into the same direction as the remaining, spiral filtered
light field. A controlled rotation of the shadow images can then be performed by shifting
the phase of the central grating, or - as previously mentioned - by keeping the phase of
the central grating constant, but rotating the remaining part of the spiral phase hologram
(before calculating its superposition with a plane grating in order to produce the off-axis
hologram).

Fig. 4.27 shows the results of a quantitative examination of the “Richardson-slide” (see
also Fig. 4.25), which is a pure phase sample. (A)–(C) show three shadow effect images of
the Richardson slide, recorded at three spiral phase plate rotation angles of 0, 2π/3 and
4π/3 respectively. Each image is assembled by 4×2 individual images to enlarge the field
of view. The objective is an Olympus UPlanFl (60×, NA=1.25, oil immersion). Note that
no further image processing (like background subtraction etc.) was used. For compari-
son, Fig. 4.27(D) shows a bright field image of the sample, recorded by substituting the
spiral phase pattern displayed at the SLM with a pure grating. Some intensity variations
are visible, although the sample is a pure phase-object, which has already been explained
in chapter 4.3.1. The results for the transmitted intensity and phase from the numerical
processing of the three shadow effect images are shown in Fig. 4.27(E) and (F), respec-
tively. As expected, the measured bright field image in (D) is in good agreement with
its numerically obtained counterpart in (E). Obviously, the best contrast of the sample is
obtained from the phase of the processed image, displayed in image (F).

In order to check the accuracy of the method, a section of this phase image is compared
in Fig. 4.28 with an accurate surface map of the sample, recorded with an atomic force
microscope (AFM). Fig. 4.28(A) and (B) show the same section of the sample phase profile,
as recorded with the spiral phase method (A) and the AFM (B), respectively. The size of
the measured area is 25×25 µm2. The two images show a good qualitative agreement, i.e.,
even details like the partial damage of the sample in the lower right quadrant of the sample
are well reproduced by the spiral phase method. However, the resolution of the AFM is
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Figure 4.27: Imaging of a Richardson phase pattern. The total length of the two scale bars at the
right and lower parts of the image are 80 µm , each divided into 8 major intervals with a length
of 10 µm. (A), (B), and (C) are three shadow effect images recorded at spiral phase plate angles
of 0, 2π/3 and 4π/3, respectively. For comparison, (D) is a bright field image recorded with our
setup by substituting the spiral phase hologram at the SLM by a “normal” grating. (E) and (F) are
the corresponding intensity and phase images, respectively, obtained by numerical processing of the
shadow images (A)–(C) according to the method described in the text.

obviously much better, i.e., the actual spiral phase image becomes blurred in the third
ring (measured from the outside) of the Richardson pattern. Since the thickness of the
bars in the outer rings of the star are 3.5 µm (largest ring), 1.75 µm, 1.1 µm, 0.7 µm, and
0.35 µm, respectively, the actual transverse resolution of the spiral filtering method turns
out to be on the order of 1 µm. The effect of this limited spatial resolution becomes clearer
in Fig. 4.28(C), where the phase profile is plotted as a surface plot with absolute etching
depth values in nm as obtained by the numerical processing. Obviously, the contrast of the
method (i.e., the height of the inner parts of the sample) decreases if the spatial resolution
comes to its limit, which is the case for structure sizes below 1 µm. However, for larger
structures, the contrast and the measured phase profile are independent of the shape or
the location of the structure, i.e., in Fig. 4.27(F), different etched objects (like the maple
leaves, circles and square, and the Richardson star) show the same depth of the phase
profile within a range of 10%.

However, there is one drawback concerning the measured absolute depth of the phase
profile. The comparison of the groove depths measured by the AFM (240±10) nm and the
spiral contrast method (150±20) nm reveals that our method underestimates the optical
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Figure 4.28: Comparison of the spiral phase contrast method with data obtained from an atomic
force microscope (AFM). (A) shows a section from the sample displayed in Fig. 4.27(F), which
corresponds to the section (B) scanned with the AFM. In (C), the phase topography of the selected
section as measured with the spiral phase method is displayed as a surface plot, with the calculated
depth of the etched pattern scaled in absolute units. It turns out that the pattern depth measured with
the spiral phase method seems to be (150±20) nm as compared to the AFM reference measurement,
where a depth of (240±10) nm is obtained.

path length difference by almost 40%, which disagrees with the theoretical assumption that
the spiral phase method should measure absolute phase values even without calibration.

More detailed investigations showed that this underestimation is due to the finite spatial
coherence length of the white light illumination (emerging from a fiber with a core diameter
of 0.4 mm) which is not considered in the theoretical investigation of the previous section.
As discussed in section 4.3.2, the limited spatial coherence of the illumination results in
a zeroth order Fourier spot in the SLM plane, which is not diffraction-limited but has an
extended size, i.e., it is a “diffraction disc”. All the other Fourier components of the image
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field in the SLM plane are thus convolved with this disc, resulting in a smeared Fourier
transform of the image field in the SLM plane. Such a smearing results in a decrease of
the ideal anticipated edge enhancement (or shadow effect). However, since this edge en-
hancement effect encodes the height of a phase profile in the ideal spiral phase method, its
reduction due to the limited coherence of the illumination seems to result in an underesti-
mated profile depth. We tested this assumption by repeating similar measurements with
coherent TEM00 illumination from a laser diode. In fact the structure depth was measured
correctly within ±10% accuracy. However, for practical imaging purposes the longitudi-
nal coherence of the laser illumination is disturbing, since it results in laser speckles. In
contrast to the suppression of incoherent image noise (like background light) by the spiral
phase method, the coherent speckle noise is not filtered out. The spiral phase method can
nevertheless be used for a quantitative measurement of phase structures. This is due to
the fact that the apparent decrease of the phase profile does not depend on details of the
sample, but just on the setup. Therefore the setup can be calibrated with a reference test
sample like the Richardson slide. In our actual setup the results of further measurements
can be corrected by considering the 40% underestimation of the phase depth.

An example for such a measurement is shown in Fig. 4.29. A bright field image of the
cheek cell as recorded by substituting the spiral phase grating at the SLM with a normal
grating is displayed in (A). Image size is 25×25 µm2. (B–D) show three corresponding
shadow effect images recorded with the same settings as used for Fig. 4.27. Numerical
processing of these images results in the calculated intensity transmission (E) and phase

(A) (B) (C) (D)

(E) (F) (G)

Figure 4.29: Spiral phase imaging of a human cheek cell. The objective is a Zeiss A-plan (20×,
NA=0.45). (A) is a bright field image of the cell. (B–D) are three shadow effect images with
apparent illumination directions of 0, 2π/3 and 4π/3, respectively. (E) and (F) are numerically
processed transmitted intensity and phase profile images of the sample. (G) is a surface plot of
the phase profile, displaying the absolute calculated phase shift (without calibration correction) in
radians.
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profile (F) images. There, details of structures within the cell are visible with a high
contrast. The phase profile is plotted again in (G) as a surface plot, where the z-axis
corresponds to the computed phase profile depth in radians (without consideration of the
calibration factor). In order to find the actual optical path length difference of structures
within the sample, the phase shift at a certain position has to be multiplied by the corre-
sponding calibration factor of 1.6, and divided by the wavenumber (2π/λ, λ ≈570 nm) of
the illumination light. For example, the maximal optical path length difference between
the lower part of the cell (red in Fig. 4.27) and its surrounding is approximately 70 nm.
In order to calculate the absolute height of the cell, the difference of the refractive indices
between the cell and its surrounding (water) is required. On the other hand, if the actual
height of the cell was measured by another method (e.g. an AFM), then the refractive
index of the cell contents could be determined.

4.6.3 Optically thick samples

In the previous chapters, it was discussed how the topography of complex specimens can
be determined quantitatively using spiral phase filtering. It has also been demonstrated
that the “shadow effect” – which emerges when using an accordingly modified spiral phase
filter – gives a three dimensional impression of the observed object. The pseudo-relief
appears very similar to that of a DIC microscope, however, physically both effects have
to be discriminated. This becomes impressively clear, when optically “thick” samples (i.e.
samples showing an optical thickness in the order of one or more wavelengths) are observed
using spiral phase contrast. Such a thick sample in form of an immersion oil droplet is
shown in Fig. 4.30. Apparently, what appears as shadow effect at thin objects, evolves into
a single, continuously spiralled interference fringe in the case of thick samples 3.

Figure 4.30: Immersion oil droplet on a coverslip, viewed using the modified spiral phase filter.
What appears as shadow effect at thin objects, evolves into a single, continuously spiralled interfer-
ence fringe in the case of thick samples.

Considering Eq. 4.13, the reason for this spiral fringe becomes clear. Assuming a pure
phase specimen, the expression describing a spiral filtered wavefront simplifies to

â(~x) ∝ |a(~x)| exp (ψ(~x)) gPh(~x) exp (iδPh(~x)) , (4.24)

whereby the phase of the filtered light depends not only on the object phase ψ(~x) but also
on the geometric angle of the phase gradient δPh. Hence, also the position of interference

3A precondition is the use of sufficiently coherent light



CHAPTER 4. SPIRAL PHASE CONTRAST MICROSCOPY 105

fringes – which appear when the field of Eq. 4.24 interferes with a plane reference wave –
depends on the phase gradient. Two different points within the sample showing identical
values for ψ(~x) but unequal values for δPh will lead to different interference results. In
this manner it becomes clear that a closed isoline of equal phase ψ that surrounds a local
extremum and would lead to a closed fringe of equal brightness in classical interferometry
will cause an open spiral-shaped fringe in “spiral interferometry”, because the local phase
gradients along this isoline must necessarily cover direction angles ranging from 0 to 2π.
When using the anisotropic spiral filter as discussed in chapter 4.5, the zeroth order Fourier
component of the object will act as reference wave, thus causing the appearance of spiralled
fringes as shown in Fig. 4.30.

A very useful property of such spiralled fringes is that their rotational direction allow
to distinguish between local maxima and minima in the object phase. This is something
which is not possible in “classical interferometry”, where this basic ambiguity is usually
solved by incorporating multiple images, each captured with a changed parameter. Such
a parameter could, for instance, be the wavelength, or phase and angle of incidence of the
reference wave.

A researcher, who examines probes using a “holey” spiral phase filter, will consequently
be able to diagnose the qualitative phase structure of a sample at a first glance and without
mathematical post-processing (see Fig. 4.31). For “smooth” phase objects like the oil
droplet of Fig. 4.30, it is also possible to think of ways to grasp the surface topography
quantitatively. Such methods will be presented in the following chapter, which is mainly
based on our publication Jesacher et al. (2006a).

air bubbles

oil droplet
within an air
inclusion

Figure 4.31: Immersion oil with included air bubbles, sandwiched between two coverslips. It is
impossible to distinguish air inclusions from oil bubbles from a “classical” interferogram (left). The
spiral interferogram (right) allows classification according to the rotational sense of the spiralled
interference patterns.

4.6.4 Single-image demodulation of spiral interferograms

The presented demodulation techniques are based on the assumption that the filtered
wavefront is of the form â ∝ exp (i(ψ + δPh)), i.e. the field amplitude is constant. This
neglects the weighting by the amplitude of the phase gradient gPh, which also influences
the fringe positions. However, this effect, in our experience, is of little importance, except
very close to local extrema and saddle points.

According to this assumption, the fringe positions reflect the local values for ψ + δPh,
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modulo 2π, which implies that mod [ψ + δPh, 2π] is constant at positions of maximum fringe
intensity. The value of this constant can be selected in the experiment by adjusting the
phase of the zeroth order Fourier component (center of the spiral phase plate). Since δPh

is always perpendicular to the tangent of the local spiral fringe, characterised by αtan, we
obtain the relation mod[ψ + αtan, 2π] = C. Setting the arbitrary constant C to zero, we
may write

ψ = −αtan, (4.25)

up to multiples of 2π. Scaled to length units, this yields

h = −αtan
∆n λ

2π
, (4.26)

up to multiples of ∆n λ, where ∆n is the difference between the refractive indices of object
and surrounding medium and λ the illumination wavelength in vacuum.

According to Eq.4.26, a basic way to obtain the topographic information of a pure
phase sample from the interferogram is to process the spiral from one end to the other,
continuously assigning height information h to each point, the height being determined by
the angle of the spiral’s tangents.

In the following, two variants of single-image demodulations methods are presented,
which differ in the way they represent interference fringes by single lines.

Contour line demodulation

A quite simple way to obtain the surface profile is based on processing contour lines.
Fig. 4.32 demonstrates the process considering a practical example. Fig. 4.32(B) shows the
spiral interferogram of a deformation in a transparent glue strip. Structures of such shape
emerge due to internal stresses, when the rigidity of the film is decreased by controlled
heating-up using a heat gun. The opposite coiling directions of the spirals in the interfer-
ogram indicate, that the deformation consists of an elevation adjacent to a depression.

In a first step one single contour line (Fig. 4.32(C)) has to be constructed, which is a
closed line and connects points of equal intensity in Fig.4.32(B). This can be done using
standard image processing software. In our case, the software represents contour lines
by an oriented array of N pairs of corresponding (x, y)-vectors (N is the length of the
line), which makes their handling quite simple, because the height assignment according to
Eq. 4.26 can be carried out pointwise, following the contour line array from its beginning
to its end.

Unfortunately, this processing generates a systematic error: after assigning the height
information, i.e., adding a third “height”-dimension, the resulting curve always shows a
discontinuity: Start and end point of computer processing – which are directly neighboring
in the two dimensional contour line – are now separated in height by ∆n λ. This is a
consequence of the amount of clockwise and counterclockwise revolutions, which necessarily
differ by 1 in a closed two dimensional curve. However, this error is tolerable in many
cases, where an overview over the topography of an extended phase object is required with
a minimum of computational expense. In addition, the error can be corrected by further
processing, e.g., by cutting certain parts out of the line, as demonstrated in the example
of Fig. 4.32.
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Figure 4.32: Demodulation using contour lines: (A) shows the “classical” closed-fringe interfero-
gram of a deformation in a plastic film, (B) the according spiral interferogram. (C) and (D) show
a single contour line raw and after preprocessing, respectively. Finally, the reconstructed three-
dimensional shape is shown in (E) and (F).

In the following, an alternative way of single-image demodulation is presented, which
ab initio avoids this systematic error.

Center line demodulation

In the center line demodulation method, the spirals are represented by curves that follow
the intensity maxima. They are constructed from the spiral interferogram by applying an
algorithm that continuously removes pixels from the spiral boundaries until a “skeleton”
remains. As a result, one obtains a connected line following the maxima of the spiral
fringes, which is further processed similar to the contour line method described in the
previous section, i.e., the local tangential direction is calculated and transformed into
height information.
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In contrast to the contour line method, the maximum intensity line avoids the artificial
phase jump. However, the calculation of the maximum intensity positions cuts a line into
two parts at possible branching points of the fringes.

After calculation of the height characteristics for each branch according to Eq.4.26,
they are finally reconnected. This procedure ensures a quite accurate reproduction of the
profile (see Fig. 4.33(B)). In a final step, interpolation can be used to construct a continuous
surface (Fig. 4.33(C)).

(A) (B)

µm

µm

(C)

µm

µm

µm

µm

Figure 4.33: Demodulation based on center lines: (A) shows a “skeleton” of the spiral fringe
pattern, which roughly consists of connected intensity maxima. (B) and (C) show the reconstructed
three-dimensional shape.

In order to compare the still-remaining reconstruction errors of the contour line method
and the center line method, Fig. 4.34 shows the result of a numerical simulation that
assumes an input sample consisting of two Gaussian-shaped phase deformations. The
topographical reconstruction based on contour lines can be taken from Fig. 4.34(B), which
also shows the deviation from the original object. The standard deviation in this example
is 1.18 rad. Generally, the emerging error is influenced by many factors, such as specific
object shape, illumination wavelength, and the interpolation method used. In the present
example, the surface data between the contour lines have been acquired using cubic spline
interpolation. As in the contour line case, Fig. 4.34(C) illustrates the error analysis of the
center line method by means of a simulation. Here the standard deviation was determined
to be 0.87 rad. The center line method thus provides a more accurate reconstruction of the
object phase profile from a single interferogram compared with the contour line method
described before. This advantage, however, is at the expense of more computational effort,
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since a contouring algorithm is usually available in software packages, while a “fringe
tracking” algorithm may not be.

rad

radrad

rad

rad

(A) Original structure

(B) Contour-line reconstruction

(C) Center-line reconstruction
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Figure 4.34: Quantitative error analysis of the single-image-based demodulation methods. The
input object (A) of the simulation consists of two Gaussian-shaped phase deformations, (B) and (C)
show the results of the contour line and center line reconstruction methods, respectively, together
with their difference from the original phase sample. Note that the axis scalings of the error plots
are different from the scalings of the phase object graphs.

Remarks to the single-image demodulation methods

A common drawback of the presented single-image demodulation methods is that they are
both based on binary fringe images. The “skeletonizing” procedure used in the center line
method can just be applied to binary images, whereas the contour line method requires a
contour level which also discriminates between pixels lying above or below.

Fringe patterns, which show an inhomogeneous contrast, i.e. where fringes are of un-
equal brightness, may not be correctly binarized: Faintly visible fringes can totally fall
below the binarization level, whereas neighboring bright ones can “melt” to a single fringe.



CHAPTER 4. SPIRAL PHASE CONTRAST MICROSCOPY 110

However, it is a fact that the fringe contrast varies within a spiral interferogram. This
is demonstrated by means of a computer simulation (Fig. 4.35) and also apparent in the
spiralled interference pattern of the oil droplet in Fig. 4.30. The reason for this varying
contrast can be visualized by the phasor model (Fig. 4.36), which was already used for
explaining the phase contrast method in chapter 4.1.1. According to this model, filtering
with the modified spiral phase filter can be explained by three definite steps. The output
field at all points with the same phase gradient angle δPh is achieved by: (A) subtracting
zeroth order Fourier component from the phasors, which describe the complex fields at
these points; (B) rotating the phasors by δPh, which correspond to the phase shift intro-
duced by the spiral phase filter; (C) adding the zeroth order – which remained unchanged
by the filter – again.

Int.

yx

Figure 4.35: Computer simulation: Intensity of a Gaussian-shaped phase elevation, filtered with
the modified spiral phases filter. The fringe contrast varies within the object.

Real

Imag.

0th

(A)
subtract 0th

(B)
phase shift (=rotation)

according to dPh

Imag.

Real

Imag.

dPh

(C)
add 0th

order again

Imag.

Figure 4.36: Visualization of optical processing with the modified spiral phase filter. The phasors
in the sketch represent the complex fields on points with the same phase gradient angle δPh. The
output field on these points is achieved by: (A) subtracting zeroth order Fourier component from
the phasors; (B) rotating the phasors by δPh, which correspond to the phase shift introduced by
the spiral phase filter; (C) adding the zeroth order again. It becomes clear that the resulting fringe
contrast, which is determined by the relative length difference between the longest and the shortest
phasor, depends on δPh. The contrast even totally disappears for δPh=0.

It becomes clear that the resulting fringe contrast, which is determined by the relative
length difference between the longest and the shortest phasor, depends on δPh. The contrast
should even totally disappear for δPh=0. However, a totally vanishing fringe contrast was
never observed so far in simulations or experiments. This can be ascribed to the fact that
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Eq. 4.24 represents just an approximation.
Nevertheless, this effect makes it difficult to find a contour level, which is appropriate for

the whole interference spiral. This drawback can be provided by using more “intelligent”
demodulation techniques which can be applied to the non-binarized interference patterns.
For instance, one can think of an algorithm which directly tracks the line of local maxima
along a spiral fringe.

4.7 Summary and discussion

We examined optical processing with a spiral phase filter in theory and experiments. The
properties of vortex filtering were explained by an analytical approach, whereby the filtered
light field is proportional to the object’s amplitude and phase gradients. Interestingly, the
geometric angle of the gradients directly enter the phase of the light. This property leads
to “shadow effects” and spiralled interference fringes when one uses a “holey” filter, where
the vortex center has been replaced by a small circular area (about 100 µm diameter)
of uniform phase retardation. According to the Sparrow criterion, spiral phase filtering
has been found to improve the image resolution for incoherent light (+20%) , but to act
degrading for coherent light (-7%).

It was demonstrated, how a SLM can be integrated as flexible optical processor for both,
longitudinal coherent and white light. The presented setups allow the emulation of almost
arbitrary filter methods such as dark field or phase contrast.

The drawback of a narrow field of view can be avoided by using an on-axis phase vortex
filter. We tested the image quality obtainable with such a (lithographically manufactured)
glass filter and demonstrated that edge enhancing is still clearly present when using the
standard microscope illumination. A slight intentional “misalignment” of the on-axis filter
leads to shadow effects, similar to those achieved with a centrally pierced (“holey”) phase
filter and DIC microscopy.

It has been shown that spiral phase filtering with a “holey” vortex filter represents a
“self-referenced” interferometrical method, which allows quantitative examination of com-
plex samples. The filter modification prevents the zeroth order Fourier component of the
object from being modified by the vortex filter. As a consequence, it acts as plane reference
wave and leads to interference patterns on the CCD.

For optically thin samples, the resulting interference patterns create a “shadow effect” –
the specimen appears plastically and obliquely illuminated, resembling the pseudo-relief of
a DIC microscope. Interestingly, the shadow angles of amplitude and phase objects differ
by 90◦.

What appears as “shadows” in thin samples evolves to spiralled interference patterns
in the case of optically thick samples. Such specimens are overlaid by single coiled fringes,
the coiling direction of which determine the gradient directions of their phase functions.
Phase depressions and elevations can be distinguished from one single interferogram.

Generally speaking, quantitative determination of a specimen’s phase topography is
possible by numerical post-processing of a sequence of three or more shadow effect images
(only one image in the specific case of thick samples), recorded with different phase offsets
between the zeroth order Fourier spot and the remaining, spiral filtered part of the image
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field. After a straightforward numerical algorithm – which is based on established demod-
ulation methods – a complex image is obtained, which corresponds to the transmission
function of the imaged object.

For thin samples, it is sufficient to use light with low temporal (longitudinal) coherence,
which has the advantage of suppressing image-degrading interference speckles. However,
measurements performed at a thin phase sample calibrated with an AFM revealed that
the height of the phase profile is underestimated. This is due to limited spatial coherence
of the illumination system, which is a property of most white light sources and could be
avoided by using TEM00 illumination from a laser diode. However, low-coherence light can
still be used for quantitative phase measurements, if it is calibrated with a reference phase
sample.

Finally, it was demonstrated that the phase topography of thick samples, which show
spatially resolved spiral interference fringes, can be approximately determined from a single
fringe image. The presented single-image demodulation methods are potentially interesting
for the examination of very fast processes, for instance, for fluid dynamics imaging, because
they allow three-dimensional topography reconstruction based on a movie, recording the
interferograms developing in time.

Self-referenced phase measurements similar to those we have performed using the modi-
fied phase vortex filter can in principle also be done with a “normal” phase contrast method
by stepping the phase of the zeroth order Fourier component with respect to the remaining,
non-filtered image field (Kadono et al., 1994; Ng et al., 2004; Popescu et al., 2004). How-
ever, using a “normal” phase contrast method, the interference contrast depends strongly
on the phase difference, whereas the spiral phase method delivers images with equal (but
spatially inhomogeneous) contrast. Advantageously, the phase shifting in the case of spiral
phase filtering merely requires a rotation of an inserted spiral phase plate by the desired
phase angle, which cannot be achieved as easily with a “normal” phase contrast method.
In principle, the method can be also used in reflection mode for measuring surface phase
profiles with an expected resolution on the order of 10 nm or better, which can have appli-
cations in material research and semiconductor inspection. Furthermore, “normal” phase
contrast methods do not provide the possibility of a single-image reconstruction as it is the
case for special spiral-filtered thick samples.



Summary and Outlook

The outcomes of this thesis concern the development of new techniques which incorporate
twisted nematic SLMs for different biomedical applications.

The application of holographic laser tweezers to air-liquid interfaces was demonstrated
by different kinds of microbead manipulations. Some of the presented results (vortex
arrays) have been already reported previously by other groups, however, the main difference
of the presented methods is their application to interfaces. It was shown that even low NA
long distance objectives can be used for stable trapping within a two-dimensional interface.
The presented methods range from vortex pumps, which are able to generate fast rotating
fluid vortices, to steerable flows generated by vortex arrays consisting of individually and
interactively switchable “doughnut” modes. The methods give access to the measurement
of surface properties like viscosity and surface tension, which are of particular interest,
since they are dominant forces on a micro-scale.

Concerning the transfer of OAM, we demonstrated that this transfer is highly dependent
on the particle shape. Although this is well-known by the optical tweezers community, we
could additionally show that for particles, which are trapped by surface tension at an air-
liquid interface, the absorbed OAM can become negative with respect to the OAM of the
driving laser field. This phenomenon, which we examined experimentally and by numerical
simulations, could be explained by an asymmetric, prism-like particle shape, an asymmetric
radial intensity profile of the projected doughnut light field, and the particle confinement
in a two-dimensional plane. The results suggest that artificial particles could be optimized
for definite purposes, e.g. for optimal momentum transfer, and may thus play a role in
future considerations on optically driven nano-transport techniques.

A novel method for generating vector beams was presented. The setup allows to create
arbitrary mode structures with a specifically tailored polarization distribution by collinearly
superposing two beams, which are diffracted by two different holograms on a SLM. In
principle the method can achieve a mode conversion efficiency of 100%, since it makes
use of blazed diffractive structures. It requires only low longitudinal coherence, therefore
it can also be used with pulsed lasers. The computer-controlled SLM allows to switch
electronically between different mode structures at video rate. By inserting acousto-optic
modulators into the two separated beam paths in front of the SLM, a very fast polarization
modulation can be achieved (on a MHz or GHz scale), since the polarization state of the
resulting vector beam depends on the relative phase shift between the two beams. Alter-
natively, the Wollaston prism could be replaced by an acousto-optical modulator which
splits the input beam equally into a zeroth and first diffraction order. The controlled gen-
eration of vector beams is of practical interest in many areas like material processing and
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optical trapping. The beams are also of fundamental interest due to their specific axial
electric and magnetic field distributions, promising interesting interactions with dielec-
tric and magnetic materials, non-linear materials, optically active substances, fluorescent
molecules, and atoms in gases or magneto optical traps.

We introduced a novel method which utilizes the high sensitivity of Laguerre-Gaussian
beams to wavefront errors in order to optimize the flatness of SLMs. The technique retrieves
phase errors iteratively from a single snapshot of a distorted optical vortex and can be also
applied to SLMs which are integrated in optical systems, such as optical tweezers setups.
The method also corrects phase errors which originate from other optical components like
lenses or mirrors. Simulations showed that the method is sensitive to phase errors in the
range of milliradians, which makes it well suited for the correction of small aberrations,
which cannot be detected by alternative methods.

We demonstrated the applicability of a SLM for image filtering in microscopy. Inte-
grated into a Fourier plane of an imaging pathway, it acts as flexible phase filter, which can
emulate various contrast methods including dark field and phase contrast. We developed
setups for both, coherent and white light. In this context, we examined optical processing
with a spiral phase filter in theory and experiments. The method leads to strong isotropic
edge enhancement within both, amplitude and phase objects. Its properties were explained
by an analytical approach, whereby the filtered light field is proportional to the object’s
amplitude and phase gradients. According to a resolution criterion which has been anal-
ogously defined to the Sparrow criterion, spiral phase filtering has been found to improve
the image resolution for incoherent light (+20%) , but to act degrading for coherent light
(-7%).

It has been shown that spiral phase filtering with a “holey” vortex filter represents
a “self-referenced” interferometrical method, which allows quantitative examination of
complex samples. For optically thin samples, the resulting interference patterns create
a “shadow effect” – the specimen appears plastically and obliquely illuminated, resembling
the pseudo-relief of a DIC microscope. The shadow angles of amplitude and phase objects
differ by 90◦. What appear as “shadows” at thin samples evolves to spiralled interference
patterns in the case of optically thick samples. Such specimens are overlaid by single coiled
fringes, the coiling direction of which determine the gradient directions of their phase func-
tions. Phase depressions and elevations can be distinguished from one single interferogram.

We showed that in specific cases, quantitative determination of the topography of phase
samples is possible by evaluating a single spiralled interference pattern. Single-image de-
modulation methods are potentially interesting for the examination of very fast processes,
such as fluid dynamics imaging, because they allow three-dimensional topography recon-
struction based on a movie, recording the interferograms developing in time. Generally,
complex samples can be reconstructed by numerical post-processing of a sequence of at
least three different shadow effect images. The obtained complex image corresponds to the
amplitude and phase transmission of the examined object.

Finally, we tested a lithographically manufactured on-axis phase vortex filter and demon-
strated that edge enhancing is still clearly present when using the standard microscope il-
lumination. A slight intentional “misalignment” of the on-axis filter leads to shadow effects
similar to those achieved with a modified spiral phase filter and DIC microscopy.

In future, the presented results may have impact on optical micromanipulation as well
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as on optical microscopy. Manipulating microscopic fluid surfaces with light may allow
to extract physical parameters from liquid amounts in the range of microliters. Vector
beams – the polarization of which can be flexibly changed – may extend the possibilities of
optical micromanipulation and scanning microscopy techniques. Spiral phase filtering may
have a significant influence on microscopy, since it represents an isotropic edge enhancing
technique, which is easy to implement. Especially specific tasks such as cell counting or
image segmentation may benefit from this novel technique. Filtering with a “holey” phase
vortex may represent a possibly cheaper alternative to DIC, which also allows to examine
birefringent samples and to perform interferometrical measurements.
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Appendix A

Mathematical additions

A.1 Calculation of axial field components

For a light wave propagating in vacuum, one of Maxwell’s equations (Gauss’ law) has the
form

~∇ · ~̂
E(t, ~x) = 0, (A.1)

where ~̂
E(t, ~x) is the electric field vector. With the ansatz

~̂
E(t, ~x) = ~E(~x) exp (iωt− ikz) , (A.2)

which corresponds to a wave of wavenumber k propagating in z-direction, Eq. A.1 becomes

∂

∂x
Ex(~x) +

∂

∂y
Ey(~x) +

[
∂

∂z
Ez(~x)− ikEz(~x)

]
= 0. (A.3)

Assuming that the field amplitude remains approximately constant in z-direction (paraxial
approximation), the derivation after z can be neglected. Consequently, the axial electric
field amplitude Ez(~x) can be expressed as

Ez(~x) =
1
ik

[
∂

∂x
Ex(~x) +

∂

∂y
Ey(~x)

]
. (A.4)

The magnetic field vector ~̂
B(t, ~x) can be derived from another of Maxwell’s equations

(Faraday’s law of induction):

∂

∂t
~̂
B(t, ~x) + ~∇× ~̂

E(t, ~x) = 0. (A.5)

Assuming an oscillatory time dependance of the form exp (iωt), where ω is the angular
frequency, the equation becomes the form

iω
~̂
B(t, ~x) + ~∇× ~̂

E(t, ~x) = 0. (A.6)

Hence the axial magnetic field amplitude Bz(~x) can be written as

Bz(~x) =
i

ω

(
∂

∂y
Ex − ∂

∂x
Ey

)
. (A.7)
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A.2 Derivation of the spiral phase kernel

The convolution kernel basically is a Fourier transform (Reynolds et al., 1989) of the filter
function − exp (iθ):

tV (x, y) = − 1
λf

∫ ∫

Aperture

exp (iθ(kx, ky)) exp
(
−i

2π

λf
(xkx + yky)

)
dkxdky, (A.8)

where λ is the light wavelength and f the focal length of the lens.
The structure of the vortex filter suggests the introduction of polar coordinates:

x = r cosφ, y = r sinφ, kx = ρ cos θ, ky = ρ sin θ, (A.9)

which lead after simplification using a trigonometric sum formula to

tV (r, φ) = −exp (iφ)
λf

ρmax∫

ρ=0

2π∫

θ=0

ρ exp (−iθ) exp
(
−i

2π

λf
rρ cos θ

)
dρdθ. (A.10)

Eq.A.10 can finally be expressed as

tV (r, φ) =
2π

λf
i exp (iφ)

ρmax∫

ρ=0

ρ J1

(
2π

λf
rρ

)
dρ, (A.11)

using Eq. A.12, which gives an integral representation of the first kind Bessel functions
(Abramowitz and Stegun, 1970).

Jn(z) =
i−n

2π

2π∫

θ=0

exp (iz cos θ) exp (inθ) dθ. (A.12)

In its integrated form, the kernel has the form (Khonina et al., 1992)

tV (r, φ) = i exp (iφ)
πρmax

2r

[
J1

(
2π

λf
rρ

)
H0

(
2π

λf
rρ

)
− J0

(
2π

λf
rρ

)
H1

(
2π

λf
rρ

)]
,

(A.13)
where H0 and H1 are Struve functions of zero and first order, respectively.

A.3 Derivation of the vortex filter result

Inserting the first order approximation of Eq.4.12 into Eq.4.11 yields

â(~P ) ≈ a(~P )
N

2π∫

φP =0

Rout∫

rP =Rin

exp (iφP ) rP drP dφP + (A.14)

exp
(
iψ(~P )

)
gAm(~P )

N

∫ ∫
exp (iφP ) r2

P cos
(
φP − δAm(~P )

)
drP dφP +

i
a(~P )gPh(~P )

N

∫ ∫
exp (iφP ) r2

P cos
(
φP − δPh(~P )

)
drP dφP .
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Due to the integration over exp (iφP ), the first term equals zero. The following terms can
be simplified using the exponential forms of the cos-functions:

â(~P ) ≈
exp

(
iψ(~P )

)
gAm(~P )

2N


exp

(
iδAm(~P )

) ∫

φP

∫

rP

exp (i2φP ) r2
P drP dφP +(A.15)

exp
(
iδAm(~P )

) ∫

φP

∫

rP

r2
P drP dφP


 +

i
a(~P )gPh(~P )

2N


exp

(
iδPh(~P )

) ∫

φP

∫

rP

exp (i2φP ) r2
P drP dφP +

exp
(
iδPh(~P )

) ∫

φP

∫

rP

r2
P drP dφP


 .

The integrals containing exp (i2φP ) yield again zero. Integration of the remaining terms
finally leads to the form

â(~P ) ≈ 1
3

R3
out −R3

in

R2
out −R2

in

[
exp

(
iψ(~P )

)
gAm(~P ) exp

(
iδAm(~P )

)
+ (A.16)

i o(~P )gPh(~P ) exp
(
iδPh(~P )

)]
.

Here, the scaling factor N has been replaced by
(
R2

out −R2
in

)
π.
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