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Abstract
Due to its non-invasive access to sub-cellular structures, far-field fluorescence microscopy constitutes one of the most prevalent methods in the life sciences. For more than one century, it had
been common knowledge that the resolution is fundamentally limited by diffraction. Within the
last decades, this constraint has been repealed by super-resolution concepts based on molecular
transitions between a bright and a dark state of specific fluorophores. In STED (Stimulated
Emission Depletion) microscopy, the excitation focus is superposed with an intensity distribution that depletes the fluorescence via stimulated emission wherever its intensity is non-zero.
The depletion focus is typically doughnut-shaped, allowing for a directly accessible resolution
enhancement in all lateral directions. The achievable resolution in STED microscopy is theoretically unlimited and directly linked to the STED laser power, which already raises a concern:
The application of high depletion laser powers might induce additional photo-bleaching to fluorophores or photo-damage to biological samples. Consequently, there is a great demand for
STED microscopes that operate at reduced depletion laser powers, while preserving resolution
conditions.
In the thesis presented here, a novel two-dimensional STED microscopy variant that bases on
the utilization of a one-dimensional depletion focus is introduced. Contrary to the classical implementation, the STED laser power is not distributed to a doughnut-shaped depletion pattern
but concentrated along a single direction. Due to higher local intensities in the depletion pattern, the same one-dimensional resolution enhancement as in the conventional STED approach
can be obtained at approximately half the depletion laser power.
For an isotropic resolution enhancement in all lateral directions, a sequence of images with
differently oriented high-resolution axes has to be recorded. Therefore, the one-dimensional
depletion pattern has to be rotated along a rotary axis that is perpendicular to the focal plane
and intersects with the focal center. Via appropriate reconstruction algorithms, it is possible to
transfer the high-resolution information of each individual frame of one-dimensional resolution
enhancement to a final image with quasi-homogeneous resolution. Since the outlined image
acquisition and processing is reminiscent of tomographic approaches, our method is referred to
as ‘tomographic STED microscopy’.
Besides the more efficient resolution enhancement along one direction, our new STED variant
contains a further intrinsic advantage when compared to classical approaches. As the fluorescence is only constrained along one dimension, tomographic STED microscopy profits from a
higher flux of fluorescence photons as compared to the conventional STED variant which is
particularly advantageous when choosing the same or even a shorter total recording time.
Since an image of same quality, in terms of resolution and signal, can be obtained with half
the STED laser power and within equal or even lower total acquisition time when compared to
the classical approach, tomographic STED microscopy has the potential to substantially reduce
photo-bleaching and photo-damage. Our new STED variant thereby paves the way towards
new fields of applications for STED microscopy.

Zusammenfassung
Die Weitfeld-Fluoreszenzmikroskopie stellt eine der am meisten eingesetzten Methoden in den
Lebenswissenschaften dar, da sie einen nicht-invasiven Einblick in subzelluläre Strukturen ermöglicht. Für mehr als ein Jahrhundert wurde die Beugungsgrenze als grundlegende Limitierung der Auflösung erachtet. Innerhalb der letzten Jahrzehnte wurde diese Annahme durch die
Entwicklung von Hochauflösungs-Konzepten, basierend auf molekularen Übergängen zwischen
einem hellen und einem dunklen Zustand spezifischer Fluorophore, widerlegt. Bei der STED(Stimulated Emission Depletion) Mikroskopie wird der Anregungsfokus mit einer Intensitätsverteilung überlagert, die die Fluoreszenz durch stimulierte Emission in den Bereichen auslöscht,
in denen ihre Intensität ungleich Null ist. Dieser Abregungsfokus weist für gewöhnlich eine
Donut-förmige Intensitätsverteilung auf, die eine simultane Auflösungserhöhung in alle lateralen
Richtungen ermöglicht. Die erzielbare Auflösungserhöhung ist theoretisch unbegrenzt und skaliert mit der Laserleistung des Abregungsstrahls. Der Einsatz von hohen STED-Laserleistungen
kann allerdings zusätzliches Bleichen von Fluorophoren oder eine zusätzliche lichtinduzierte
Schädigung von Proben bewirken. Demzufolge besteht ein hoher Bedarf für STED-Mikroskope,
die bei niedrigeren Laserleistungen des Abregungsstrahls operieren und dabei die Auflösungsbedingungen erhalten.
In der vorliegenden Arbeit wird eine neue Variante der zweidimensionalen STED-Mikroskopie
vorgestellt, die auf der Anwendung eines eindimensionalen Abregungsfokus basiert. Im Gegensatz zur klassischen STED-Implementierung wird die Laserleistung des Abregungsstrahls nicht
auf den Donut-förmigen Abregungsfokus verteilt, sondern entlang einer einzelnen Richtung konzentriert. Aufgrund der daraus resultierenden höheren lokalen Intensitäten des Abregungsfokus
kann bei etwa der halben STED-Laserleistung die gleiche eindimensionale Auflösungserhöhung
erzielt werden wie in der konventionellen STED-Mikroskopie.
Um eine isotrope Auflösungserhöhung in alle lateralen Richtungen zu erhalten, muss eine Sequenz von Bildern mit unterschiedlich orientierten Achsen der eindimensionalen Auflösungserhöhung aufgenommen werden. Dafür wird das Abregungsmuster um eine Rotationsachse gedreht,
die senkrecht zur Fokalebene den Fokus zentral schneidet. Mittels geeigneter Rekonstruktionsalgorithmen ist es möglich, die Auflösungserhöhung aus den Einzelbildern vollständig in ein
finales Bild mit annähernd isotroper Auflösung zu übertragen. Da die beschriebene Aufnahmeprozedur Analogien zu tomographischen Konzepten aufweist, bezeichnen wir unsere neue
Methode als „tomographische STED-Mikroskopie“.
Neben der effizienteren eindimensionalen Auflösungserhöhung weist unsere neue STED-Variante
einen weiteren, intrinsischen Vorteil gegenüber klassischen Ansätzen auf: Durch das eindimensionale Abregungsmuster wird die Fluoreszenz nur in eine Richtung eingeschränkt und somit
profitiert die tomographische STED-Mikroskopie im Vergleich zu der konventionellen STEDVariante von einem höheren Fluoreszenz-Photonenfluss. Dieses zusätzliche Signal ist insbesondere dann von Vorteil, wenn die gleiche oder sogar eine niedrigere Gesamtaufnahmezeit als in
der konventionellen STED-Mikroskopie angestrebt wird.

X

Zusammenfassung

Bezogen auf die Auflösung und das Signal kann mittels der tomographischen STED-Mikroskopie
die gleiche Bildqualität mit etwa der halben STED-Laserleistung und innerhalb gleicher oder
sogar kürzerer Aufnahmezeit realisiert werden. Dadurch hat unsere neue Methode das Potential,
das Bleichen von Fluorophoren und die lichtinduzierte Schädigung von Proben wesentlich zu
reduzieren und eröffnet somit neue Anwendungsfelder für die STED-Mikroskopie.

1 Introduction
Far-field fluorescence microscopy represents a well-established method in the life sciences as it
provides not only non-invasive access to sub-cellular structures, but also features high molecular specificity through fluorescence labeling. Due to diffraction, the resolution of conventional
light microscopy in the focal plane is limited to about half the wavelength of the light used.
This constraint can be surpassed by implementing concepts based on optical switching events
between bright on-states and dark off-states of fluorophores [31, 32].
Techniques like RESOLFT (Reversible Saturable Optical Fluorescent Transition) or STED
(Stimulated Emission Depletion) microscopy employ a targeted switching scheme to precisely
define the area in which the fluorophores are in a specific fluorescent state. In STED microscopy,
the excitation focus is superposed with a, typically doughnut-shaped, light pattern which depletes the fluorescence by stimulated emission wherever its intensity is non-zero [33, 37]. STED
microscopy proved to provide a resolution of down to 20 nm and has gained a lot of recognition
in the last two decades [28, 40].
However, STED microscopy requires focal laser intensities in the range of GW/cm2 as the fluorescence detection volume is decreased through saturated depletion of the fluorescent state of the
dye. These high intensities induce photo-stress to the fluorophore and, likewise, photo-damage
to the observed sample [28, 31, 59]. In general, concepts for reducing the depletion intensity
are based on changing the type of transition between the on- and off- states of the molecule. In
particular, GSD (Ground State Depletion) microscopy utilizes a long-living metastable triplet
state to decrease respective intensities [32, 35]. Furthermore, the acquisition time in STED microscopy is limited by the number of emitted photons. As this number is decreased by reducing
the size of the fluorescent spot, compromises between resolution enhancement and acquisition
speed need to be made in many cases [64]. It has been shown that the parallelization of STED
and RESOLFT techniques provides an opportunity to set down acquisition times [6, 14, 59].
All the beforehand listed methods have in common that, in all dimensions of interest, the
resolution is simultaneously increased. This fact appears perfectly reasonable and, moreover,
natural. However, an excursion into the history of STED microscopy shows that the first generation of a 2D depletion pattern was achieved through either the incoherent or the coherent
superposition of two 1D depletion patterns [41]. Instead of a circularly symmetric arrangement,
a 1D depletion pattern exhibits a line of zero intensity and increases therefore the resolution in
only one direction. It was found that, along this particular direction, the application of a 1D
depletion pattern results in a higher resolution increase than a doughnut shaped distribution
when the same depletion laser power is provided [41]. Anyhow, a directly accessible 2D resolution enhancement was intended and is nowadays common practice. For sake of clarity, the
conventional STED implementation, implying the utilization of a doughnut-shaped depletion
pattern, is subsequently referred to as ’2D STED’. Note that the following considerations imply
two-dimensional STED approaches but can be extended to any RESOLFT variant.

2

1 Introduction

The principle of the novel STED microscopy approach presented here is based on the beforehand
depicted but hitherto neglected findings about the one-dimensional resolution enhancement. Intentionally, we revert to the 1D depletion pattern to obtain a more efficient resolution increase
along the respective direction (see section 2.3.1). Providing a two-dimensional imaging technique, a homogeneous resolution enhancement in both directions must be obtained. Therefore,
the 1D depletion pattern is rotated and sub-images under various depletion pattern orientations and thus, with differing high-resolution axes, are acquired. Subsequently, an assembled
image with isotropic resolution enhancement is reconstructed computationally (see section 3.4).
The rotation of the one-dimensionally sub-resolved line can be related to tomographic methods.
On the basis of hereafter outlined similarities, this new STED microscopy variant is referred to
as ‘tomographic STED microscopy’ (abbr.: tomoSTED).
The term ‘tomography’ summarizes non-invasive imaging procedures in which slices or sections
(gr.: tomos) are captured (gr.: graphé) individually. Among a wide variety of tomographic
approaches, differing in irradiation, light–sample interaction and signal acquisition, X-ray computerized tomography (CT) has emerged as the most prominent method [38]. The following
considerations are presented in analogy to X-ray transmission tomography but can be adapted
to any tomographic variant.
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Figure 1.1: Image acquisition in tomography and tomoSTED microscopy. (a) Demonstration of the
X-ray CT imaging process for one sample slice. Along the beam direction, sample features smaller than
the respective specimen dimension can not be directly accessed (modified in accordance to [54]). (b) In
tomoSTED microscopy, the restricting dimension is determined by the confocal resolution. In this case,
the intensity is recorded via a point detector.
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In X-ray CT, the slicing or sectioning refers to the composition of a three-dimensional object
by imaging a set of parallel cross sections [54]. Each of those slices is recorded as illustrated in
figure 1.1(a). Information about features within the object can not be directly accessed by the
non-invasive acquisition method. Therefore, the sample is scanned under an adequate number
of imaging orientations φT . For each orientation, the light source is moved along an axis that is
parallel to the detector array. For each position u, the intensity is recorded by an array detector
and provides information about the corresponding sample composition along a line, e.g. L. The
principle of image assembly in tomography is outlined in section 3.4.2.
The image acquisition in our STED microscopy variant exhibits many similarities to the tomographic procedure, as illustrated in figure 1.1(b). In tomoSTED microscopy, the non-accessible
structure is given by the diffraction-limited spot. In the depicted example, the high-resolution
axis of the 1D spot encloses an angle of φ with the x-axis. Perpendicular to the scanning
direction u, the recorded intensity does not include information about features smaller than
the confocal dimension. Similar to the imaging orientation in X-ray CT, the 1D spot must be
rotated. The necessary number of depletion pattern orientations is deduced in section 2.3.2.
The here presented STED variant offers several benefits over conventional 2D STED microscopy.
In particular, tomoSTED microscopy promises a higher two-dimensional resolution enhancement than 2D STED microscopy while operating at the same depletion laser power. Likewise,
the depletion laser power in tomoSTED microscopy can be reduced to obtain the same resolution enhancement as in the conventional implementation. The latter case is not only of utmost
importance when considering sample-preservation but also when the available laser power is
limited.
Since the fluorescence signal is restricted in only one instead of two directions, tomoSTED microscopy furthermore profits from a gain in signal. By conserving a higher number of emitted
photons, the acquisition time may be reduced when compared to the classical approach.
Based on the here depicted aspects, the reduction of depletion laser power and the decrease
in acquisition time, tomoSTED microscopy may irradiate the sample with a very low light
dose. Our method has therefore the potential to substantially reduce photo-damage and photobleaching.
This thesis mainly focuses on tomoSTED microscopy as a high-resolution imaging technique.
Yet, the here presented novel STED microscopy variant paves the way towards applications
beyond sub-resolved imaging.

2 Theoretical Framework
Via the description of STED microscopy basics, the feasible advantages of tomoSTED microscopy over classical 2D STED microscopy are exposed. For simplicity, the theoretical elucidation begins with a comparison of the one-dimensional resolution enhancement for both, the
implementation of a helical phaseplate and the utilization of a 1D phasemask. Subsequently,
the assembly of a two-dimensionally sub-resolved image in tomoSTED microscopy is discussed.
All calculations are performed in the lateral plane, since this project evaluates tomoSTED
microscopy as a 2D imaging method.

2.1 Abbe’s resolution limit
A lens-based light microscope generally focuses a propagating beam of light to an assigned point
in space. The diffraction-limited intensity peak of the resultant interference pattern is referred
to as the focal spot. In case several fluorescence markers are illuminated by this finite-sized
spot, they cannot be spatially discerned. Moreover, the collection of the emitted light leads to
a blur in detection, since also the fluorescence propagates through lenses [32]. Consequently,
the illumination as well as the detection path contribute to the effective resolution of an optical
system.
The effective resolution can be quantified by the full width at half maximum (FWHM, ∆)
of the so called Point Spread Function (PSF). The latter predicts the obtainable image of an
infinitesimally small spot-emitter [10, 43]. If the PSF is space-invariant, the observed image
I(x, y) is a convolution of the light-emitting object O(x, y) with the PSF h(x, y) [23] and hence,

I(x, y) = (O ∗ h) (x, y).

(2.1)

The following calculations hold for a confocal implementation. This implies that, additionally
to a point-like illumination, a point-like detection is introduced [48], theoretically improving the
√
lateral resolution by a factor of 2 [32]. The effective PSF hconf (x, y) of a confocal microscope
can be well-approximated by a Gaussian profile in the vicinity of the focal spot [28]. Thus,
2

hconf (x, y) =

2

− 12 x 2+y
1
σ
conf
·
e
2
2πσconf

(2.2)

with σconf denoting the standard deviation. Since hconf (x, y) is normalized such that
ZZ
hconf (x, y)dxdy = 1,

(2.3)
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the overall intensity equals one. For hconf , the FWHM ∆conf is related to the standard deviation
σconf via
√
∆conf = 2 2ln2 · σconf ≈ 2.35 · σconf .

(2.4)

The diffraction limit, also known as Abbe’s resolution limit [1], restricts the confocal FWHM
∆conf to
∆conf ≈

λ
2NA

(2.5)

with λ identifying the wavelength of the propagating light. The numerical aperture NA of the
objective lens is specified by its half aperture angle α and the refractive index n of the medium
via
NA = n sin α.

(2.6)

Since only segments of a spherical wavefront can be collected
by a single conventional objective lens, the axial extent of
a confocal, three-dimensional PSF exceeds the lateral significantly [43]. The corresponding FWHM ∆conf,z amounts

x

to
∆conf,z ≈ λ.

(2.7)

Although objective lenses with high NA are exploited,
a resolution of ∆conf ≈ 200 nm in the lateral and
∆conf,z ≈ 500 nm along the axial direction can not be surpassed by confocal microscopy with visible light [33]. A
diffraction-limited PSF with typical dimensions is illustrated Figure 2.1: Exemplary intensity
distribution in the x-z plane of a
in figure 2.1.
focal spot with α as the half aperture angle of the objective lens. Via
During the last decades, super-resolution techniques a confocal configuration, only the
have evolved.
Aperture enhancing approaches like main maximum of the 3D illumination spot (blue) is detected (green)
I 5 M (Image Interference Microscopy with Independent (modified in accordance to [32]).

Incoherent Illumination) and 4Pi microscopy or reassignment techniques like ISM (Image Scanning Microscopy) and SIM (Structured Illumination
Microscopy) are still fundamentally restricted by diffraction. Yet, the listed methods have
demonstrated an effective resolution of ≈ 100 nm in either the axial direction or in the lateral
plane [26, 27, 36, 49].

2.2

Introduction to STED microscopy
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The involvement of fluorophore photophysics or photochemistry eventually paved the way towards theoretically unlimited resolution [39]. Amongst other techniques, STED microscopy is
based on the optical switching of fluorophores.

2.2 Introduction to STED microscopy
As mentioned before, STED microscopy exploits molecular transitions between a light-emitting
and a dark state to precisely define the sub-resolved area. The switching process utilized in
STED microscopy can be visualized via a Jablonski diagram (see figure 2.2(a)). Here, the
energetic level S0 is the ground singlet state, expanded by higher vibronic levels S0,vib . The
same applies for S1 , the first excited singlet state. Intersystem crossings, e.g. the transition to
a triplet state T1 and the radiative transmission resulting from the return to the singlet state
(phosphorescence), are only included for the sake of completeness.
In the depicted switching scheme, S0 describes the non-fluorescent or dark state. The absorption of light excites the molecule from S0 to a vibronic level S1,vib . Since the transition can
terminate in any vibronic level of S1 , not only light of a single wavelength but moreover of a
range of wavelengths can be absorbed. Figure 2.2(b) shows an exemplary absorption spectrum.
Anyhow, the molecule is now in a fluorescent or in the so-called bright state [30].
After a specific fluorescence lifetime τfl , typically in the order of 1 ns, the molecule can spontaneously return to its ground state. Thereby, the corresponding energy step is converted into
the emission of a photon. This process is known as fluorescence and characterized by the
fluorescence rate kfl with
kfl = τfl −1 .

(2.8)

The preferred energy path back leads from the lowest vibrational state of S1 to any vibrational
state of S0 [42]. The preceding vibrational relaxation results in a non-radiative reduction of
energy and thus, the emission spectrum is red-shifted with respect to the absorption spectrum.
An alternative process to depopulate S1 is known as stimulated emission. Here, a photon
with a wavelength that matches the energy gap between S1 and S0 stimulates the transition to
the ground state [58]. Light with the same properties as the stimulating photon is emitted. By
irradiating an excited molecule with a suitable light source, fluorescence can be selectively suppressed. Obviously, this type of depopulating, known as stimulated emission depletion (STED),
must proceed within the fluorescence lifetime τfl to prevent spontaneous emission and thus, fluorescence [37].
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S1,vib
STED range

T1,vib
T1
k

S0,vib

(b)

(a)

Figure 2.2: Molecular transitions of an organic fluorophore: (a) The Jablonski diagram depicts transitions between energetic levels, marked by arrows and the corresponding transition rates. Non-radiating
vibrational relaxations are illustrated by curved arrows (modified in accordance to [30]). (b) Exemplary spectrum for excitation and emission, including the STED wavelength regime, for Abberior STAR
635 P (Abberior GmbH, Germany). The depletion wavelength is at the outer edge of the fluorescence
spectrum, allowing to spectrally separate the stimulated emission from the fluorescence light [2].

In the following, it is considered that the depletion is performed with a pulsed laser. The latter
has a pulse duration of τpulse and a pulse fluence JSTED , measured in photons per area per pulse
[20]. The probability pS1 to find the molecule in the excited state after the STED pulse has
passed decreases exponentially with the STED pulse fluence JSTED [19, 20] according to
pS1 ∝ e−γSTED JSTED .

(2.9)

The cross section γSTED quantifies the likelihood of a molecule to interact with the STED
photon and scales with the fluorescence lifetime τfl of the molecule. It follows that lower STED
laser pulse fluences are required for fluorophores providing a long fluorescence lifetime [33].
The transition rate for the depletion process kSTED , as illustrated in figure 2.2(a), is defined as
kSTED = γSTED JSTED .

(2.10)

The inhibition of fluorescence allows STED microscopy to shrink down the focal spot. Conceptually, the excitation spot is superposed with a STED light focus. The latter is typically
doughnut-shaped and depletes the fluorescence wherever its intensity is non-zero. Ideally, the
zero passage of the inhibition light coincides exactly with the focal center.
The resultant resolution strongly depends on the so-called suppression factor η, which is defined as the remaining fluorescence at a position (x, y) in presence of a depletion pattern [28].
Typically, the depletion pattern varies in space and therefore, also the pulse fluence must be
considered as a function of (x, y) for the following calculations. For an isotropic distribution of

2.2
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dipole orientations, the functional behavior of the suppression factor can be well-approximated
by an exponential [20]. It follows
η(x, y) = e−γSTED JSTED (x,y) .

(2.11)

Contrary to the spatial distribution of the pulse fluence JSTED (x, y), the overall STED laser
power in the objective plane, PSTED , is a quantity which is instantaneously tangible in experiments. By taking the repetition rate krep and the photon energy of the depletion laser into
consideration,
P̃STED =

PSTED
hc
krep · λSTED

(2.12)

is specified as the number of photons per pulse. Here, h denotes Planck’s constant, c the speed
of light in vacuum and the wavelength of the STED light is given by λSTED . Furthermore,
it is defined that the integral of the depletion pattern distribution, quantified by the PSF
hSTED (x, y), is one and thus,
ZZ
hSTED (x, y) dxdy = 1.

(2.13)

The spatial distribution of the pulse fluence can be easily related to the overall number of
photons per pulse and the depletion pattern distribution. In particular,
JSTED (x, y) = C · P̃STED · hSTED (x, y)

(2.14)

with C as an unknown constant. With eq. (2.13),
ZZ

ZZ

JSTED (x, y) dxdy =
C · P̃STED · hSTED (x, y) dxdy
ZZ
= C · P̃STED ·
hSTED (x, y) dxdy = C · P̃STED

P̃STED =

(2.15)

and thus, C = 1. In accordance to eqs. (2.14) and (2.15), also the relation
JSTED (x, y) = P̃STED · hSTED (x, y)

(2.16)

holds true.
The effective PSF heff (x, y) is the product of the PSF hconf (x, y), indicating the intensity distribution of the confocal spot, and the suppression factor η(x, y). The equation
heff (x, y) = hconf (x, y) · η(x, y)

(2.17)
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shows that the factors hconf (x, y) and η(x, y) are independent. With eqs. (2.11) and (2.16), the
narrowed PSF depends on hSTED (x, y) according to
2

2

− 12 x 2+y
1
heff (x, y) =
· e σconf · e−γSTED P̃STED hSTED (x,y)
2
2πσconf

(2.18)

Further calculations quantify hSTED (x, y) and thus, imply the differences between a 2D and a
1D depletion pattern. They are therefore subject to section 2.3.1.

2.3 Assessing the potential of tomographic STED
microscopy
As outlined in chapter 1, the tomoSTED principle bases on the utilization of a 1D depletion
pattern. In section 2.3.1, the resolution increase along the high-resolution axis is quantified
and compared to the resolution enhancement in the classical 2D STED approach. To obtain
an isotropic resolution increase in two dimensions, the 1D depletion pattern has to be rotated
and a sequence of images with differing 1D sub-resolved axes has to be recorded. The transfer
of high-resolution information into an assembled image is discussed in section 2.3.2 and again
compared to the conventional 2D STED approach.

2.3.1 Resolution enhancement along one direction for different depletion patterns
Following eq. (2.18), the resolution enhancement strongly depends on the depletion pattern
distribution hSTED (x, y). In 2D STED microscopy, the doughnut-shaped depletion focus induces
a resolution increase along both axes, x and y. For this configuration, hSTED2D can be wellapproximated by a two-dimensional parabola in the close vicinity of the focal spot. The 1D
depletion pattern in tomoSTED microscopy provides a one-dimensional resolution enhancement,
assumedly along the x-axis. In this case, the depletion pattern distribution is approximated by
a one-dimensional parabola and thus,

1
a2D · x2 + y 2 ,
2ln2
1
hSTED1D (x, y) ∼
a1D · x2 .
=
2ln2
hSTED2D (x, y) ∼
=

(2.19)

The depletion patterns are determined by the pattern steepness factors a2D and a1D , respectively.
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With eqs. (2.18) and (2.19), the effective PSFs for both cases are found to be
−x
1
e
heff2D (x, y) ∼
=
2
2πσconf

2 +y 2
2

2

− x2
1
heff1D (x, y) ∼
e
=
2
2πσconf





γ
1
P̃STED ·a2D
+ STED
ln2
σ2
conf

γ
1
+ STED
P̃STED ·a1D
ln2
σ2
conf


−



,
y2
2σ 2
conf

(2.20)
.

The STED laser fluence per pulse that is necessary to suppress the fluorescence in the focal
plane by a factor of two is referred to as the saturation fluence Jsat . According to eq. (2.11),
Jsat =

ln2

(2.21)

γSTED

holds true. In analogy to eq. (2.12),
P̃sat =

Psat
hc
krep · λSTED

(2.22)

relates the determinable saturation laser power Psat in the pupil of the objective to the number
of photons per pulse. Contrary to JSTED (x, y), Jsat is not spatially varying but rather a universal
quantity. Thus,
P̃sat = Jsat · A

(2.23)

with A denoting the area of the focal spot. Since this area is the same for both STED phasemask
variants, A is set to unity for the following considerations without limiting the generality.
Therefore, eqs. (2.21) and (2.23) can be summarized to
P̃sat ≈ Jsat =

ln2
γSTED

.

(2.24)

The quantity P̃sat includes not only universal dye properties (e.g. fluorescence lifetime, optical
cross-section, transition rates) but also laser characteristics (e.g. wavelength, pulse length).
With eqs. (2.20) and (2.24), the narrowed standard deviation along x, σSTED , amounts to
1
σSTED ∼
.
= σconf q
2
1 + σconf
·a·ζ

(2.25)

Here, the pattern steepness amounts to a = a2D for 2D STED microscopy and a = a1D refers
to the 1D depletion pattern. The quantity ζ is defined as
ζ=

P̃STED
PSTED
=
Psat
P̃sat

(2.26)
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and depicts the so-called saturation factor. It follows from eq. (2.26) that ζ is independent of
krep , when P̃STED and P̃sat are determined at the same repetition rate of the laser. In accordance
to eqs. (2.25) and (2.26), the resolution scales inversely with the square-root of the STED laser
power PSTED .
Note that the definitions in eqs. (2.25) and (2.26) differ somewhat from literature (see e.g.
reference [28]). The present notation has the advantage that differences in the resolution enhancement obtainable with the 2D and the 1D depletion pattern can be directly ascribed to
the pattern steepness a2D and, likewise, a1D . In particular, Psat is here defined as a universal
quantity and the STED power PSTED can be kept constant. According to eq. (2.25), a difference
in resolution enhancement for same Psat and PSTED must arise from a difference in the pattern
steepness factors. Geometrical impacts like the NA, the beam size diameter and, in particular,
the chosen phase modulation contribute to a.
The phasemask conventionally employed in 2D STED microscopy is shown in figure 2.3(d).
The helical phase plate imprints a respective phase shift of π to laterally opposing waves of the
STED beam. For circularly polarized light, the well-known doughnut-shaped and zero-passing
depletion pattern is formed via interference in the objective plane (see figure 2.3(e)).
The mask illustrated in figure 2.3(a) exhibits a phase step of π at x = 0. For y-polarized light,
a one-dimensional intensity distribution is generated in the focal plane.
Since it is often referred to the depletion pattern orientation in following sections, the selected
notation is introduced at this point. The orientation of the case exemplified in figure 2.3(b) is
defined as a 90◦ orientation, as the line of zero intensity of hSTED1D encloses an angle of 90◦
with the x-axis.
However, the STED light intensity is confined to a much smaller area in the 1D case as compared
to the 2D case (see figures 2.3(b) and (e)). Accordingly, hSTED1D (x, y = 0) is rising faster around
the focal point than hSTED2D (x, y = 0), also exemplified by the intensity profiles in figure 2.3(c).
By taking the second derivative of hSTED1D (x, y = 0) and hSTED2D (x, y = 0), the curvature of
the depletion pattern can be further analyzed. As depicted in figure 2.3(g), the value of the
second derivative at the focus is about 1.85 times larger for the 1D case and the conditions used
(λSTED = 775 nm, NA = 1.4). With
d2 hSTED2D (x, y = 0) ∼ 1
· a2D ,
=
dx2
ln2
d2 hSTED1D (x, y = 0) ∼ 1
· a1D ,
=
dx2
ln2

(2.27)

and same PSTED for both STED variants, the difference of 1.85 only contributes to the pattern
steepness factors. Therefore,
a1D
≈ 1.85.
a2D

(2.28)

13

Assessing the potential of tomographic STED microscopy
0

π

0

0.51

y

hSTED(x)T[a.u.]

E

y
x

0.6

x

2D
1D

1.8

0.4

1.7

0.2

1.6

0

-1000

0

1000

xT[nm]
2π

0

0.29

E

y

y
x

2

d²hSTED/dx²T[a.u.]

0

(c)

(b)

(a)

x

/ 10

1.5

-3

2D
1D

1

1.4

1.3

0

1.2

-1
-2
-1000

0

xT[nm]

(d)

1.9

(d²hSTED1D/dx²)/(d²hSTED2D/dx²)T

2.3

(e)

(f)

1000

1.1
-100

0

xT[nm]
(g)

100

Figure 2.3: Simulation of one-dimensional resolution increase for a 1D and a 2D depletion pattern. Intensity distributions are calculated for a depletion laser wavelength of λSTED = 775 nm and a Numerical
Aperture of NA = 1.4 via vectorial diffraction theory. (a,b) Phase pattern in the pupil plane and intensity distribution in the focal plane for the 1D case. The upper left square in (a) indicates the optimum
polarization state of the depletion beam. (d,e) The corresponding quantities for the 2D case. For the in
(d) depicted phasemask, the most efficient interference is provided if the depletion beam is right-handed
circularly polarized. (c) Calculated depletion pattern distributions along the x-axis, hSTED1D (x, y = 0)
for 1D depletion pattern (blue) and hSTED2D (x, y = 0) for 2D STED microscopy (red). (f) The second
derivatives of the intensity distributions for y = 0. (g) Ratio of the second derivatives.

The factor of resolution enhancement k is defined as the ratio of the widths of the central
Gaussian peaks and thus,
k=

σconf
∆conf
=
.
σSTED
∆STED

(2.29)

Here, ∆STED denotes the narrowed FWHM with
√
∆STED = σSTED · 2 2ln2.

(2.30)

In the following, it is distinguished between k1D for the 1D case and, likewise, k2D for the
2D implementation. Recalling eq. (2.25), the higher pattern steepness for the 1D depletion
pattern provides a higher one-dimensional resolution enhancement as compared to 2D STED
microscopy. When operating at same STED laser power,
k1D ∼
=

√

1.85 · k2D ≈ 1.36 · k2D

(2.31)
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for large enough STED powers and thus, ∆STED  ∆conf . This means that, along the x-axis,
the factor of resolution enhancement is ≈ 1.36 times higher for the 1D phasemask, oriented at
an angle of 90◦ , than for the 2D case.
Likewise, the same increase in resolution is obtainable for approximately half the STED laser
power in the 1D case when compared to the 2D case. In particular, the narrowed standard
deviation σSTED1D is equal to the standard deviation σSTED2D if
ζ1D =

ζ2D
.
1.85

(2.32)

The indices of ζ refer to the respective variant.

Hitherto, the PSF was utilized to describe the one-dimensional resolution enhancement achievable with both, the 2D and the 1D phasemask. A further standard to characterize the performance of an optical system is the Optical Transfer Function (OTF), which is the spatial
Fourier transform of the PSF. By means of the OTF, the signal transfer in dependence of the
spatial frequency can be analyzed. In the following, the OTF is employed to elucidate the signal
transfer in both STED variants. For the calculation of the OTFs, both directions, x and y, are
considered.
In analogy to eqs. (2.20) and (2.25), the effective two-dimensional PSF can be generalized to
− 12
1
heff (x, y) =
e
2
2πσconf



y2
x2
2 + σ2
σx
y



.

(2.33)

For 2D STED microscopy, the standard deviations σx and σy are identical in both directions
and denote to the sub-resolved dimension. Hence,
σx = σy = σSTED .

(2.34)

The Fourier transform of eq. (2.33) for the 2D STED case results in
2
σSTED
2 2
2
2
e−2π σSTED (u +v )
2
σconf
2
1 −2π2 σSTED
(u2 +v2 )
=
e
2
k2D

OTF2D (u, v) =

with u and v denoting the frequency coordinates in Fourier space.

(2.35)

Via incorporation of

eq. (2.29), it is shown that the overall fluorescence signal, when compared to a confocal measurement with an overall signal of one, decreases to OTF2D (u = 0, v = 0) =

1
k2D 2

in 2D STED

microscopy. For k2D = 5, OTF2D (u = 0, v = 0) = 0.04 (see figure 2.4(e)). Here, an ideal zero
passage of the depletion intensity distribution is assumed.
Again, a resolution enhancement along the x-axis for the 1D depletion pattern is considered.
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Figure 2.4: Calculation of PSF and OTF for k1D = k2D = 5: (a) PSF for 2D STED microscopy, the
standard deviations in x- and y-direction correspond to a FWHM of 50 nm. (b) The OTF for 2D STED
is rotational symmetric. (c) PSF for the 1D case with resolution enhancement along x. The confocal
axis depicts a FWHM of 250 nm. (d) The OTF for the 1D case contains high frequency information
only along the u-direction, displaying the one-dimensional resolution enhancement. (e) The amplitudes
of OTF2D (red curve) and OTF1D (blue curve) as functions of the spatial frequency u. In both cases,
a confocal OTF would meet OTFconf (u = 0, v = 0) = 1, meaning that the overall signal in a confocal
image would be one.

The dimensions of the PSF are given by
σx = σSTED , σy = σconf ,

(2.36)

since the y-direction remains confocal. The resolution along the high resolution axis is considered to be of the same dimension as for 2D STED microscopy (k1D = k2D ), as exemplified in
figure 2.4(a) and (c). The asymmetry of the one-dimensionally narrowed PSF is also noticeable
from the respective OTF with
2
2
σSTED −2π2 (u2 σSTED
+v 2 σconf
)
e
σconf
2
2
1 −2π2 (u2 σSTED
+v 2 σconf
).
=
e
k1D

OTF1D (u, v) =

(2.37)

Contrary to the 2D STED implementation (see eq. (2.35)), the overall fluorescence signal drops
with OTF1D (u = 0, v = 0) =

1
k1D

when a 1D depletion pattern is applied. For k1D = 5 and

OTFconf (u = 0, v = 0) = 1, OTF1D (u = 0, v = 0) = 0.2 (see figure 2.4(e)). This difference
in functional dependency is a major advantage of our method, as will be demonstrated in
chapters 3 and 4.
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For an evaluation of the two STED variants, the ratio r of the amplitudes of both OTFs is
of utmost interest. For a fair comparison, the same total acquisition time in the 1D and the
2D STED case is assumed. For k = k1D = k2D , r results in
r(u, v) =

2 2
2
2
OTF1D (u, v)
σconf
· e−2π v (σconf −σSTED )
=
OTF2D (u, v)
σSTED
2 2
2
2
= k · e−2π v (σconf −σSTED ) .

(2.38)

As shown in figure 2.4(d), the high resolution signal along x in real space is reflected by high
frequency information along u in Fourier space. Since this is the axis of interest at this point,
v = 0 and thus,
r(u, v = 0) =

σconf
= k.
σSTED

(2.39)

For every factor of resolution enhancement k with k = k1D = k2D , the ratio r along the u-axis
amounts to k. This result implies that the signal transfer for a 1D depletion pattern and,
likewise, the OTF is k times higher as compared to the corresponding quantities in 2D STED.
Figure 2.4(e) illustrates this relation for k = 5.

2.3.2 Isotropic resolution enhancement
So far, only a resolution enhancement along one direction has been considered. For onedimensional sample structures, the advantages elucidated in section 2.3.1 are valid if the high
resolution axis is chosen appropriately. Obviously, most subjects of interest, e.g. biological
samples, are not restricted to only one dimension. The layout of our STED microscopy variant
allows for an isotropic resolution increase in all lateral directions.
For a two-dimensionally sub-resolved image in tomoSTED microscopy, the one-dimensional depletion pattern has to be rotated in a range from 0◦ to 180◦ and a sequence of images has to
be recorded. The rotary axis is defined to be perpendicular to the focal plane, intersecting
with the focal center. Subsequently, the individual images that are acquired under different
depletion pattern orientations, for simplicity referred to as sub-images, are combined to obtain
a, in terms of resolution enhancement, rotationally symmetric reconstruction of the sample (see
section 3.4 for image reconstruction).
Again, the OTF is exploited as a measure for the performance of both system variants. Contrary
to the calculations in section 2.3.1, a rotationally symmetric OTF is derived in the following.
Therefore, a radial frequency coordinate f is introduced with
f 2 = u2 + v 2 .

(2.40)
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Including eq. (2.35), the OTF for 2D STED microscopy rewrites to
OTF2D (f ) =

1 −2π2 σ2 f 2
STED
e
.
k2D 2

(2.41)

With eq. (2.37) and the introduction of a rotation angle φ that coincides with the depletion
pattern orientation, the OTF for the 1D depletion pattern amounts to
OTF1D (f, φ) =

1
k1D

2
2
2
2
2
2
e−2π (sin (φ)σSTED +cos (φ)σconf )f .

(2.42)

When the 1D depletion pattern is rotated, a two-dimensional resolution increase can be obtained. For the following considerations, it is assumed that the depletion pattern and thus, the
1D OTF is continuously rotated. The resolution in the reconstructed image depends on the
exact procedure of combining the sub-images. The highest obtainable resolution is provided if,
for each orientation, only the information along the high-resolution axis is considered. For the
reconstruction of a radially symmetric OTF, furthermore referred to as OTFtomo , each elliptical
OTF1D is so-to-say reduced to its major axis (see figure 2.5(a)).
For conclusions about the effective spatial resolution in the reconstructed image, implying that
noise is not considered at this point, it is reasonable to analyze the absolute value of the gradient of the respective OTF. In particular, a small absolute value of the gradient of a radially
monotonously decreasing OTF indicates, when compared to low frequency contributions, a
good transfer of high frequencies. The latter correspond to small sample features in real space.




∆



ϕ

∆



∆



∆



Figure 2.5: Rotation of the one-dimensional OTF, illustrated for a rotation range from 0◦ to 45◦ . The
main axis has a dimension of c/∆STED , the minor axis amounts to c/∆conf with c as a scaling factor.
(a) Continuous rotation of the 1D OTF. If only the major axes of the ellipses (red, dashed lines) are
summed up for the combination of an isotropic image, a rotationally symmetric OTF (indicated by the
red background) evolves. (b) Stepwise rotation of the OTF with the rotation angle marked as φstep .
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By e.g. summing pixel-wise over the OTFs of all sub-images, low-frequency contributions are
increased when compared to high-frequency information. This would result in an overemphasis
of low spatial frequencies in the reconstructed image.
By assembling the isotropic image such that only the high-resolution axes are summed up (e.g.
v = 0, see also eqs. (2.37) and (2.42)), the radially symmetric OTF
1 −2π2 σ2 f 2
STED
OTFtomo (f ) ∼
e
=
k1D

(2.43)

is provided for a continuous pattern rotation. Except for the scaling factor, eq. (2.43) equals
OTF2D . It seems possible to transfer the resolution enhancement obtainable along the respective sub-resolved axes in the sub-images into a single reconstructed image. An equivalent image
reconstruction method is introduced in section 3.4.3.
In accordance to section 2.3.1, either the same resolution enhancement in tomoSTED microscopy
as compared to 2D STED microscopy is obtainable with less STED laser power or a higher resolution enhancement can be achieved at the same STED laser power. Respective OTFs for both
cases are depicted in figure 2.6. OTFtomo and OTF2D for k1D = k2D = 5 (see figures 2.6(a,c))
only vary in the scaling factor and exhibit the same slope, indicating the same 2D resolution
enhancement in both cases. For ζ1D ≈ ζ2D (see figures 2.6(b,d)), OTF2D decreases faster than
OTFtomo , emphasizing that the 2D resolution enhancement is higher in the tomoSTED case.
The reassembled OTFtomo requires a further rescaling when the acquisition time in tomoSTED
microscopy is matched to the one in 2D STED microscopy. Via this condition and for k1D = k2D ,
the light dose in tomoSTED microscopy is effectively lower than in the conventional implementation and photo-damage and photo-bleaching can be minimized. The realization of the same
total acquisition time in both STED microscopy variants implies that the signal per 1D subimage in tomoSTED microscopy has to be divided by the number of pattern orientations N
and thus,
OTFtomo,scaled (f ) =

1
2 2
2
e−2π σSTED f .
k1D · N

(2.44)

For the here outlined image assembly, the continuous depletion pattern rotation, that has been
assumed so far, seems unfavorable, since for N → ∞, OTFtomo,scaled → 0. For ideal conditions,
a rescaling of signal does not influence the imaging properties elucidated before, as the shape
of the OTF remains unchanged. However, in realistic imaging conditions, the impact of noise
needs to be considered. To overtop the noise-level, the rescaling of OTFtomo and thus, N , must
be chosen as low as possible. At the same time, N must be selected high enough to achieve a
quasi-homogeneous reconstruction, implying that the resultant image is artifact-free.

2.3
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Figure 2.6: Two-dimensional OTFs for 2D STED (red curves) and tomoSTED microscopy (blue and
green curves) as functions of the radial frequency component f . (a) Case of same resolution enhancement
(k1D = k2D = 5). OTFtomo,scaled (blue) indicates the rescaled case of OTFtomo (green) in terms of the
total acquisition time (see eq. (2.44)). (c) Semi-logarithmic plot of (a). (b,d) Same quantities for the
case of same STED power (for ζ1D ≈ ζ2D and k2D = 5, k1D = 7, see eq. (2.32)).

In the following, a visual attempt to estimate a sufficient number of N is depicted. Note that
this contemplation, employing a circle (see figure 2.5(b)), is performed in Fourier space. Yet,
shifting the considerations to real space would provide the same result.
By rotating the one-dimensionally enlarged OTF, the area of the circle must ideally be covered
to respect all spatial angles equally, since the circle visualizes a homogeneous 2D OTF. The
radial dimension of the latter is proportional to the high-resolution axis in each 1D OTF. The
one-dimensional depletion pattern is repeatedly rotated by an angle φstep with
φstep =

180◦
.
N

(2.45)
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The radius of the circle is specified to
c

(2.46)

2∆STED1D

with c as a scaling factor. For an approximately complete mapping of the circle’s area, half the
circumference of the circle needs to be sampled by the minor axis of the OTF, namely

c
∆conf .

Therefore, a possible choice for N is given by
π
∆conf
Nideal ∼
.
= ·
2 ∆STED1D

(2.47)

Including the factor of resolution enhancement k1D yields
π
Nideal ∼
= · k1D ≈ 1.57 · k1D .
2

(2.48)

For a one-dimensional resolution enhancement of k1D = 5, the number of pattern orientations
for a quasi-homogeneous reconstruction amounts to Nideal ≈ 8.
Figures 2.6(a-d) include the appropriately rescaled functions OTFtomo,scaled . For k1D = 5,
Nideal ≈ 8, whereas k1D = 7 requires Nideal ≈ 11 sub-images of equi-spaced pattern orientations. When compared to OTFtomo , the rescaled functions are of the same shape but of lower
amplitude. For the case of same STED laser power (figures 2.6(b,d)), OTFtomo,scaled outdoes
1
OTF2D at high frequencies (f > 0.017 nm
) despite of the scaling.

2.4 Polarization and birefringence
In the experimental realization of this project, the interaction of polarized light with optically
anisotropic devices is exploited in many cases. Therefore, a theoretical description of polarization states is deduced and the effect of birefringence is outlined hereafter. The delineation
concludes with a depiction of two particular phenomena, known as the Pockels effect and as
conical diffraction.
2.4.1 Description of polarization states
The polarization of an electromagnetic wave is defined by the temporal course of the electric
field vector E(z, t). Latter can be generally expressed as

E(z, t) = Re E0 e



iω t− vz
p

(2.49)

with E0 as the complex envelope of the wave and z as the propagation direction. E(z, t) is
furthermore characterized by its phase velocity vp and frequency f via ω = 2πf .
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For simplicity, planar waves are considered at this point. Thus, the electric field oscillates
only in the xy-plane. The field vector E(z, t) can be fully characterized by any two orthogonal
components, e.g. Ex and Ey . These two components oscillate sinusoidally with time and are
generally of different phase and amplitude [58]. Ex and Ey can be quantified via
 


z
Ex (z, t) = E0,x cos ω t −
+ φx ,
vp

(2.50)

 


z
Ey (z, t) = E0,y cos ω t −
+ φy ,
vp

(2.51)

with E0,x and E0,y as the amplitudes and φ = φy −φx as the phase difference between Ex and Ey .
For describing the curve that is traced by the field vector E(z, t), the time-dependency of
eqs. (2.50) and (2.51) needs to be eliminated via trigonometric identities [10]. In the general
course (E0,x 6= 0, E0,y 6= 0),


Ex
E0,x

2


+

Ey
E0,y

2
− 2 cos φ

Ex Ey
= sin2 φ
E0,x E0,y

(2.52)

follows, which is the equation of an ellipse. The polarization state of the considered wave
determines the orientation and the shape of this so-called polarization ellipse. The extent of
the latter is defined by the intensity of the light [58].
As shown in figure 2.7(a), the angle Ψ displays the orientation of the major axis a with respect
to the x-axis. The angle χ can be interpreted as the ellipticity since it relates the major axis a
to the minor axis b. With


2
tan (2Ψ) =

1−

2





sin (2χ) =
1+

E0,y
E0,x

E0,y
E0,x

E0,y
E0,x




2 cos φ,

(2.53)



E0,y
E0,x

2 sin φ,

(2.54)

both angles can be calculated from the electric field amplitudes E0,x and E0,y and the phase
difference φ. Via the sign of Ψ, the handedness of elliptical or circular polarization is determined.
This geometrical visualization of a wave’s polarization state can be extended to a third dimension, as illustrated in figure 2.7(b). Each point on the surface of this so-called Poincaré sphere
represents one polarization state. Latter is again characterized by the angles Ψ and χ.
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Figure 2.7: Illustration of polarization states (taken from [17]). (a) The polarization ellipse, with a as
the major and b as the minor axis and with the arrowheads indicating the handedness of the polarization,
is specified by the angles Ψ and χ. Both angles can be also found in the Poincaré sphere, depicted in (b).
Here, the polarization state is indicated by P .

Along the equatorial plane, implying χ = 0◦ , linear polarization states with varying polarization
orientations from Ψ = 0◦ to Ψ = 180◦ are depicted. The poles represent left-handed circular
and right-handed circular polarization since a = b, and thus, 2χ = ±90◦ . Any other point on
the surface corresponds to an elliptical polarization [58].
A further method to represent polarization states is given through the Jones formalism. According to eq. (2.49), the complex envelope of the propagating wave is quantified by E0 . E0
can be split into two components e0,x and e0,y by
E0 = e0,x x̂ + e0,y ŷ.

(2.55)

These components are related to E0,x and E0,y via
e0,x = E0,x · eiφx ,

(2.56)

e0,y = E0,y · eiφy .

(2.57)

The so-called Jones vector is a column vector, consisting of e0,x and e0,y , and is given by
J=

e0,x
e0,y

!
= eiφx

E0,x
E0,y ei(φy −φx )

!
(2.58)

with e0,x 2 + e0,y 2 = 1. A phase difference between e0,x and e0,y is directly evident from the
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formalism depicted in eq. (2.58). Via eqs. (2.53) and (2.54), the angles Ψ and χ that were used
before to describe the polarization state by means of the polarization ellipse can be extracted
from the Jones vector.
Whenever a plane wave with Jones vector Jin propagates through a linear optical system that
influences the polarization state, the Jones vector Jout of the output wave can be determined
by
Jout = TJin .

(2.59)

Here, T is referred to as the Jones matrix and describes the transformation through the optical
system. An exemplary system is a material with optically anisotropic properties, imprinting a
wave retardation, as elucidated in section 2.4.2.
2.4.2 Basics of birefringence
At the surface of an optically anisotropic medium, an arbitrary propagating wave is refracted
into waves with different directions and polarizations [58]. This phenomenon is known as
birefringence and elucidated hereafter.
The refractive index of an optically anisotropic material depends on the propagation direction
and polarization of light. Respective crystals can be grouped by uni- or biaxiality, depicting the
number of optical axes. Latter describe the ray directions at which the transmitted light does
not undergo birefringence. The refractive indices are occasionally controlled via electro-optic
effects, as considered at a later stage of this section.
Another specific feature of birefringence that occurs in biaxial crystals is known as conical
diffraction and subject to section 2.4.4.
Following Maxwell’s equations, the electric displacement D of an optically anisotropic material
is
D = E

(2.60)

and therefore, the product of the electric permittivity tensor  and the electric field tensor E.
If a coordinate system is chosen such that off-diagonal elements of  vanish, E and D are parallel for the respective axes directions [58]. Therefore, the coordinate axes are referred to as the
principal axes. The axes of a coordinate system which meets this criterion are denoted as x, y, z.
In general, the refractive index n of a medium defines the phase velocity vp with which a
wave can propagate through the medium via
n=

c
vp

(2.61)
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with c as the non-affected speed of light in vacuum. For a non-magnetic material, the refractive
indices are related to  according to
r
ni =

i
.
0

(2.62)
z

Here, 0 is the permittivity of vacuum and the index i with

n3

i = 1, 2, 3 refers to the principal axes. With
x2
y2
z2
+
+
= 1,
n21 n2 2 n3 2

(2.63)
n2

the refractive indices and thus, the optical properties of a ma-

y

n1

terial, can be fully described by a so-called refractive index
ellipsoid (see figure 2.8).
In case of a uniaxial crystal, two refractive indices are of the

x

same dimension, e.g. n1 = n2 . They can therefore be identi- Figure 2.8: Exemplary refractive index ellipsoid. Here, x, y

fied by the ordinary refractive index no . Since n3 varies from and z denote the principal axes
n1 and n2 , it is denoted as the extraordinary refractive index of the optically anisotropic matene . For light that propagates along the z-axis, no birefringence rial (modified according to [58]).
occurs and therefore, this axis is depicted as the optical axis of the material.
Due to the different refractive indices, orthogonal components of the electric field of a transmitted beam are subject to an unequal phase retardation. In accordance to the wave propagation,
the principal axis with the lower refractive index is referred to as the fast axis.
In terms of the Jones formalism, the transformation due to the phase retardation is exemplary
given by
T=

1

0

0 e−iΓ

!
.

(2.64)

Here, Γ denotes the phase shift imprinted onto a beam with a linear polarization at an orientation of Ψ = 45◦ . In case of Γ = π/2, linear light is transformed into circularly polarized light.
For Γ = π the linear polarization is rotated by 90◦ .
Contrary to a uniaxial crystal, a biaxial crystal exhibits two optical axes, since n1 6= n2 6= n3 .
A phenomenon that is based on birefringence in a biaxial crystal is particularly outlined in
section 2.4.4.

2.4.3 Pockels effect
In this project, the Pockels effect, also known as the linear electro-optic effect, is exploited
for polarization rotation (see section 3.3.2 for experimental realization). Since the Pockels
cells utilized consist of potassium dideuterium phosphate (hereafter referred to as KD*P), this

2.4

25

Polarization and birefringence

material is considered in the following description. Characterizations are furthermore restricted
to longitudinal Pockels cells, implying that the voltage and therefore the electric field is applied
along the z-axis.
The Pockels effect occurs in certain materials and describes a change in the refractive index
n, which is induced by applying an electric field E that distorts the positions and orientations
of molecules within the material [58]. Since n varies only slightly with E, the expansion in a
Taylor’s series around E = 0 is viable. However, terms higher than the first order are found to
be negligible in most materials and thus,
n(E) ≈ n0 + a1 E.

(2.65)

Here, n0 denotes the first expansion coefficient with n0 = n(0) and therefore, the intrinsic
refractive index. The coefficient a1 with a1 = (dn/dE)

0

can be rewritten as τ = −2a1 /n0 3

with τ as the electro-optic coefficient of the material used. It follows
1
n(E) ≈ n0 − τ n0 3 E.
2

(2.66)

Only the second term of eq. (2.66) depends on the electric field applied.
If no electric field is present, the KD*P crystal equates to a uniaxial crystal with z as the
optical axis. Thus, only n3 differs from n1 and n2 with x, y and z as the principal axes.
However, applying a voltage results in a change of n1 and n2 and the crystal becomes biaxial
due to the Pockels effect. The refractive indices are given by

1
n1 (Ez ) = n0 + n0 3 τKD*P Ez ,
2
1
n2 (Ez ) = n0 − n0 3 τKD*P Ez ,
2
n3 = n0 + ∆nn

(2.67)

with τKD*P = 25 pm/V [21] being the electro-optic coefficient for KD*P. Again, the electric
field Ez is applied along the z-axis. Independently of Ez , n3 differs from the other indices by
the term ∆nn which describes the intrinsic birefringence of the material. Typically, the electrooptic birefringence is much smaller than ∆nn but adjustable via electric fields.
In the following, it is considered that the beam of interest propagates along the z-axis. For no
voltage applied, n1 = n2 = n0 and thus, the beam does not undergo birefringence.
For a present electric field, the respective refractive indices differ and birefringence occurs. Applying a voltage Vz along a distance d yields Ez =

Vz
d .

The resulting phase shift Γ (see eq. (2.64))
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of the orthogonal modes can be described via
V
Vπ

(2.68)

L
,
λ0

(2.69)

Γ = Γ0 − π
with
Γ0 = 2πn0

Vπ =

d
λ0
.
L τKD*P n0 3

(2.70)

Here, L is the length of the Pockels cell, λ0 refers to the free-space wavelength and Vπ indicates
the half-wave voltage. Latter depicts the voltage required for a phase shift of π, typically in the
range of a few kilovolts [58].
2.4.4 Conical diffraction
The phenomenon of conical diffraction can be utilized for depletion pattern generation (see
section 3.2.2 for experimental realization). Hereafter, a basic description of this phenomenon is
provided.
In section 2.4.2, only the propagation of waves along one principal axis in an optically anisotropic
crystal has been considered. In any other case, all three components of the electric field along
the principal axes of the crystal need to be considered. Obeying eq. (2.60), the relation of the
wave’s angular frequency w to the refractive indices ni of the optical material is found. This
solution, also known as the dispersion relation, is the so-called normal surface.
As shown in figure 2.9, the normal surface of an optically anisotropic material consists of two
single surfaces. Each surface provides a solution to eq. (2.60) and corresponds to a so-called
normal mode. For a uniaxial crystal, the surfaces intersect in two points along the optical axis.
However, for a biaxial crystal, the surfaces meet at four points. Thus, two optical axes can be
found.
In general, the ray direction within a crystal is tangential to the surface of the normal surface.
In case a wave propagates in the direction of one optical axis in a biaxial crystal, the tangent of
the wave surface cannot be determined at the point of intersection. This singularity allows an
infinite number of directions for the electric vector and therefore, for the ray direction. All ray
direction vectors rather lie on the surface of a cone [10]. This phenomenon is known as conical
diffraction.
For the following analytical description, it is assumed that the biaxial crystal is cut perpendicular to one of its optical axes with the considered beam propagating along the respective optical
axis.
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Figure 2.9: Normal surfaces of optically anisotropic crystals, displayed as octants. (a) Considering
whole spheres, the normal mode surfaces for a uniaxial crystal meet at two points along the optical axis.
Here, k0 denotes the unaffected vacuum wave vector, n1 = n2 = no and n3 = ne . (b) Since the normal
mode surfaces for a biaxial crystal coincide in four points (only one point included in the here depicted
octant), two optical axes can be found. In this illustration, the refractive indices are n1 < n2 < n3
(modified according to [58]).

The length of the crystal along this direction is given by l and the material with
n1 < n2 < n3

(2.71)

is chosen such that only small differences between the refractive indices occur in order to maintain paraxiality. Considered rays are consequently close to the optical axis and enclose only
small angles with the latter [8].
As illustrated in figure 2.10, a cone of rays is formed in the crystal. Its semiangle A with
A  1 is found to be
A≈

1p
(n2 − n1 ) (n3 − n2 ).
n2

(2.72)

The transverse intensity profile D of the incident beam is assumed to be Gaussian distributed
and thus,


R2
D (R, z = 0) = exp − 2
2ω

dx,0
dy,0

!
.

(2.73)

In analogy to eq. (2.58), the column vector indicates the initial polarization state and is normalized such that dx,0 2 + dy,0 2 = 1. The definition of the variables in eq. (2.73) can be deduced
from the according coordinate system that is illustrated in figure 2.10.
Here, R denotes the center of the cone, z = 0 indicates the entrance plane of the crystal and w
denotes the beam waist of the incident beam. To maintain common notation, the quantity R0
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with
R0 = Al

(2.74)

is introduced to describe the radius of the cone
that emerges from the crystal slab. The variable
Z specifies the distance of the plane of interest
from the focal image plane and follows the coordinate transformation
Z := l + (z − l) n2 .

(2.75)

Furthermore, the ω-scaled variables
ρ :=

R
,
ω

(2.76)

ρ0 :=

R0
,
ω

(2.77)

Figure 2.10: Illustration of conical diffraction
and characteristic dimensions. The incident beam
has a beam waist of ω, the crystal has a length
Z
ζ :=
(2.78)
of l. The emerging cone has a radius of R0 .
kω 2
The cone-centered coordinate system {R, Z} is
are found to be convenient for the analytical rescaled such that Z = 0 indicates the focal image
plane. Taken from [7].

description of conical diffraction [7].

The crystal wavenumber k relates the vacuum wavenumber k0 to the refractive index n2 via
k := n2 k0 .

(2.79)

The intensity profile of the conically diffracted beam can be determined via
"
D (ρ, ζ) = B0 (ρ, ρ0 , ζ) 11 + B1 (ρ, ρ0 , ζ)

cos θρ

sin θρ

sin θρ

− cos θρ

!#

dx,0
dy,0

!
(2.80)

with
∞


1 2
B0 (ρ, ρ0 , ζ) =
dQ Q exp − Q (1 + iζ) cos (ρ0 Q) J0 (ρQ) ,
2
0


Z ∞
1 2
B1 (ρ, ρ0 , ζ) =
dQ Q exp − Q (1 + iζ) sin (ρ0 Q) J1 (ρQ)
2
0
Z



(2.81)
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and
ρ=ρ

cos θρ
sin θρ

!
.

(2.82)

According to eqs. (2.76) and (2.82), θρ denotes an angular position on the emerging cone.
Following eq. (2.80), the emerging beam is split into two components: The part corresponding
to B0 is driven by the zeroth order Bessel function J0 , while the part corresponding to B1 is
related to a first order Bessel function J1 (see eq. (2.81)). Both parts follow the respective
oscillatory behavior of J0 and J1 . If for example ρ = 0, meaning the center of the cone is
considered, B1 vanishes.
For the following consideration, the polarization state of the wave and the influence through
conical diffraction is of utter importance. As evident from eq. (2.80), the polarization of the component B0 remains unchanged, whereas the polarization of the beam component corresponding
to B1 is influenced by the crystal. The rotation matrix in eq. (2.80) indicates a rotation of the
respective polarization vector through an angle θρ . If for example a linear polarization of the
incident beam with
dx,0
dy,0

!
=

cos Ψ

!
(2.83)

sin Ψ

is considered, the polarization of the second part of D is given by
dx
dy

!
=

cos (θρ − Ψ)
sin (θρ − Ψ)

!
.

(2.84)

Thus, the change of the initial polarization state depends on the angular position within the
cone, as indicated by θρ . Diametrical points of the emerging cone, i.e. ∆θρ = π, corresponding
to B1 are of same polarization [63].
In accordance to eq. (2.80), the intensity profile of the emerging cone is influenced by the
optical properties of the crystal, e.g. the refractive indices, by geometrical parameters, e.g. the
crystal dimensions and the beam waist of the incident beam, and by the polarization state of
the incident beam. By placing an additional polarizer behind the biaxial crystal, parts of the
emerging beam can be separated from other beam components (see eq. (2.84)). The appropriate
selection of optical and geometrical parameters, as well as incoming and outcoming polarization
states for utilizing the emerging cone as STED beam is subject to section 3.2.2.

3 Material and Methods
The experimental realization of tomoSTED microscopy is outlined in section 3.1. The discussion
of switchable pattern generation, as one of the main requirements, is deepened in section 3.2.
Following section 2.3.1, also the linear polarization has to be chosen in accordance to the
1D phasemask orientation and thus, rotated respectively. The impact of the polarization state
on the depletion pattern quality and the rotation of the linear polarization are consecutively
described in section 3.3.
Several reconstruction approaches that are required to obtain a two-dimensionally sub-resolved
image are derived in section 3.4.

3.1 Overview of experimental implementation
With the hereafter outlined pulsed STED microscope and the integration of appropriate components, it is possible to switch electronically between a 2D STED microscope and a tomoSTED
microscope. For the latter configuration, a fast rotation of the 1D depletion pattern and the
polarization state is provided. All abbreviations exerted in the following description of the
setup refer to the schematic illustration of the experimental realization, as shown in figure 3.1.










































 

Figure 3.1: Schematic illustration of the tomoSTED setup. SLM: Spatial Light Modulator; DPG: depletion pattern generation; DPC: double Pockels cell; PC1, PC2: single Pockels cells; LPR: linear
polarization rotation; STED: depletion laser; Exc: excitation diode; APD1, APD2: avalanche photo
diodes; HWP: half-wave plate; PBS: polarizing beam splitter; QWP: quarter-wave plate; DM1, DM2:
dichroic mirrors; BS: beamscanner; OL: objective lens; S: sample, fx : lenses with x indicating the
respective focal length in millimeters.
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A laser diode (Exc, PicoQuant, Germany) provides excitation pulses (< 90 ps) with a repetition
rate of 20 MHz at a wavelength of 640 nm [53]. The beam is coupled into the setup via a fiber
(Schäfter + Kirchhoff GmbH, Germany) and collimated by an achromatic lens (f10 ) to obtain
a beam diameter of ≈ 1.8 mm.
Subsequently, a combination of a half-wave plate (HWP) and a polarizing beam splitter cube
(PBS) is utilized to modulate the power of the respective beam. Through a quarter-wave plate
(QWP), a circular polarization of the excitation beam is maintained. Thus, a most efficient
excitation of fluorophores is provided.
A beamscanner (BS, Abberior Instruments GmbH, Germany) moves the focal spot, created by
focusing the beam through a 100x oil immersion objective lens (OL, UPLSAPO 100XO (NA
1.4), Olympus, Japan), across the sample. Noteworthy, the initial beam diameter is chosen
such that the back aperture of the objective lens is slightly over-illuminated. This configuration
allows for the maximum exploitation of the aperture angle.
The STED laser (STED, Onefive GmbH, Switzerland) features a wavelength of 775 nm with a
pulse duration of approximately 600 ps [51]. The combination of the respective optical fiber, the
chosen collimator (f20 , both Schäfter + Kirchhoff GmbH, Germany) and the ensuing 1/2.5 telescope (f100 and f40 ) results in a beam diameter of ≈ 1.6 mm. At this point, the beam diameter
is selected in accordance to the aperture of the Pockels cells (PC1 and PC2, Leysop Ltd., UK).
The implementation of the latter will be discussed at a later stage.
An essential part of our novel tomoSTED microscope is the optical component for the onedimensional depletion pattern generation (DPG). The common way to create a depletion pattern is the usage of a polymeric phase plate with an imprinted thickness that introduces a
specific phase retardation to the transmitted beam. As was shown in figure 2.3, the 1D depletion pattern results from a phasemask exhibiting a step of π.
To reduce drift and bleaching artifacts, the individual images of one-dimensional resolution
increase are captured linewise. Thus, each line of the recorded frame is imaged repetitively for
each depletion pattern orientation before the next line is scanned in the same manner. Since
typical recording times for one line are in the range of milliseconds, the rotation of a polymeric
phase plate through a motorized rotary holder is comparably slow.
An electronically modifiable and fast switchable (≈ 200 Hz) alternative is a Spatial Light Modulator (SLM, XY P256 HS, Boulder Nonlinear Systems, USA). Since mainly this variant of
depletion pattern generation is utilized within this project, it is also depicted in the setup illustration.
The here employed Spatial Light Modulator works in reflective mode. It exhibits a pixel-wise
controllable liquid crystal chip and is incorporated such that the off-axis angle, enclosed by the
incident and the reflected beam, is kept to a minimum to reduce crosstalk effects. Latter can
occur if the beam propagates through more than one pixel region [12]. The operation of the
SLM is fully described and characterized in section 3.2.1.
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This thesis mainly considers tomoSTED microscopy as an imaging technique. Here, the linewise
scanning scheme and thus, the response time of the SLM is fully sufficient. For approaches like
particle tracking (see chapter 5), a faster generation of intensity distributions is preferable. A
concept for an ultrafast (≈ 260 kHz) depletion pattern generation that is based on the phenomenon of conical diffraction is discussed in section 3.2.2.
Besides the phase- or intensity-modulation of the STED beam, its polarization must be adjustable accordingly. In particular, the electric field must oscillate parallel to the axis defining
the 1D phasemask orientation. Only then, the focal intensity along the depletion pattern minimum vanishes due to destructive interference.
Again, there are several options for the linear polarization rotation (LPR), e.g. the combination
of a half-wave plate (HWP) and a motorized rotary mount. Yet, the polarization needs to
be changed accordingly to the depletion pattern orientation and thus, linewise. A sufficiently
fast method (≈ 260 kHz), based on the usage of a double Pockels cell (DPC), is outlined in
section 3.3.
It is possible to vary between the tomoSTED and the 2D STED implementation by changing
the phase-modulation and the polarization. Since both properties can be controlled electronically, a switching between the STED microscopy variants is feasible without affecting the beam
path.
After polarization rotation, the STED beam is enlarged to a beam diameter of ≈ 2.6 mm
through a 1.6 telescope (f25 and f40 ) to over-illuminate the objective lens. Via a dichroic
mirror (DM2, AHF analysentechnik AG, Germany), the excitation and the STED beam paths
are superposed. In the ideal case, the resulting foci overlap such that the depletion pattern
minimum lies in the center of the excitation spot.
To maintain temporal control for a maximum depletion efficiency, the excitation is electronically
delayed and triggered by the STED laser.
The confined fluorescence signal is re-collected through the objective lens and the propagating wave is collimated (f60 ) behind the beamscanner (BS). Subsequently, the fluorescence is
separated from excitation and STED beampaths by dichroic mirrors (DM1 and DM2, AHF
analysentechnik AG, Germany). For a confocal implementation, the signal is coupled into two
avalanche photodiodes (APD1 and APD2, Perkin Elmer, USA) via a multimode fiber. The
respective focusing lens (f60 ) is chosen such that the fiber diameter suits 1.2 Airy discs and
therefore serves as a pinhole.
To allow for Fourier Correlation analysis (see section 3.5), two APDs are used for detection.
The signal is stochastically divided by a fiber splitter (Thorlabs, USA). For visualization and
reconstruction approaches, the signal of both APDs is generally summed.
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Synchronization of scanning and detection is performed with the Imspector software (Abberior
Instruments and MPI for biophysical chemistry, Germany). Via this commonly used software,
the temporal delay between excitation and STED pulse and the settings for the gated detection
are configurable. A self-made LabVIEW (National Instruments corp., USA) routine controls
the SLM as well as the Pockels cells. After each scanned line, a TTL pulse is provided by
Imspector. This signal triggers the LabVIEW program to rotate the phasemask and to modify
the polarization state. As deduced in the following sections, both properties can be controlled
electronically.
Simulations and reconstruction procedures are implemented in Matlab (The MathWorks, Inc.,
USA).

3.2 Generation of switchable depletion patterns
This project mainly investigates the applicability of tomoSTED microscopy for imaging. Therefore, it is usually sufficient to switch the depletion pattern linewise and thus, within a few milliseconds. Following section 3.1, an adequately fast depletion pattern rotation can be realized
by means of a Spatial Light Modulator. Its basic principle and applicability for tomoSTED
microscopy are elucidated hereafter (see section 3.2.1).
For future projects, e.g. particle tracking (see chapter 5), a continuous rotation of the depletion
pattern is preferable but not feasible with an SLM. Regarding this aspect, the phenomenon of
conical diffraction provides a suitable alternative for pattern generation (see section 3.2.2).
3.2.1 Depletion pattern generation with an SLM
Spatial Light Modulators, based on micro-mirrors, deformable mirrors or on liquid crystal technology, are widely used nowadays. They are not only integrated in consumer products such as
digital cameras or video projectors but are moreover established in scientific approaches [52].
Amongst others, they find application in microscopy as they e.g. allow for electronically modifiable aberration corrections [24, 25].
The liquid crystal (LC) SLM utilized within this project works in reflective mode, as shown
in the schematic illustration of the modulator layout (see figure 3.2(a)). Here, the incident
wave is assumed to be unmodulated, implying that all rays propagate with the same phase,
and is incoming from above. The beam passes the coverglass as well as the liquid crystal layer
for a first time and, after being reflected by a dielectric mirror, for a second time. Thus, the
imprinted phase shift results from undergoing the active region of the SLM twice.
The backside of the SLM contains pixel electrodes. Each of those, in case of the SLM implemented, 256 × 256 pixels is individually controllable. If an analog voltage is applied, an electric
field between the respective pixel and the coverglass electrode is formed [12]. The intermediate
layer of nematic LC molecules is influenced by this electric field, since the LC elements exhibit
an electro-optic response to voltage. The initially uniform alignment of all LC molecules (see
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Figure 3.2: Phase-modulation induced by a nematic liquid crystal SLM. (a) Illustration of the SLM
display. The orientation of the liquid crystal molecules depends on the voltage applied to the pixel
electrodes. (b) The resulting refractive index ellipsoids for two voltage levels. Here, no denotes the
ordinary and ne the extraordinary axis. (a), (b) Modified in accordance to [11] and [12].

figure 3.2(a)), oriented with their long axes parallel to the coverglass, is therefore distorted.
The reorientation of the optically anisotropic molecules, depending on the applied voltage, leads
to a change in the optical properties of the liquid crystal layer, as depicted in figure 3.2(b).
If no electric field is applied, the difference between the ordinary (no ) and the extraordinary
refractive index (ne ) (see also section 2.4.2) is the largest possible. In case the voltage is chosen
such that the major axis of the molecules is perpendicular to the coverglass surface, the difference between no and ne vanishes.
For an effective phase-modulation, the linear polarization of the incident beam has to be parallel to the axis of the extraordinary refractive index. For this case, a purely voltage dependent
phase shift is induced [12]. Moreover, a spatially resolved phase-modulation is provided, since
each pixel and thus, the phase shift for respective parts of the incident wavefront, can be set
individually.

36

3 Material and Methods

The requested phase-modulation is transferred to the SLM via a gray-level image with 256 ×
256 pixels. Each of these pixels corresponds to one pixel electrode of the modulator. For relating the depicted gray level to the requested phase shift and thus, the applied voltage, the
manufacturer supplies a so-called Look-Up-Table (LUT). Latter converts the gray-level to the
demanded phase retardation and is therefore wavelength-dependent. For the utilized LUT, an
image depth of 16 bit corresponds to a phase shift range of 2π for a wavelength of 785 nm.
In the following, it is validated that the pixel-structure of the SLM has no disadvantageous
effects on the depletion pattern generation. Therefore, the resulting intensity distribution in
the focal plane is calculated. The SLM shall not only be utilized for tomoSTED microscopy
but, as a reference, also for the classical 2D STED variant. In comparison to a one-dimensional
phasemask, the conventional helical phasemask is more complex and demanding. Thus, the
latter configuration defines the requirements for the pattern generation and is subject to the
here depicted calculations.
The resulting intensity distribution in the focal plane is calculated for varying SLM formats.
To reduce for pixelation effects introduced by the calculation, the latter is performed on a grid
of 1024 × 1024 pixels, exceeding the pixelation of the SLM sufficiently.
Figure 3.3(a) shows the helical phasemask that can be realized with an array of 4 × 4 pixels.
Contrary to the phase shift that can be induced by a quantity of 256 × 256 pixels (see figure 3.3(c)), the pixelation is clearly visible. The fact that the difference in pixelation influences
x 109
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Figure 3.3: Pixelation effect on doughnut-shaped depletion pattern. (a) Helical phasemask imprinted
onto an SLM chip with 4 × 4 pixels. The respective calculations are performed on a grid size of
1024 × 1024 pixels. (b) Resultant intensity distribution in the focal plane, determined via Fast Fourier
Transformation. (c), (d) Same quantities for an SLM with 256 × 256 pixels. (e) x-profile of depletion
intensity distribution for varying SLM formats, drawn along the red line in (b) and (d).
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the resulting depletion patterns is deducible from figures 3.3(b) and (d). For all simulations, the
correct beam diameter (1.6 mm at the position of the SLM, see section 3.1) has been taken into
consideration. Profiles along the central x-line of the resultant intensity distributions hSTED2D
for different SLM formats are depicted in figure 3.3(e). The zero-passage of the depletion pattern is independent of the chosen format but the pixelation clearly affects the shape of hSTED2D
and thus, the depletion pattern steepness (see section 2.3.1). Anyhow, the intensity distribution
converges towards a steady state for an increasing number of available pixels. For a format of
256 × 256 pixels, the intensity distribution is already close to the ideal case. Hence, the combination of beam diameter and SLM format chosen in this project allows for an undisturbed
depletion pattern generation.
According to the manufacturer, the fill factor of the SLM is 100 %. This means that, ideally,
all of the reflected light undergoes modulation. However, the actual modulation efficiency of
the SLM is typically lower, e.g. because of polarization effects. If the efficiency is less than
100 %, the reflected beam is not fully altered. Even if the amount of the unmodulated light is
marginal, it might significantly affect the depletion pattern quality.
This is typically prevented by generating a so-called off-axis hologram [4, 24]. Via superposing
the phasemask with a blazed grating, most of the laser intensity can be transferred into the
resultant first diffraction order. Obviously, only modulated components of the emerging beam
are shifted to the first diffraction order. Latter is subsequently filtered from other diffraction
orders and utilized as the STED beam.
The diffraction efficiency, quantifying how much intensity is shifted to the first diffraction order,
depends on the phase modulation depth of the grating. The latter is the phase difference
between the grating’s minimum and maximum. For a maximum retardation of 2π, the efficiency
would ideally be one [3]. The respective measurement is depicted in figure 3.4.
For the zeroth and the first diffraction order, the relative intensity is determined for varying
phase modulation depths. The emerging beams are projected onto a CCD camera (Point Grey
Research, Inc., Canada), as shown in figure 3.4(a). For each testing point, the deducible 0th and
1st diffraction order intensities are divided by a total intensity (see figure 3.4(b)). The latter
can be well-approximated by summing the corresponding intensities, yielding a correction for
laser fluctuations. Higher diffraction orders are found to be negligible.
Although the phase modulation efficiency depends on many factors, the relative intensity of
the first diffraction order reaches a maximum of ≈ 90 %. This result indicates a high quality
of the SLM utilized. Via the off-axis configuration, a 100 % modulation of the reflected light is
ensured.
Figures 3.4(c) and (d) exemplify gray-level images that are transferred to the SLM to obtain
either a doughnut-shaped STED or a one-dimensional depletion pattern. Both, the helical
phase plate and the phasemask for tomoSTED microscopy, are superposed by a blazed grating.
Latter has a modulation depth of 2π. As mentioned before, a phase-shift is determined by the
grey-level values and translated into the corresponding voltage levels.
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Figure 3.4: Diffraction efficiency of the SLM utilized. (a) Intensity distributions corresponding to a
phase modulation depth of 0, π and 2π, imaged onto a CCD-chip. The scale bar represents a length of
0.5 mm. (b) Relative intensities for 0th and 1st diffraction order in dependence of the phase modulation
depth. Latter is depicted in multiples of π. (c) Superposition of blazed grating and helical phasemask.
(d) Same quantity for a one-dimensional depletion pattern, shown for an exemplary pattern orientation
of 0◦ . The blazed grating in (c) and (d) has a phase modulation depth of 2π.

The period of the blazed grating is chosen such that the first diffraction order can be wellseparated from the reflected beam and higher diffraction orders by means of an aperture.
Controlling the Spatial Light Modulator via PCIe-electronics allows frame rates in the range of
1000 Hz. Yet, the response time of the liquid crystal molecules is in the range of ∼ 6 ms. Here,
it is referred to the time that the molecules require for reorienting in accordance to a phase
step from 0 to 2π. This time lag limits the overall switching rate of the SLM. Therefore, a 180◦
rotation of the depletion pattern orientation can be realized at rates of ≈ 200 Hz.
3.2.2 Depletion pattern generation via conical diffraction
Following eq. (2.80), the intensity distribution of the conically diffracted beam depends on,
inter alia, ρ0 and ζ. Optical properties of the material, as well as the crystal’s dimensions or
the beam waist of the incident beam, influence the radius of the emerging cone and thus, ρ0 .
By varying the parameter ρ0 , the quantity and the dimensions of the resulting rings can be
defined.
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The intensity distribution also depends on ζ, determining the distance from the considered
plane to the focal plane. By placing lenses appropriately, any plane of interest can be imaged
onto the sample plane.
The choice of suitable parameters for ρ0 and ζ to generate one-dimensional depletion patterns
has been subject to [63]. Simulations, based on the intensity profile of the conically diffracted
beam (see eq. (2.80)), have been performed to evaluate the formation of rings in dependence of
e.g. ζ. Furthermore, the obtainable intensity distribution in the focal plane has been calculated
to analyze the depletion pattern as a function of ρ0 . For these considerations, it has been
assumed that the incident beam exhibits a Gaussian intensity distribution. The most important
results are summarized hereafter.
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Figure 3.5: Simulation of intensity distributions at ζ = 0. The maximum intensity of the incident
Gaussian beam is normalized to one. (a,b) The incoming light is circularly polarized. In (a), ρ0 = 20
and in (b), ρ0 = 1.3. The radius of the emerging cone increases significantly with higher values of
ρ0 . (c) For an initially linearly polarized beam (Ψ = 0), the emerging cone (here, ρ0 = 1.3) is not
rotationally symmetric. (d) An additional polarizer behind the crystal is introduced. Here, ρ0 = 1.3,
Ψ = 0 and δ = π2 . Simulations performed by B. Vinçon [63].
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Since the sharpest rings of conical diffraction are obtainable at ζ = 0 [63], this focal plane is
projected onto the sample plane. Experimentally, this is realized by introducing a lens behind
the crystal such that its back focal plane meets the focal plane in the crystal.
The most efficient depletion pattern, providing the highest resolution enhancement, is given for
ρ0 = 1.3. A comparison of figures 3.5(a) and 3.5(b) indicates that higher values of ρ0 lead to
the formation of more than one cone ring, while only one ring emerges for ρ0 = 1.3. Moreover,
the increasing cone radius for increasing numbers of ρ0 is not suitable for depletion pattern
generation. In particular, the pattern steepness of the resultant depletion focus decreases for
increasing values of ρ0 .
Following eq. (2.77), a requested value of ρ0 can be attained through an appropriate combination of the crystal properties and the beam waist of the incident beam. The utilized biaxial
element is a potassium titanyl phosphate (KTP) crystal (Conerefringent Optics S. L., Spain)
with a length of 11 mm and is cut perpendicular to one of its optical axes. The refractive indices can be determined via the respective Sellmeier equations [62] to n1 ≈ 1.45, n2 ≈ 1.46 and
n3 ≈ 1.52 and thus, they obey the assumptions made in section 2.4.4. The respective value of
R0 follows from eqs. (2.72) and (2.74) to R0 = 181 µm.
The beam waist ω of the incident beam can be adjusted by inserting a suitable telescope. For
given values of ρ0 and R0 , the corresponding ω is determined via eq. (2.77). Experimentally, a
beam waist of ω = (128 ± 13) µm is realized, providing ρ0 = 1.35 ± 0.14.
However, the intensity distribution of the conically diffracted beam does not only depend on
ρ0 and ζ. Following section 2.4.4, it can be additionally modulated by the polarization state of
the incident beam. For example, the emerging cone for the case of linearly polarized light is,
contrary to the case of circularly polarized light, not rotationally symmetric (see figures 3.5(b)
and (c)).
The intensity distribution depicted in figure 3.5(c) does not match the intensity distribution of
a one-dimensional depletion pattern yet. Rather, the introduction of a polarization analyzer
behind the crystal is indispensable. The respective transformation can be described by the
Jones matrix
TPSA (δ) =

cos2 δ

cos δ sin δ

sin δ cos δ

sin2 δ

!
,

(3.1)

where δ is the orientation of the polarization that is transmitted by the polarizer.
For a one-dimensional depletion pattern, an intensity minimum along one axis, e.g. along a
horizontal line with θρ = 0 or θρ = π, is demanded. Recalling eq. (2.82), θρ refers to the
position within the cone. For an incident beam with Ψ as the linear polarization orientation,
the intensity profile of the conically diffracted beam (see eq. (2.80)) can be simplified to
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D res (ρ, ζ) = B0 (ρ, ρ0 , ζ) sin (2Ψ − θρ )

sin Ψ

!

− cos Ψ

.

(3.2)

Here, it is assumed that B0 (ρ, ρ0 , 0) ≈ B1 (ρ, ρ0 , 0). This approximation holds when a thick
crystal slab ( w with w as the beam waist of the incident beam) is considered. Furthermore,
the polarizer is oriented such that the angle of the transmitted polarization is δ = Ψ − π2 . For
this configuration, intensity minima are given for θρ = 2Ψ + lπ with l ∈ Z.
For a linear polarization with Ψ = 0 and for a polarizer angle of δ =

π
2,

a requested intensity

distribution as illustrated in figure 3.5(d) is maintained. It is verified that a depletion focus
that results from imaging this intensity distribution onto the sample plane is similar to the
depletion pattern that is generated by a conventional 1D phasemask. Likewise, a vertical oriented intensity minimum can be observed for Ψ =

3π
4

π
4.

and δ =

Hence, the one-dimensional

depletion pattern can be rotated by adapting the polarization state of the incident beam and
by respectively changing the angle of the polarization analyzer.
There are several options for controlling the polarization state of the incident and of the emerging beam, e.g. the usage of waveplates and linear polarizers. To obtain the fastest possible
generation and rotation of depletion patterns, only the implementation depicted in figure 3.6 is
considered in the following.
The so-called polarization state generator (PSG) defines the linear polarization angle of the
incident beam. This is realized through a combination of two Pockels cells, as explained in
section 3.3.2, before the beam undergoes conical diffraction. To filter the desired components
of the emerging cone, the polarization state that passes a polarization state analyzer (PSA)
has to be adapted respectively, i.e. it must be perpendicular to the polarization of the incident
beam. Hence, the corresponding linear polarization is rotated via another pair of Pockels cells
such that it can pass a static linear polarizer (P).

















Figure 3.6: Schematic layout for the depletion pattern generation via conical diffraction. The polarization is defined through a polarization state generator (PSG), e.g. a combination of two Pockels cells
(PC1 and PC2), before the beam passes the biaxial crystal (BC). Requested components of the emerging
cone, imaged through a lens (L), are filtered through a polarization state analyzer (PSA). Latter can
for example consist of a pair of Pockels cells and a linear polarizer (P) (modified in accordance to [9]).
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Once all parameters are chosen appropriately, the pattern generation only depends on the
respective polarization states. Since these can be switched with rates of up to 260 kHz (see
section 3.3.2) , the way towards a continuous, pixel-wise pattern rotation is paved by means of
conical diffraction.

3.3 Linear polarization rotation
In section 3.3.1, the dependence of the quality of the depletion pattern in the focal plane on
the polarization state of the STED beam is demonstrated. In tomoSTED microscopy, the
polarization must be changed in accordance to the depletion pattern orientation. Rotating the
polarization mechanically and therefore relatively slowly, limits the acquisition speed. To avoid
this restraint, the Pockels effect (see section 2.4.2), also known as the linear electro-optic effect,
can be utilized. The principle and experimental realization of polarization rotation via Pockels
cells is fully outlined in section 3.3.2.
3.3.1 Impact of polarization on depletion pattern quality
As already mentioned in section 3.1, the linear polarization of the beam must be parallel to
the depletion pattern orientation. Here, the pattern orientation is exemplary chosen to 0◦ . The
effect of mismatching polarization states is presented in the following.







Figure 3.7: Simulation of influence of polarization mismatch on the depletion pattern quality, quantified
by the relative intensity in the pattern minimum. The latter increases similarly for the ellipticity angle χ
and the orientation angle Ψ of the polarization state. For the analysis of each angle, the other angle is
set to 0◦ .
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In section 2.4.1, it has been shown that a polarization state can be described by the orientation
angle Ψ and the ellipticity angle χ (see eqs. (2.53) and (2.54)). Note that Ψ = 90◦ corresponds
to a vertical polarization, whereas χ = 90◦ indicates circularly polarized light. For varying
values of Ψ and χ, the resulting depletion pattern is determined to evaluate the impact of
polarization mismatches. Calculations are performed with Matlab, including a routine for PSF
calculation (MPI for biophysical Chemistry, Germany).
As a measure for the pattern quality, the intensity in the pattern minimum in relation to
the maximal intensity of the pattern is depicted in figure 3.7. The graph shows the same dependency of the relative intensity in the minimum on χ and Ψ.
It is found that the relative intensity in the pattern minimum is < 0.1 % for Ψ = χ < 2.9◦ .
As will be shown in section 3.3.2, the provided polarization state can be determined even more
accurately.

3.3.2 Polarization rotation with Pockels cells
The fundamentals of the Pockels effect have been outlined in section 2.4.3. Following eq. (2.68),
the phase shift Γ, imprinted onto orthogonal beam components, can be controlled via the voltage applied to the respective Pockels cell. According to the theoretical derivation, the principal
axes of the crystal coincide with the x- and the y-axis. This is not the case for all of the following considerations, since a 45◦ rotation of a Pockels cell around the z-axis is included. It is
hereafter assumed that nx > ny if an electric field is applied and thus, ny is referred to as the
fast axis.
To obtain any linear polarization state requested, a combination of two Pockels cells is provided.
The appropriate arrangement is illustrated in figure 3.8(a) and explained in the following.
Given an initially horizontally polarized beam with
Jin =

1
0

!
,

(3.3)

the fast axis of the first Pockels cell must enclose an angle of 45◦ with the x-axis. Likewise, the
fast axis of the second crystal meets an angle of 90◦ with respect to the x-axis.
In accordance to section 2.4.1 (see eq. (2.59)), the resulting polarization state can be deduced
by a matrix-vector multiplication. For Γ1 , indicating the phase shift induced by the first crystal
and, likewise, Γ2 referring to the second Pockels cell, the polarization state of the output wave
is
JΓ1 ,Γ2 = TΓ2 (90◦ )TΓ1 (45◦ )Jin .

(3.4)
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Figure 3.8: Layout for linear polarization rotation with a combination of two Pockels cells. (a) Refractive index ellipsoids for the first and second Pockels cell with respect to the incoming polarization Jin .
(b) Exemplary transformation visualized on the Poincaré sphere with H (horizontal) and V (vertical)
indicating linear polarization states and RHC (right-handed) and LHC (left-handed) labeling circular
polarization states. The retardation of the first Pockels cell corresponds to a rotation of Γ1 , as depicted
in blue. The second Pockels cell induces a rotation of Γ2 , shown in green. The resulting polarization
JΓ1 ,Γ2 is linear.

For an inclined index ellipsoid, meaning that the fast axis encloses an angle θ with the x-axis,
the Jones matrix for an arbitrary phase retardation [29] is given by


Γ

Γ

ei 2 cos2 θ + e−i 2 sin2 θ



TΓ (θ) =
Γ
Γ
ei 2 − e−i 2 cos θ sin θ





Γ
Γ
ei 2 − e−i 2 cos θ sin θ
.
Γ
Γ
ei 2 sin2 θ + e−i 2 cos2 θ

The Jones vector after the first Pockels cell with θ = 45◦ results to

 Γ1

  Γ1
!
Γ
Γ
i 2
−i 21
i 2
−i 21
1
1
e
+
e
e
−
e
1
2
2

 Γ1

JΓ1 =   Γ1
=
Γ
Γ
i 2
i 2
−i 21
−i 21
1
1
0
e
−
e
e
+
e
2
2

cos Γ21
i sin Γ21

(3.5)

!
.

(3.6)

The polarization orientation is described by the angle Ψ (see section 2.4.1). In accordance to
eq. (2.53), it follows Ψ = 0. As indicated by the complex y-component, the ellipticity changes
π

after the first Pockels cell. With i = ei 2 , a change of the ellipticity angle to χ =

Γ1
2

(see

eq. (2.54)) is induced. Considering the Poincaré sphere, the polarization change that depends
on the imprinted phase shift Γ1 can be described by a transformation along the meridian, as
shown in figure 3.8(b).
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The phase retardation of the second Pockels cell is now set to Γ2 =

λ
4

and, as mentioned before,

θ = 90◦ . Hence, the polarization is modified to
JΓ1 ,Γ2 = e

−i π4

1 0
0 i

The ellipticity angle χ is reduced by
−i π4

The term e

!

Γ1
2 ,

cos Γ21
i sin Γ21

!
=e

−i π4

cos Γ21
sin Γ21

!
.

(3.7)

since the complexity of the y-component vanishes.

indicates that a phase retardation, with respect to the incoming ray, acts on

the whole beam. The polarization orientation Ψ is defined by the wave retardation that is
imprinted by the first Pockels cell. Following eq. (2.53), Ψ = − Γ21 is obtained. Here, the sign
of Ψ can be easily changed by adapting the sign of Γ2 . In terms of the Poincaré formalism,
the retardation corresponds to a transformation around an axis that is perpendicular to the
rotation axis of the transformation induced by the first Pockels cell. As shown in figure 3.8(b),
the resultant polarization meets the equator line and is therefore linear.
In accordance to eqs. (2.68) and (3.7), the orientation of the polarization depends linearly on
the voltage applied to the first Pockels cell. The second Pockels cell could theoretically be
replaced by a quarter-wave plate, since the retardation is constantly set to

λ
4.

Yet, the out-

lined arrangement with a double Pockels cell allows for a higher flexibility. For e.g. including
measurements with a conventional 2D STED configuration, a circular polarization has to be
realized. By combining two Pockels cells, any state of polarization is obtainable. Furthermore,
the STED microscope contains polarization sensitive components, e.g. dichroic mirrors. The
polarization state distortions, i.e. an increase in ellipticity, induced by these elements can be
compensated by the second Pockels cell.

Figure 3.9 shows typical calibration curves for the Pockels cells. For a fixed voltage U1 , applied
to the first Pockels cell, the voltage U2 for the second Pockels cell is altered until a linear
polarization state is found. The upper ellipticity threshold in the corresponding LabVIEW script (written by B. Vinçon) is set to χ = 0.01. This corresponds to an ellipticity angle of
χ = 0.6◦ , allowing for an undistorted depletion pattern distribution (see section 3.3.1). The
polarization analyzer (Schäfter + Kirchhoff GmbH, Germany) is located in the back focal plane
of the objective.
As expected, the relation between U1 and Ψ is linear (see figure 3.9(b)). The gap of orientations (from approximately Ψ = −80◦ to Ψ = −70◦ ) results from the calibration procedure
of the utilized LabVIEW -script. In particular, a specific polarization orientation can not only
be obtained for a single but for several combinations of the voltages U1 and U2 . In the LabVIEW program, the voltage applied to the second Pockels cell is only alternated in a range
that corresponds to a single combination of voltages. The polarization states that could not be
determined via the calibration software can be found by varying the voltages manually.
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Figure 3.9: Exemplary Pockels cells calibration curves. (a) The dependency of U2 , the voltage applied
to the second Pockels cell, on U1 can be approximated by polynomials of 9th order (green curves).
(b) Polarization orientation angle Ψ vs. voltage applied to first Pockels cell (U1 ), including linear fits
(green lines).

Following the manufacturer, the half-wave voltage of each utilized Pockels cell is Vπ ≈ 3 kV
for λ = 1064 nm. As deduced in equation (2.70), Vπ is proportional to the wavelength of the
light used. In accordance to this functional dependency, a half-wave voltage of Vπ ≈ 2.7 kV
is expected for λ = 775 nm. Instead, the here presented measurement suggests a retardation
of 180◦ and thus, of π, for approximately 5 kV. This shows that the Pockels cells are not
perfectly aligned but since the polarization range is sufficient for our tomoSTED application,
the configuration is not further optimized.
For the ideal case, the voltage of the second Pockels cell would be constant for all polarization
orientations. This would, on the one hand, require a precise alignment and, on the other hand,
the absence of polarization distorting elements. Figure 3.9(a) shows a realistic course of U2 ,
exhibiting significant deviations from a constant line.
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The Pockels cells (Leysop Ltd., United Kingdom) have optical rise times in the range of a
few nanoseconds. They are controlled via high voltage amplifiers (Matsusada Precision Inc.,
Japan), providing a voltage change of 3 kV within 2.3 µs. With Vπ ≈ 5 kV, the polarization can
be rotated around π at rates of ≈ 260 kHz.

3.4 Image Reconstruction
The acquisition of individual images with one-dimensional resolution increase requires a subsequent image processing to obtain an isotropic estimation of the unknown sample. Therefore,
a correction for the oversampling along the confocal axis in each sub-image (see section 3.4.1)
is followed by a reconstruction method of choice to obtain a quasi-homogeneous resolution enhancement in two dimensions.
It is demonstrated that the corresponding image can be reconstructed by standard tomographic
approaches (see section 3.4.2). However, this computation method has some drawbacks when
applied to tomoSTED microscopy and thus, more suitable reconstruction procedures, as elucidated hereafter, are required. Yet, some considerations from tomography can be adapted to
our method.
For simplicity, feasible computation approaches are introduced by simulations on artificial bead
structures with ideal imaging conditions. This implies that no noise is considered at this point.
Simulations that include noise for the contemplation of realistic imaging conditions are subject
to section 4.2.1.
Simulations and reconstruction procedures are implemented in Matlab (The MathWorks, Inc.,
USA).
3.4.1 Noise correction for oversampling
In terms of sampling, a scanning scheme that is adapted to our asymmetric PSF is favorable.
In particular, the pixelation along the confocal axis can be chosen much coarser than along the
sub-resolved direction while still obeying Nyquist’s sampling theorem. Yet, choosing the pixel
dimensions in accordance to the pattern orientation implies a highly complex sampling grid.
Especially for diagonal axes of resolution increase, the respective adjustment can experimentally
not be implemented with the currently used control software.
Therefore, the applied scanning grid complies with a regular 2D STED scheme. Following
Nyquist, the dimensions of the squared pixels are chosen in conformity with the sub-resolved
axis. Our resulting sub-images in both, simulations and experiments, are consequently highly
oversampled along the confocal axis. In either case, the acquisition time per sub-image is
chosen such that the overall acquisition time is the same in tomoSTED microscopy as in the
2D STED approach. For the acquisition under N different depletion pattern orientations, the
pixel dwell-time in tomoSTED microscopy is consequently set to

1
N

of the pixel dwell-time uti-

lized in the 2D STED variant. For an ideal sampling, the pixelation in tomoSTED microscopy
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can be chosen coarser than in 2D STED microscopy and thus, the pixel dwell-time can be
increased while still realizing the same total acquisition time in both cases. Thus, the signalto-noise ratio (SNR) would be significantly higher for the ideal pixelation than for the feasible
sampling. In the following, it is elucidated how data, either simulated or experimental, that is
oversampled can be corrected such that the SNR is equal to the SNR in the ideal sampling case.
In simulations with realistic imaging conditions (see e.g. section 4.2.1), noise is introduced
by the common approach of drawing from a Poisson distribution with the expected value corresponding to the respective pixel value. Furthermore, a constant background is added to
resemble realistic imaging conditions. This approach, as a general attempt to simulate noisy
data, can be summarized as
noisy data = P (signal) + P (background)

(3.8)

with P(λ) indicating the Poisson distribution with parameter λ. In general, the SNR of a mean
parameter x is defined as
E(x)
SNR(x) = p
var(x)

(3.9)

with E as the expected value and var as the variance. As mentioned before, a fair comparison of
the noise level in our tomoSTED variant and 2D STED microscopy requires a noise correction
that depends on the oversampling. In either case, a correction parameter c is given by
c=

∆x ∆y
·
2px 2py

(3.10)

with ∆x and ∆y referring to the FWHM in x- and, likewise, y-direction of the effective PSF.
The quantities px and py subscribe to the respective pixel dimension in the recorded image. The
Nyquist criterion is incorporated via the factor of two in the denominator. For the same factor
of resolution enhancement and thus, k = k1D = k2D , the correction factor is k times higher in
the 1D case.
The correction factor is incorporated in eq. (3.8) such that the SNR per actual pixel in the
simulation is the same as the SNR per pixel in the ideal sampling case (c = 1) via
noisy data =

P (c · signal) P (c · background)
+
.
c
c

(3.11)

Obviously, the noise-level can not be adapted in real measurements and thus, an additional
image processing step is required. The oversampling in experimental data is corrected by
convolving each sub-image with an accordingly oriented filter array. Dependent on the filter
dimensions, a certain number of pixels is thereby joint to one and an ideal sampling is simulated.
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To maintain a fair comparison with not corrected 2D STED measurements, only a correction
along the actual confocal axis is implemented. The latter is, if an appropriately chosen pixelation
along the high-resolution direction is assumed, oversampled by a factor of k1D . Hence, the factor
of resolution enhancement determines the length of the one-dimensional filter.
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is an exemplary depicted filter array for k1D = 5 and a depletion pattern orientation of 0◦ .
To exclude an artificial enhancement of the fluorescence signal, the absolute value of the filter
amounts to one. The two-dimensionality of the array enables a rotation of the filter by applying
an additional rotation matrix to comply with the actual depletion pattern orientation.

3.4.2 Tomographic image reconstruction
As a motivation for tomoSTED microscopy, the imaging procedure in tomography has been
depicted in the introduction. In the following, it is demonstrated that standard tomographic
reconstruction procedures can be applied to tomoSTED microscopy data sets, further emphasizing analogies between tomoSTED and tomographic methods. The hereafter exploited notations
refer to figure 1.1(a).
In tomography, the transmitted intensity I, as a function of the beam position coordinate u
with
u = x · cos φT + y · sin φT ,

(3.13)

provides information about the spatial sample constitution. The latter is, for the case of X-Ray
transmission tomography, characterized by the attenuation coefficient f (x, y). Note that f (x, y)
could describe any other interaction of the sample with the probing light, in dependence of the
tomography variant.
In accordance to
 Z

I(φT , u)
= exp − f (x, y)ds ,
I0
L

(3.14)

the intensity, starting from an unaffected beam intensity I0 , decreases exponentially with the
integral of f (x, y) over the propagation length L through the sample.
Following the natural logarithm of eq. (3.14), a parallel beam-projection PPB (φT , u) is obtained.
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In particular,

PPB (φT , u) = −ln

I(φT , u)
I0



Z
=

f (x, y)ds

(3.15)

L

can be identified as a Radon transform for a specific φT [18, 54]. These projections are recorded
for various angles φT , resulting in a so-called sinogram (see figure 3.10(b)).
The reconstruction of the underlying structure, i.e. of f (x, y), requires an appropriate backprojection. According to the Central Slice Theorem [10], the one-dimensional Fourier transform
P̃PB (φT , ν) of PPB (φT , u) is equal to the two-dimensional Fourier transform f˜(νx , νy ) of f (x, y)
along a specific imaging orientation φT . Note that ν, νx and νy indicate the coordinates in the
Fourier domain.

ΦT
























Figure 3.10: Image reconstruction in tomography. (a) Shepp-Logan phantom slice as test standard of
the human brain (256 × 256 pixels). (b) Sinogram of (a), resulting from 256 equispaced angles φT and
256 scanning steps per projection. (c,d) Comparison of a non-filtered and a filtered back-projection:
(c) The non-filtered back-projection of (a) appears blurry. (d) Via the implementation of a Ram-Lak
filter, the weight of low-frequency components is reduced and therefore, the image appears more defined.
(a-d) The color table of each image is adjusted to the respective maximum value.

3.4

51

Image Reconstruction

The back-projection algorithm [10] and thus, the solution for f (x, y) is given by
fˆ(x, y) =

1
(2π)2

Z

π

Z

∞

dφT
0

P̃PB (φT , ν)e−i2πν νdν.

(3.16)

−∞

Equation (3.16) contains the inverse Fourier transform of the assembled slices, yielded by the
Fourier transforms P̃PB (φT , ν) of the single intensity projections [10].
However, the back-projection operation is not the inverse of the projection operation [13]. In
particular, all contributions along an imaging direction are subscribed to one bin, while neglecting the actual position of the sample-light interaction within that direction. Thus, an
unfiltered back-projection yields a blurry image, as depicted in figure 3.10(c). The tomographic
image reconstruction therefore requires appropriate filtering methods, either being performed
before (filtered back-projection, FBP) or after back-projection (back-projection filtering, BPF).
Regardless of the order, the filtering approaches are based on a reweighting of low- and highfrequency components. If low-frequency contributions, entailing large object features, are appropriately reduced or suppressed, the reconstruction appears more defined (see figure 3.10(d)).
Commonly used concepts are based on e.g. the Shepp-Logan or the Ram-Lak filter.
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Figure 3.11: Tomographic image reconstruction in tomoSTED microscopy. (a-i) Sub-images calculated
for depletion pattern orientations of 0◦ , 20◦ , 40◦ , 60◦ , 80◦ , 100◦ , 120◦ , 140◦ and 160◦ , respectively. The
factor of resolution enhancement is chosen to k1D = 5. Scale bar: 0.5 µm. (j) Sinogram obtained from
N = 180 sub-images. (k) Back-projection of (j). Here, the iradon function from Matlab and a Ram-Lak
filter are applied. The intensity in each image scales from zero to the respective maximum value.
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Via simulations, it is demonstrated that the principle of tomographic image reconstruction
can be adapted to tomoSTED microscopy (see figure 3.11). The computationally generated
structure represents a random distribution of beads with a diameter of 25 nm. Beads simulations, here and in the following subsections, are performed on a calculation grid with a pixel
size of 10 nm in x and y. The artificial structure is convolved with one-dimensionally narrowed
PSFs of various high-resolution directions to mimic tomoSTED sub-images (see figure 3.11(a-i)).
Here, the factor of resolution enhancement is chosen to k1D = 5 with ∆STED1D = 50 nm and
∆conf = 250 nm. Note that no noise is considered at this point and therefore, the reconstruction
does not require a preceding noise correction step.
As shown in figure 3.11(j), a sinogram can be obtained from N = 180 equispaced depletion
pattern orientations. By applying the Radon transform, the intensity in each sub-image is
integrated over a line that coincides with the respective confocal axis. The back-projection,
including a Ram-Lak filter, yields a reconstruction with a homogeneous resolution increase in
2D (see figure 3.11(k)).
However, the Radon transform and the subsequent back-projection neglect the confocality of
our system. In particular, the intensity is projected along a whole image line that coincides
with the confocal axis. In contrast to tomographic applications, tomoSTED microscopy obtains
additional information along the diffraction-limited direction which is neglected by the tomographic computing approach.
Furthermore, the here described reconstruction method is not applicable for a small number
of depletion pattern orientations. In accordance with section 2.3.2, the optimal sampling for
k1D = 5 can already be obtained for Nideal ≈ 8 depletion pattern orientations. For this number
of sub-images, the sample structure is not recognizable from the simple tomographic backprojection reconstruction (data not shown).
3.4.3 Minimum-value/maximum-value reconstruction
Both hereafter presented methods, based on either the minimum-value or the maximum-value
approach, are reconstruction procedures that do not require prior knowledge about the optical
system. This is a major advantage, since the reconstruction can be performed without a preceding determination of the PSF.
The basic idea of both methods is illustrated in figure 3.12(a) and simplified by considering
only two directions of the 1D depletion pattern. Again, the simulated structure represents fluorescent beads with a size of 25 nm (see section 3.4.2 for comparison). The green box contains
tomoSTED sub-images for pattern orientations of 0◦ and 90◦ , respectively. As the resolution
increases only along one direction per sub-image (here, k1D = 5), the bead image dimension
along the complying perpendicular direction remains confocal (∆conf = 250 nm).
The pixel-wise minimum value of all sub-images taken under different depletion pattern orientations can be identified (see green box in figure 3.12(a)). The determined minimum value is
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assigned to the respective pixel coordinate in the reconstruction and the procedure is therefore referred to as the minimum-value method. The highlighted pixel area shows a constant
signal for a pattern orientation of 0◦ but a dip in intensity for an orientation of 90◦ . This
high-resolution information is preserved by the minimum-value reconstruction.
The main idea of the maximum-value method is similar to the minimum-value concept. Yet,
the individual raw images are not analyzed in real space. Via a 2D Fourier transform, an OTF
for each sub-image of different pattern orientation is obtained (see blue box in figure 3.12(a)).
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Figure 3.12: Reconstruction via minimum- and maximum-value method: (a) Demonstration of both
procedures on N = 2 images recorded under equally distributed 1D depletion pattern orientations.
Green box: Minimum-value method in real space. Blue box: Maximum-value method, executed in
Fourier space. Here, the reconstructed image is obtained through an inverse Fourier transformation.
Exemplary pixel regions are highlighted by a white circle. (b) The sub-image with a depletion pattern
orientation of 157.5◦ shows a 1D resolution increase. (c) tomoSTED microscopy image, reconstruction
of N = Nideal = 8 sub-images via minimum-value method. (d) tomoSTED result for maximum-value
method (N = 8). The blue circle in (c) and (d) highlights an exemplary area for which artifacts can
be obtained in the minimum-value reconstruction. All scale bars represent 0.5 µm. (e) Intensity plots
along profiles indicated by the blue lines in (b), (c) and (d).
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Again, the one-dimensional resolution increase is visualized, as each OTF contains high frequencies only along one direction. Subsequently, all individual OTFs are compared for every
frequency coordinate and the resultant maximum value is kept. By doing so, the largest contribution to a certain frequency and therefore, the high resolution information from each image
is preserved. The reconstruction in real space is obtained via inverse Fourier transform of the
assembled OTF. Due to discontinuities in the assembled OTF, the reconstruction in real space
can contain negative values. For a fair comparison of intensity profiles (see e.g. figure 3.12(e)),
the whole data range of the reconstruction is considered in either case. Only for visualization,
the negative values are set to zero (see upper right image in figure 3.12(a)). The number of
pixels that are cut off by neglecting the negative contributions strongly depends on the ratio
between detectable sample features and image background, as well as on the sampling. They
constitute for example ≈ 44 % of the entire information in the here depicted simulations on
sparsely distributed beads, but only a minor part when considering e.g. a Microtubule network
in cells (≈ 4 % for the in figure 4.9(b) presented measurement) .

In accordance to eq. (2.48) (see section 2.3.2), the minimum number of pattern orientations for
an artifact-free image is Nideal ≈ 8 (k1D = 5). The artifacts evolving from a too sparse distribution of N = 2 depend on the computing method but are clearly visible in both reconstructions
shown in figure 3.12(a).
A decent comparison of both computation methods requires an appropriate sampling of the
structure and thus, sub-images for N = Nideal = 8 equally distributed pattern orientations
are provided. Resultant reconstructions are depicted in figures 3.12(c) and (d). An exemplary
intensity profile plot (see figure 3.12(e)) unravels a slightly higher contrast for the minimumvalue reconstruction as compared to the maximum-value case. Here, the intensity profile for
a sub-image, corresponding to a depletion pattern orientation of 157.5◦ (see figure 3.12(b)), is
additionally shown. This frame provides the initial high-resolution information along the profile
(marked by the blue line) which is slightly better preserved by the minimum-value reconstruction than by the maximum-value reconstruction. The minor decrease in resolution results from
the confocal information that is contained in each sub-image. In e.g the maximum-value procedure, low-frequency contributions are slightly raised when compared to a single sub-image,
since the maximum information of each sub-image is considered.
However, a comparison of the intensity scales of the assembled images (see figures 3.12(c) and
(d)) unravels a significantly lower intensity level in the minimum-value reconstruction compared to the maximum-value case. In both computation methods, only particular minimum
or, respectively, maximum values are kept. Yet, the neglecting of other contributions in the
minimum-value procedure is more pronounced, since it is an excluding approach. In particular,
a high peak intensity in a sub-image can be found when two beads are so close that they can
not be discerned by the respective 1D PSF. In case they are distinguishable in another subimage, the peak intensity per imaged bead is lower and thus, preserved by the minimum-value

3.4

Image Reconstruction

55

approach. Consequently, the maximum intensity drops slightly when compared to the depicted
sub-image (see figure 3.12(b)).
The maximum intensity in the maximum-value reconstruction is even higher than in the raw
data. Since the overall fluorescence signal is contained in the amplitude of each OTF at the frequency u = v = 0 and approximately equal for each sub-image, it is translated to the assembled
OTF. In the reconstruction, the fluorescence signal is narrowed to a smaller spot, resulting in a
higher peak intensity. The conservation of signal is especially relevant if real imaging conditions,
e.g. a low signal-to-noise ratio, are considered.
Furthermore, some particular beads in the minimum-value reconstruction appear triangular.
Such an artifact is exemplary highlighted by the blue circle and shows up when two beads
are relatively close. If the depletion pattern is orientated approximately perpendicular to an
axis connecting those beads, the minimum-value procedure overbalances the distribution of the
respective sub-image. In particular, sub-images that are recorded under slightly different imaging orientations contain already contributions from the other bead, respectively, and thus, the
minimum value increases abruptly. However, the maximum reconstruction for an appropriately
chosen N = Nideal appears artifact-free.
Due to the depicted disadvantages concerning signal loss and emerging artifacts, the minimumvalue method is not further considered as a suitable reconstruction method. Yet, the maximumvalue reconstruction preserves satisfactorily the 1D resolution enhancement that is obtainable
in sub-images. Moreover, no artifacts appear and the signal level is significantly higher as compared to the minimum-value result.
Note that the maximum-value procedure is the implementation of the theoretical consideration
for a most profitable image assembly. Following section 2.3.2, the highest isotropic resolution
enhancement in 2D is provided when only the high-resolution information of each sub-image
is considered. For a continuous pattern rotation, a summation over the high-resolution axes
of the single 1D OTFs provides OTFtomo,scaled (see eq. (2.44)). The OTF assembled via the
maximum-value approach, furthermore referred to as OTFmax , also contains the high-resolution
and thus, high-frequency information of each sub-image, while low-frequency contributions are
intentionally neglected. Therefore, OTFmax complies approximately with OTFtomo,scaled .
Contrary to the theoretical case, the pattern rotation is not continuous. As a result, OTFmax is
not fully homogeneous but rather features a star-like shape (see figure 3.12(a), lower right image,
for OTFmax with N = 2). In particular, it can be distinguished between high-resolution and
low-resolution axes of the assembled OTF. The former correspond to the directions of 1D resolution enhancement for which images have been recorded and the latter lie exactly between two
successive orientations of resolution enhancement. Figures 3.13(a) and (b) show OTFmax along
a high-resolution and a low-resolution axis, respectively (blue lines). Along the high-resolution
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axis, OTFmax is equal to OTFtomo,scaled (see figure 2.6 for comparison). Respective slopes indicate the same resolution enhancement for the maximum-value reconstruction when compared
to the 2D STED case (see section 2.3.2). Along the low-resolution axis, OTFmax decreases
faster than OTF2D . However, the homogeneous maximum-value reconstruction, depicted in
figures 3.12(d) and 3.13(c), proves that the lower resolution along the respective directions has
no visible effect on the assembled image.
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Figure 3.13: Image assembly via maximum-value method for N = 8 and N = 4. In both cases, the
factor of resolution enhancement is k1D = 5. (a) Illustration of OTFs along the high-resolution axis:
OTF2D (red line) for comparison, OTFmax for N = Nideal = 8 (blue line) and for N = Nideal
= 4 (green
2
line). (b) Same quantities along the low-resolution axis. (c) Maximum-value reconstruction for N = 8.
The scale bar represents a length of 0.5 µm. (d) The computation result for N = 4 unravels minor
artifacts but a higher overall signal. For visualization of the ray-like artifacts, the intensity scale in (c)
and (d) is set to 70 % of the maximum intensity, respectively. (e) Intensity plot along profile indicated
by blue line in (c) and (d). The resolution enhancement for N = 4 is slightly lower than for N = 8.
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Similar to OTFtomo,scaled , the total signal of the maximum-value reconstruction scales with the
inverse of the number of pattern orientations N . This dependency makes it appealing to decrease the number of recorded sub-images even below the beforehand determined optimal value
of Nideal to achieve a higher signal in the resultant image. In the following, it is demonstrated
that the reconstruction for

Nideal
2

pattern orientations still provides a convincing outcome under

certain circumstances. The correspondent courses of OTFmax are depicted in figures 3.13(a)
and (b) (green lines, N = 4), indicating the increased signal as compared to the previous case
(N = Nideal = 8). Although the slope of OTFmax for N = 4 increases along the low-resolution
axis when compared to OTFmax for N = 8, suggesting an inhomogeneous reconstruction, an
isotropic image in real space can be obtained (see figure 3.13(d)). Still, slight deviations from
the optimal case (see figure 3.13(c)) are not deniable. In particular, the insufficient sampling
of OTFmax creates ray-like artifacts in the assembled image. This disadvantage also impacts
the intensity profile that is drawn along beads (see figure 3.13(e)) which indicates a lower resolution enhancement. Yet, the detected overall signal is approximately 2 times higher than for
the reconstruction with N = 8.
Based on the experimental conditions, in particular on the available fluorescence signal, it must
be evaluated if either a sufficient sampling or an enhanced signal at a slightly lower resolution
is favorable. To compensate for artifacts that occur in the latter case, further algorithms can
be utilized. Not only for this matter, the well-established Richardson-Lucy deconvolution (see
section 3.4.5) has been identified as a suitable approach.
An alternative to the maximum-value reconstruction, beneficial for sub-images of low fluorescence signal in the range of single counts, is provided by methods that are based on the intensity
sum (see section 3.4.4).

3.4.4 Intensity sum
An intuitive reconstruction procedure implies the simple summation of the sub-images. Due
to the linearity of the Fourier transform, it is irrelevant whether the addition is performed in
real or in Fourier space. For a consideration of the according signal transfer, a theoretical
derivation of the resultant OTF is provided in the following. The theoretical model bases on
the continuous rotation of the depletion pattern, while the total acquisition time is the same
as in the 2D STED approach, and a subsequent summing of the 1D OTFs. The calculation is
performed in Fourier space and yields an assembled OTF, in this case depicted as OTFsum,cont .
The OTF for a 1D resolution increase, depending on a radial frequency f and a rotation angle
φ, has already been derived in section 2.3.2 (see eq. (2.42)). A summation of the OTFs for all
sub-images is obtained by integrating eq. (2.42) over the rotation angle of the depletion pattern.
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This yields
1
OTFsum,cont (f ) =
π

Zπ
OTF1D,φ (f )dφ
(3.17)

0

2
−π 2 σconf
1+

1
e
k1D

=

1
k1D 2





f2
2
1−
J0 π 2 σconf

1
k1D 2



f2



with J0 as the first-order Bessel Function. The integration range from 0 to π covers all pattern
orientations possible and indicates the continuous rotation of the depletion focus. Additionally,
the scaling of the integral by

1
π

ensures that the total acquisition time for the tomoSTED vari-

ant is the same as for the 2D STED case.
Since a continuous rotation of the 1D depletion pattern is experimentally not implemented yet,
a finite number of depletion pattern orientations is considered hereafter. The OTF that results
from adding a discrete number of sub-images is depicted as OTFsum . For N = Nideal = 8
pattern orientations, OTFsum already coincides closely with OTFsum,cont (see figures 3.14(a)
and (b)).
Yet, both curves show a very high amplitude at low frequencies, especially with respect to
OTF2D and OTFtomo,scaled . This emphasis on low-resolution contributions is very intuitive,
since the confocal component of each sub-image is included in the summation. Anyhow, it has
already been described in section 2.3.2 that, in ideal imaging conditions, the resolution can be
related to the slope of the OTF. The shape of OTFsum,cont and, likewise, OTFsum features a
steeper decrease as compared to the beforehand depicted cases, indicating a lower resolution. In
fact, this image assembly can not fully transfer the resolution increase from the sub-images into
the reconstruction but rather exhibits a confocal halo (compare e.g. figures 3.12(d) and 3.14(c)).
The high contribution of low frequencies and the resultant blur in the reconstruction can be
compensated by an appropriate reweighting function. Following section 2.3.2, the highest possible resolution enhancement in two dimensions can be obtained for OTFtomo,scaled . This function
has a maximum of

1
k1D ·N

to which the low-frequency contribution of OTFsum is rescaled, yielding

OTFsum,rew . For this, OTFsum,cont is approximated by an analytical function a and a regression
factor is introduced such that
a(f ) =

1
k1D

−

e

2
2
π 2 σconf
f2
k1D 2

obeys a(f = 0) = OTFmax (f = 0) =

1
k1D ·N .

theoretical solution for OTFsum,cont with

1
·r

2
N 2 + 2π 3 σconf
1−

(3.18)
1
k1D 2



f2

A ratio g of the rescaled approximation and the
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a

g=

(3.19)

OTFsum,cont

serves as a scaling function. Only for low frequencies, a varies from OTFsum,cont . Subsequently,
the OTF of the reweighted sum is obtained via
OTFsum,rew = OTFsum · g.

(3.20)

Via the multiplication with the ratio g, OTFsum,rew (f = 0) =

1
k1D ·N

is realized. As shown in

figures 3.14(a) and (b), the OTF of the reweighted sum roughly coincides with OTFtomo,scaled .
Also the in this manner obtained reconstruction (see figure 3.14(d)) is in good agreement with
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Figure 3.14: Reconstruction procedure based on the intensity sum with simulations on an artificial
bead sample recorded under N = 8 depletion pattern orientations. (a) OTF2D (red line), OTFsum,cont
(black line) and OTFsum (yellow, dashed line) along a high-resolution axis for same factor of resolution
enhancement. A reweighted function with minimized low frequency contributions is exemplary displayed
by the purple line. For comparison, the graph for OTFtomo,scaled (green, dashed line) is included. (b)
Semi-logarithmic plot of the OTFs as functions of the spatial frequency f . (c) Image assembly via
summation for N = 8 and k1D = 5. The scale bar represents 0.5 µm. (d) The reweighted case of (c)
leads to a vanishing of the confocal background. (e) Intensity profiles along blue lines in (c) and (d).

60

3 Material and Methods

the beforehand discussed maximum-value reconstruction. As expected, the confocal halo vanishes due to the reweighting, also emphasized by the intensity profiles along a single bead (see
figure 3.14(e)). Noteworthy, the OTF is not artificially increased by this procedure. Furthermore, the suppression of low-frequency contributions is similar to the filtering approaches in
tomographic image reconstruction (see section 3.4.2).
Since the result of the reweighted sum procedure is quite similar to the maximum-value reconstruction, the question about the necessity of the here outlined method might arise. In this
project, the method of choice is indeed the maximum-value reconstruction as this is the more
direct procedure. The reweighting of the intensity sum requires e.g. a preceding knowledge
about the optical properties of the system, in particular of the effective PSF. Yet, it has the
major advantage that the assembling of sub-images can be performed in real space. Only for
the here depicted reweighting step, the translation into Fourier space is required. If e.g. single
photons are detected in the sub-images, the maximum-value reconstruction fails as the Fourier
transform can not be expediently performed on such low signals. Contrary, the summation in
real space would still provide a sufficient signal to be Fourier transformed and subsequently
reweighted. This procedure is therefore the method of choice if low signals are detected.
3.4.5 Richardson-Lucy deconvolution
Contrary to the maximum-value reconstruction, the hereafter outlined Richardson-Lucy deconvolution [44, 55] exploits the overall fluorescence signal that is provided by each sub-image.
Conceptually, the Richardson-Lucy deconvolution based reconstruction requires a prior knowledge of the PSF. The basic principle of this iterative computation method is described in the
following.
In general, a recorded image G can be described as a convolution of the real object W with the
respective PSF h of the imaging system. Hence,
G = W ∗ h.

(3.21)

For tomoSTED microscopy, not only one image but rather N images with differently oriented
PSFs hj , j ∈ {1, ..., N }, are obtained and thus,
G j = W ∗ hj .

(3.22)

In the following considerations, the notation with j as index is consistently kept without loss
of generality. In particular, N = 1 for the 2D STED case.
The quantities W and hj are handled as probability-frequency functions. Since Gj and hj are
known, the object W has to be identified [55]. The technique, which bases on Bayes’ theorem on
conditional probabilities and has been derived for Poisson noise and positive objects, maximizes
the likelihood of the estimated sample [44].
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The logarithmic likelihood to obtain an image G for a given object W and PSF h can be
expressed as
L (G|W ∗ h)

(3.23)

for the consideration of a single frame. For tomoSTED microscopy, the overall likelihood is
a sum over the respective quantities for each sub-image j. Therefore, the total logarithmic
likelihood LT can be depicted as
LT =

X

L(Gj |W ∗ hj ).

(3.24)

j

The object W has to be estimated such that the function LT is maximized.

The maximization of the likelihood (MLE) can be realized by the subsequently outlined it0 for
eration scheme which is also featured in figure 3.15. As a first step, an initial estimate West
0 is typically of the same size as the detected
the unknown object W needs to be provided. West

RLbstepsbforbeverybpatternborientation
1.bConvolvebPSFbwithbestimatei
est.bImage
2.bDividebdetectedbimagebbybest.bImageb

3.bConvolvebresultbwithbPSF
weightingbfactorbFj
a.bSumbweightingbfactorsbforballbpatternborientations

Repeatbforbnumberbofbiterationbsteps

Repeatbforballbpatternborientations

image and could for example be an array of ones.

F
F

withoutbintensitybregularization:
estimatei+1=estimatei·F

withbintensitybregularization:

Figure 3.15: Illustration of the Richardson-Lucy deconvolution. Via the weighting factor (F) that is
obtained from the Richardson-Lucy step (blue box), an improved estimate is provided. The result can
be further optimized by an intensity regularization with Rch as a chosen regularization parameter (red
box).
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Subsequently, the Richardson-Lucy result Fj for each sub-image j with j ∈ {1, ..., N } for tomoSTED and N = 1 for 2D STED is determined. The equation
Fj =

Gj
∗ hj
i ∗h
West
j

(3.25)

with i denoting the iteration step can for simplicity be split into different steps. The term
i
Giest,j = West
∗ hj

(3.26)

gives the convolution of the PSF hj with the estimated object and therefore yields an estimated
image, here depicted as Giest,j .
Dividing the obtained image Gj by this estimated image provides a comparison of the two
quantities. If for example one pixel within the arrays is of the same value for both images, the
ratio is one. If they differ, a value either lower or higher than one is assigned to the respective
pixel. A sample structure that is e.g. bigger in the estimated image Giest,j than in the detected
image Gj results in a feature within the array that is one, as long as both images are equal.
This feature is surrounded by low values, since Giest,j > Gj . Hence, this ratio can be interpreted
as a probability to obtain the image Gj from the estimated image or, likewise, as a weighting
array.
The convolution of this weighting array with the Point Spread Function hj provides the Richardson-Lucy result Fj . The latter can be interpreted as a weighting image for which a pixel is of
low value if the estimated image was of too high intensity as compared to the detected image
and vice versa.
This iteration step is performed for all sub-images and the overall Richardson-Lucy result [45]
is obtained via
F =

X

Fj .

(3.27)

j

The subsequent multiplication
i+1
i
West
= West
·F

(3.28)

i+1
provides an improved estimate West
[44]. The beforehand exemplified sample features that
i than in the detected image are, in accordance to
appeared bigger in the estimated image West
i+1
low values in the weighting image, downsized in West
. The iteration is subsequently repeated

for the overall number of iteration steps.
In realistic imaging conditions, including a non-uniform distribution of fluorescence signal levels
and the presence of noise, the Richardson-Lucy deconvolution requires an additional regularization method. In particular, sample features of low fluorescence signal, especially in the vicinity
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of features of high fluorescence signal, are not fully conserved by the maximum likelihood estimation. The amplitude of bright features is rather enhanced, while dim features can vanish for
an increasing number of overall iteration steps. This loss of information can be prevented by
e.g. an intensity regularization that has been derived by J. Conchello et al. [15].
In each iteration step, the intensity regularization acts on the estimate that has already been
updated by the Richardson-Lucy step (see figure 3.15). Accordingly, eq. (3.28) rewrites to
i+1
West

=

−1 +

p
i ·F
1 + 2 · Rch · West
Rch

(3.29)

with Rch as a chosen regularization parameter. Via eq. (3.29), the difference in signal between
bright and dim features is decreased.
As already depicted in section 3.4.3, the sampling in terms of pattern orientations N depends
on the available fluorescence signal. If an increased image brightness is preferred, the number
of sub-images can be decreased. The inhomogeneities that result from an insufficient number
of depletion pattern orientations can be reduced by the Richardson-Lucy deconvolution (implemented by J. Keller-Findeisen), as demonstrated in the following.
Again, simulations are performed on the artificial bead structure and compared to the maximumvalue reconstruction. In all cases, k1D = 5 and N = 4. Thus, the maximum-value assembly
exhibits inhomogeneities in real space, as well as gaps in Fourier space (see figures 3.16(a) and
0 is exe(d)). The Richardson-Lucy deconvolution with an array of ones as initial estimate West

cuted for a various number of iteration steps. Results and correspondent OTFs are exemplary
depicted for i = 1 and i = 5 (see figures 3.16(b), (e) and (c), (f), respectively). To visualize
the gaps in Fourier space, a radial OTF profile is drawn, as emphasized by the blue circle. The
radius of the latter with

1
∆STED1D

corresponds to the high-resolution FWHM in real space. The

resultant profiles are smoothed, normalized to one and plotted against the radial angle β (see
figure 3.16(g)). An oscillatory behavior for the maximum-value OTF, as well as for the OTF of
the Richardson-Lucy estimate after one iteration step is clearly visible. As expected for N = 4,
eight maxima can be determined over a range of 2π.
Already after i = 2 iteration steps, the minima are less prominent. This trend confines for
an increasing number of i with the course of the OTF converging to a final shape. The latter
is obtained for i > 5, since only minor changes in the normalized profile plots appear for the
following cases. This process is also illustrated in figure 3.16(h). Here, the averaged intensity
in the local minima along the profile plots as a function of the number of iteration steps is
shown. For each curve, the positions of the local minima that have been determined for the
maximum-value reconstruction are considered for this analysis. For i > 5, the final relative
intensity of ≈ 0.6 is attained. A comparison of the maximum-value reconstruction with the
RL estimate for i = 5 (figures 3.16(a) and (c)) verifies that the ray-like artifacts vanish for the
latter case.
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Figure 3.16: Demonstration of increased image homogeneity via Richardson-Lucy deconvolution for
k1D = 5 and N = 4. (a) Maximum-value reconstruction. (b) RL estimate after one iteration step
(Rch = 0). (c) RL estimate after five iteration steps (Rch = 0). The intensity scaling in (a-c) is
chosen such that the ray-like artifacts in (a) and (b) are clearly visible. Scale bar: 0.5 µm. (d), (e),
1
(f) Respective Fourier transforms. (g) Normalized intensity profile along circle with radius ∆STED
1D
(see blue circle in (d), (e) and (f)). (h) Averaged minimum intensity of the in (g) depicted radial OTF
profiles vs. the number of iterations.
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3.5 Fourier Correlation Analysis
The resolution of an optical system can be determined in many ways. Often, the width of the
effective PSF is evaluated by measuring apparent sample features on artificial point-like sample
structures [28].
Contrary, the Fourier Ring Correlation (FRC) method directly accesses the resolution from
experimental data. It takes into account the shape of the effective PSF, the apparent noise
level and the features of the object and returns an estimation of the actual resolution within an
experiment. As shown in figure 3.17(a), two statistically independent images are required for
the analysis procedure. In particular, records of the same scene that differ only in noise content
must be provided [5, 50].
As a first step, the two statistically independent images G1 (r) and G2 (r) are Fourier transformed. For all frequency vectors f that meet the periphery of a ring with radius q, the Fourier
transforms G̃1 (f) and G̃2 (f) are correlated. The FRC follows the equation
G̃1 (f) · G̃2 (f)∗
r
2
P
G̃1 (f) ·
f =q G̃2 (f)

P

f =q

FRC(q) = r
P

f =q

2

(3.30)

and is performed for each radius q and thus, for all spatial frequencies available. For low frequencies, typical FRC values are close to one, as shown in figure 3.17(b). The FRC drops with
increasing frequency, as the corresponding image features are more and more dominated by
noise.











Figure 3.17: Illustration of FRC procedure (modified according to [50] and [56]). (a) Ring correlation
for Fourier transforms of two independent images with a ring radius of q. (b) The FRC curve shows the
correlation over the spatial frequency. The threshold is set to 17 . Here, the resolution is determined to
∆FRC ≈ 30 nm for qFRC ≈ 0.03 nm−1 .
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The FRC resolution ∆FRC is determined by the spacial frequency qFRC for which the FRC falls
−1
below a predetermined threshold, typically 17 , with ∆FRC = qFRC
[50].

In tomoSTED microscopy, the correlation is performed on sub-images with one-dimensional
resolution enhancement. Here, the resolution is determined along the respective high-resolution
axis of the correspondent OTF. The Fourier Correlation (FC) for all frequency vectors f which
meet the high-resolution axis at a distance k from the origin follows
G̃1 (f) · G̃2 (f)∗
r
.
2
2
P
G̃1 (f) ·
f =k G̃2 (f)

P
FC(k) = r
P

f =k

f =k

(3.31)

Similar to the FRC resolution, the FC resolution along the sub-resolved axis is determined as
−1
∆FC = kFC
with kFC as the frequency for which the FC drops below the chosen threshold.

Note that both, the FRC and the FC, strongly depend on the signal-to-noise ratio and on
the imaged sample structure. Comparing the resolution of tomoSTED microscopy with the
classical 2D STED variant via FRC or FC is therefore only possible for the same specimen and
comparable imaging conditions.

4 Results and Discussion
The here presented method is a novel variant of STED microscopy. To prove the tomoSTED
principle, the resolution enhancement with a one-dimensional phasemask is fully evaluated and
compared to the 2D STED microscopy performance as a first step (see section 4.1). Subsequently, the applicability of tomoSTED microscopy for obtaining two-dimensionally subresolved images is confirmed (see section 4.2). The full potential of our tomoSTED method
is demonstrated by considering biological applications (see sections 4.3 and 4.4). Impacts on
photo-bleaching and photo-damage are discussed in section 4.3.
Note that intensity profiles across sample structures for resolution determination are only taken
from raw-data or, for tomoSTED microscopy, in the maximum-value reconstruction. To compensate for intensity fluctuations along lines of individual pixels, the profiles result from averaging over typically 5 − 10 pixels perpendicular to the line profile orientation.

4.1 Verification: Resolution enhancement along one
direction
Here, the theoretical hypotheses outlined in section 2.3.1 will be experimentally verified. In
accordance to eqs. (2.25) and (2.28), the resolution enhancement for tomoSTED microscopy
as compared to the classical 2D STED approach will be investigated (see section 4.1.1). A
subsequent analysis of the depletion pattern quality in terms of relative peak intensities (see
section 4.1.2) proves a high-quality alignment in both STED variants. The examination of
the one-dimensional resolution enhancement is concluded by a determination of the overall
fluorescence signal (see eq. (2.39) for theoretical and section 4.1.3 for experimental results).
The following measurements are performed on fluorescent microspheres (FluoSpheres carboxylate-modified microspheres, crimson fluorescent (625/645 nm), 2 % solids; Life Technologies,
USA) with an actual diameter of 25 nm. The imaging of approximately point-like emitters with
known sizes provides a practical method to determine the effective resolution, as well as the
fluorescence signal. Typically, a 1:20.000 dilution of the microsphere solvent in purified water
is given into an ultrasonic bath for 10 minutes to reduce bead aggregation. The mixture is
incubated for 10 s on a glass coverslip. Beforehand, the latter has been coated with Poly-Llysine (0.1 % (w/v) in H2 O; Sigma-Aldrich, USA) to promote the adhesion of beads to the glass
surface. Unattached beads are removed by vacuum suction. Here, an additional rinsing step
with purified water can be included. Subsequently, the sample is embedded in self-prepared
Mowiol to maintain an optimal refractive index matching. The preparation is finalized by
mounting the cover slip onto a glass slide and by sealing the assembly with nail polish.
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4.1.1 Resolution enhancement
To verify the more efficient resolution enhancement for the tomoSTED approach as compared
to the 2D STED variant, fluorescent beads are imaged under varying depletion powers PSTED
for both STED configurations. The image width, denoted as ∆image , is given by the FWHM of
Gaussian curves that are fitted to the intensity profiles along recorded bead structures. Note
that the resolution can not be reliably determined via FRC at this point since noise and line
artifacts in the respective images, resulting from relatively long acquisition times, create correlation contributions along the axes of interest in Fourier space. In accordance with imaging
theory, the obtained values of ∆image result from the convolution of the effective PSF with the
object. To obtain the FWHM of the effective PSF ∆STED , the image FWHM must be corrected
for beads of 25 nm size.
A functional dependency of ∆STED on ∆image for both STED configurations is deduced by simulations on this behalf. Here, spherical and filled beads with a diameter of 25 nm are convolved
with varying three-dimensional PSFs. Calculations are performed on a three-dimensional calculation grid with a pixel size of 1 nm in all dimensions. To match the experimental conditions,
the confocal FWHM is set to ∆conf = 260 nm (see below for experimental results) and the axial
resolution is chosen as ∆z = 640 nm. For the 1D depletion pattern, the resolution is enhanced
along the x-direction, whereas the resolution for the 2D STED case is equally increased in x
and y. The image FWHM is extracted from the 0.5 passages of normalized intensity profiles
along x. Both quantities, ∆STED and ∆image , are subsequently rescaled with the bead diameter of 25 nm to provide generalized results. For simplicity, relative FWHMs are defined with
rel. ∆image =

∆image
bead diameter

and rel. ∆STED =

∆STED
bead diameter .

As shown in figure 4.1(a), the course of rel. ∆STED for the 1D phasemask differs slightly from
the 2D STED result only for rel. ∆image < 1. In the performed experiments, the obtained image FWHM always exceeds the bead diameter and thus, the mentioned discrepancies have no
impact on the correction procedure. The determined values for both STED configurations are
fitted by a polynomial in the range from rel. ∆image = 1 to rel. ∆image = 2. For this regime, our
experimentally found values of ∆image are respectively corrected to find estimates for ∆STED .
Since the impact of the bead size on the resolution is decreasing for increasing ∆image , the
effective PSF can be well-approximated by ∆STED ∼
= ∆image for rel. ∆image > 2.
To depict the effective resolution ∆STED as a function of the saturation factor ζ (see section 2.3.1
and, in particular, eqs. (2.25) and (2.26)), the saturation power Psat must be identified. Following eq. (2.24), this quantity specifies the STED power for which the fluorescence is suppressed
by a factor of two. Thus, we measure the fluorescence intensity of crimson fluorescent beads
as a function of PSTED (see figure 4.1(b)). For this measurement, the STED beam is not
phase-modulated, meaning Gaussian shaped, and the observation is therefore independent of
the STED configuration. Note that the fluorescence is normalized to the intensity in a confocal
image, implying PSTED = 0 mW. The confocal signal is derived by averaging over measurements
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Figure 4.1: Preceding studies for the resolution determination. (a) Simulation results for the relative
effective resolution (∆STED /bead diameter) depending on the relative image FWHM (∆image /bead diameter). A polynomial model (green line) and a black line that indicates the case of ∆STED = ∆image
are included. (b) The quantity Psat is determined by measuring the fluorescence intensity of fluorescent
beads as a function of the applied STED light power PSTED for a STED beam without phase-modulation.
The fluorescence intensity is normalized to the intensity that corresponds to PSTED = 0 mW. The blue
line indicates the found factor of Psat = 0.28 mW for a suppression of fluorescence intensity by a factor
of two.

that have been taken before and after STED has been applied. Herewith, we compensate for
bleaching effects that can be determined to < 10 %. For statistics, at least 10 beads per data
point are evaluated. As suggested in section 2.2, the fluorescence decays exponentially for
increasing values of PSTED (cf. eq. (2.11)). This is also indicated by the appropriately chosen
fitting curve. An evaluation of the fit function yields a saturation power of Psat = 0.28 mW.
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Figure 4.2: One-dimensional resolution enhancement in 2D STED microscopy and for a 1D phasemask.
(a) Exemplary measurement of a single bead for 2D STED microscopy and ζ = 450. (b) Same quantity
for a 1D phasemask with an orientation of 90◦ and ζ = 210. The scale bars in (a) and (b) represent a
length of 100 nm. (c) Effective resolution ∆STED in dependence of the saturation factor ζ with respective
fits (solid lines). The data points that correspond to (a) and (b) are indicated. Measurements are
performed with an excitation power of Pexc = 2.5 µW, a pixel size of 10 nm and a pixel dwell-time of
100 µs.

The effective resolution ∆STED , bead size corrected via the beforehand mentioned model, in
dependency of the saturation factor ζ, obtained by scaling PSTED with Psat , is depicted in
figure 4.2(c). Here, the effective resolution for the 2D STED case is the mean value of ∆STED
along x and y. To also average the STED resolution along x and y for the 1D phasemask,
images for depletion pattern orientations of 0◦ and 90◦ are provided and only the respective
high-resolution axis is considered. Statistics is performed by averaging over at least 10 beads
per direction.
It is evident that the width of the narrowed PSF decreases much faster for the 1D phasemask
as compared to the 2D STED configuration. To quantify the decay, a function that follows the
law depicted in eq. (2.25) is fitted to the data points of each STED variant. This operation
provides a2D = 1.66 × 10−5

1
,
nm2

a1D = 4.29 × 10−5

pattern steepnesses that amounts to

a1D
a2D

1
nm2

and thus, a ratio of the depletion

≈ 2.58. This ratio is even higher than the theoretically

expected value of 1.85 (see eq. (2.28)). Indeed, the depiction of exemplary bead measurements
(see figures 4.2(a) and (b)) verifies the observed tendency. Although the beads have been imaged
with even less than half of the STED power in the 1D case as compared to the 2D configuration,
the same resolution enhancement is given in both settings. In particular, the determined values
are given by ∆STED2D = (32.06 ± 1.22) nm for the 2D and ∆STED1D = (33.66 ± 1.20) nm for the
1D implementation.
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4.1.2 Depletion pattern quality
The deviation between experiment and theory that has been revealed in section 4.1.1 suggests
an unfavorable adjustment of the 2D STED configuration as compared to the 1D phasemask
implementation. Yet, the beam path and thus, the alignment of the not phase-modulated
STED beam itself is the same in both cases (see section 3.1). Moreover, tunable parameters,
e.g. for timing or gating, are kept the same for both variants. The only differences between
the STED versions arise from the imprinted phase shift, switchable by updating the SLM, and
from the appropriately chosen polarization, also electronically modifiable. In the following, it
is investigated whether the depletion pattern quality for the 2D distribution is comparable to
the 1D pattern. As a characterization for the depletion pattern quality, we exploit the residual
intensity at the position of the depletion pattern minimum as outlined hereafter.
For an ideal depletion pattern, the intensity in the central minimum is truly zero. Depleting
a confocal spot by such an intensity distribution would influence the total fluorescence signal
but not the maximum brightness of the detected feature, assuming that the zero passage of the
depletion pattern exactly coincides with the focal center. In experiments, however, the minimum of the depletion pattern is never of zero intensity due to beam aberrations or marginal
mismatches of either the phase or the polarization modulation. Depending on the amount of
residual intensity in the minimum, the maximum fluorescence signal of a detected spot decreases
when applying the depletion focus. The decrease in fluorescence signal, in particular the ratio
of the maximum brightness in the STED image and in the confocal image, is depicted as the
so-called relative peak intensity.
Similar to the effective resolution, the relative peak intensity is influenced by the extended size
of the imaged object. Thus, the same simulation as in section 4.1.1 is exploited to quantify
this dependency. Again, circular, filled beads with a diameter of 25 nm are taken into account.
Although an ideal depletion pattern, implying a minimum of zero intensity, is assumed for the
calculations, the relative peak intensity drops significantly with increasing factor of resolution
enhancement k =

∆conf
∆STED

(see figure 4.3). Since the fluorescence is only constrained in one

direction for the 1D phasemask, the slope of the intensity decay is approximately half as steep
as for the 2D STED implementation. For both variants, cubic fits serve as correction functions
for the relative peak intensity. Due to the correction procedure, the estimated relative peak
intensity, measured on fluorescent beads with a diameter of 25 nm, would not decrease for increasing values of PSTED if an ideal depletion pattern is assumed.
For the experimental investigation of the depletion pattern quality, same imaging parameters
as in the previous measurement are chosen. Again, 25 nm sized fluorescent beads are probed for
varying values of PSTED . The STED power is easily rescaled to ζ, since the saturation power
has already been determined to Psat = 0.28 mW in section 4.1.1.
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Figure 4.3: Simulations on relative peak intensity of the focal spot as a function of the factor of
resolution enhancement k for spherical and filled beads with a diameter of 25 nm. Calculations are
performed for the 2D phasemask (red dots) and for the 1D case (blue dots). The cubic fits (solid lines)
serve as correction functions for experimentally determined values of relative peak intensity.

Each area of interest is recorded with confocal settings and in STED mode. For individual
beads, the maximum intensity in the STED image is divided by the corresponding intensity in
the confocal image. Note that the latter is again deduced by averaging over measurements that
have been taken before and after STED has been applied. For the 1D phasemask, the results
(see figure 4.4) are again mean values of observations for orientations of 0◦ and 90◦ . Each data
point in both variants is derived by averaging over more than 20 beads. Bead size correction is
performed as previously outlined.
As shown in figure 4.4(a), the peak intensity drops similarly but slowly for both variants with
increasing saturation factor ζ. Note that the x-axis of this plot is related to the total power
PSTED in the confocal plane. With the findings of figure 4.1(b), the decrease of peak intensity
can be related to light with unmodulated phase and an overall power of < 0.2 % of PSTED in
either case. This minor impurity barely effects the fluorescence signal in measurements and
indicates a precise alignment of the depletion pattern in both STED configurations. In particular, it is verified that the results in section 4.1.1 are not biased by a preferential experimental
adjustment of our new method.
For each ζ, the factor of resolution enhancement k can be determined via the respective fit
function for the effective resolution (see section 4.1.1, in particular figure 4.2). When depicting
the relative peak intensity as a function of k (see figure 4.4), the courses for the 2D and
1D implementation differ. The faster drop of the 2D case is expected, since a higher resolution
enhancement is obtainable with the 1D configuration at same ζ.
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Although the same depletion pattern quality was verified in both variants, a higher peak signal
with our new method when compared to the classical 2D STED approach at the same factor of
resolution enhancement is obtained. This finding unravels an additional advantage of the here
presented STED variant.
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Figure 4.4: Relative peak intensity for 2D STED microscopy (red dots) and for the 1D phasemask (blue
dots). Lines are drawn as guides to the eye. (a) As a function of ζ, the relative peak intensity decreases
equally for both STED variants. (b) Relative peak intensity plotted against the factor of resolution
enhancement k. To provide same imaging conditions as for the previous evaluation (see section 4.1.1),
measurements are performed with Pexc = 25 µW, a pixel size of 10 nm and a pixel dwell-time of 100 µs.
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4.1.3 Fluorescence signal
1
k2D 2
1
with k1D

In section 2.3.1, it has been outlined that the overall fluorescence signal drops with

in the

conventional 2D STED implementation. Following eq. (2.37), the signal scales

when

a 1D phasemask is applied. These relations are verified hereafter by evaluating the fluorescence
signal of single beads. Respective values are extracted from the data set that has already been
subject to section 4.1.2. Contrary to the previous investigation, not the maximum signal but
the overall signal of a defined area is determined. The latter is chosen to 500 nm × 500 nm to
fully include one bead when imaged with ∆conf ≈ 260 nm (see section 4.1.1). After background
subtraction, signals of areas in STED images are again divided by the related values in confocal
conditions. As before, the confocal values are averaged over measurements before and after applying STED. Orientations of 0◦ and 90◦ of the 1D phasemask are regarded and for each data
point in either case, more than 50 beads are considered. Note that the course of the overall
signal as a function of the resolution enhancement k is not influenced by the extended size of
the sample. Therefore, no bead size correction is required for this measurement.
The results are depicted in figure 4.5. As evident, the fluorescence signal decreases much faster
for the 2D STED case as compared to the 1D phasemask. The expected relations are illustrated by calculated curves that coincide considerably well with the values determined from the
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Figure 4.5: Overall fluorescence signal as a function of resolution enhancement k. The 2D STED
1
microscopy data points (red dots) are in good agreement with the theoretically expected course of k2D
2
1
(red line). When applying a 1D phasemask, an overall signal drop of k1D (blue line) is expected. Also in
this case, the experimentally found values (blue dots) are in good compliance with the simulated curve.
Note that error bars are included but small in comparison to the symbol sizes.
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measurements. Minor discrepancies result presumably from impurities in the depletion pattern
minimum (see section 4.1.2) and are therefore especially occurrent for high values of k (e.g.
k > 8). These deviations between experimental and theoretical values are for both STED variants in the range of ≈ 10 %.
Note that the factor of resolution enhancement k has been derived through the findings outlined
in section 4.1.1. In particular, k is calculated for each ζ via the fit functions for the resolution
enhancement (see figure 4.2 for fit parameters). The here depicted courses of fluorescence signal
for increasing k are in very good agreement with the theoretical curves of

1
k1D

and

1
.
k2D 2

4.1.4 One-dimensional resolution enhancement via conical diffraction
In the following, it is experimentally confirmed that the phenomenon of conical diffraction
(see section 2.4.4) can be exploited for depletion pattern generation. For the in this subsection
outlined measurements, the components for depletion pattern generation via conical diffraction,
as illustrated in figure 3.6, replace the Spatial Light Modulator in our initial setup. Apart from
exchanging these elements, the layout of the experiment remains unchanged.
For a first verification that conical diffraction is an appropriate approach for depletion pattern
generation in tomoSTED microscopy, the one-dimensional resolution enhancement is considered. In accordance to section 4.1.1, fluorescent beads with a size of 25 nm are imaged. The
sample preparation follows the protocol described in the beginning of this section.
x
y













Figure 4.6: One-dimensional resolution enhancement with depletion pattern generation via conical
diffraction. Here, PSTED1D = 46 mW, Pexc = 2.5 µW, the pixel dwell-time is set to 50 µs and the pixel
size is chosen to 15 nm. (a) Upper left corner: Confocal image. Lower right corner: STED image, the
scale bar indicates a length of 2 µm. Here, the depletion pattern encloses an angle of 0◦ with the x-axis.
The respective PSF is illustrated by the Gold bead measurement (inset, scale bar: 0.5 µm). (b) Same
quantities for a depletion pattern orientation of 90◦ . Measurements performed by B. Vinçon.
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Respective measurements for depletion pattern orientations of 0◦ and 90◦ are depicted in figure 4.6. In both cases, a STED power of PSTED1D ≈ 46 mW is chosen and thus, ζ1D ≈ 170
(Psat = 0.28 mW, see section 4.1). When analyzing several beads per image, Gaussian fits
provide ∆STED1D,0◦ = (44.04 ± 4.54) nm and ∆STED1D,90◦ = (43.24 ± 5.81) nm. These values
roughly comply with the measurement depicted in section 4.1.1.
A consideration of the total fluorescence signal, when related to the confocal image, yields a
decrease by a factor of 0.22 ± 0.01 for the 0◦ orientation and a value of 0.15 ± 0.01 for the
90◦ orientation. These quantities are in agreement with the expected value of

1
k1D

≈ 0.17 with

∆conf ≈ 260 nm (see section 4.1.1) and k1D ≈ 5.91.
As demonstrated in this subsection, the phenomenon of conical diffraction can be exploited
to generate depletion patterns. A switching between pattern orientations of 0◦ and 90◦ is
purely based on the changing of polarization states, before and after the biaxial crystal (see
figure 3.6). With this experimental design, an ultra-fast rotation of one-dimensional depletion
patterns is obtainable. In particular, the tomoSTED implementation with conical diffraction
for depletion pattern generation will provide a 180◦ rotation of the 1D depletion pattern in
≈ 4 µs (polarization rotation around π in the range of ≈ 260 kHz, see section 3.3.2).

4.2 Verification: Isotropic resolution enhancement
As outlined in section 2.3.2, the one-dimensional resolution enhancement per sub-image can be
fully translated into a two-dimensionally sub-resolved image. As a first step, this is verified by
simulations on artificial filament structures (see section 4.2.1).
However, the performance of STED microscopy approaches depends strongly on the available
fluorescence signal. For a first proof of principle, the acquisition time per sub-image is set to the
same value as for the 2D STED variant (see sec. 4.2.2). This implementation reflects the case
that has been described by the signal transfer OTFtomo (see sec. 2.3.2, in particular eq. (2.43)).
In section 4.2.3, it will be demonstrated that we obtain a high image quality even when we
scale the recording time in accordance to OTFtomo,scaled (see eq. (2.44)). Here, the acquisition
time per sub-image is scaled with

1
N

with N as the number of pattern orientations that are

applied. By doing so, the same total acquisition time for an assembled tomoSTED image as for
a 2D STED frame is obtained.
To prove the applicability of our tomoSTED variant, the two-dimensional resolution enhancement is not only demonstrated on microscopy standards but also on biological samples. Note
that, whenever a same sample region is imaged under both STED configurations, the 2D STED
microscopy measurement is performed first. The classical STED variant is therefore always
treated beneficially in terms of photo-bleaching and photo-damage to exclude a favorable position of our new method.
The following measurements are again performed with the SLM for pattern generation.
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4.2.1 Simulations on filament structures
In section 3.4, the image reconstruction procedures have been introduced without considering the impact of noise. Furthermore, a comparison of the obtained reconstruction results
with images of the classical 2D STED approach has not yet been carried out. At this point,
reconstruction methods that have been identified as most suitable for our tomoSTED application, i.e. the maximum-value method, not requiring knowledge of the sub-image PSFs, and
the Richardson-Lucy deconvolution, are compared to the 2D STED variant by simulations on
an artificial filament structure. Here, realistic imaging conditions with respect to fluorescence
signal and noise are included.
In this simulation, the case of same resolution enhancement (k1D = k2D = 5) and thus,
the requirement of less STED laser power in tomoSTED microscopy as compared to the
2D STED case, is implemented. The confocal dimension is chosen to ∆conf = 250 nm and
thus, ∆STED1D = ∆STED2D = 50 nm. The filament structures are generated with a routine
written by J. Keller-Findeisen and have a diameter of one pixel. The pixel-size is chosen to
px = py = 10 nm. As outlined in section 3.4.1, the SNR must be corrected for a fair comparison
of the noise levels. Following eq. (3.10), the correction factor c for the 2D STED variant is
c2D = 6.25 and, likewise, for the tomoSTED approach c1D = 31.25. The SNR of the image
is chosen such that the level of the background is set to 0.14 counts, whereas the maximum
detected signal is determined to ≈ 20 counts for the 2D STED case (see eq. (3.8)). These
numbers can typically be found in 2D STED microscopy measurements and are appropriately
rescaled for the tomoSTED microscopy sub-images.
The 2D STED microscopy result that simulates unprocessed raw data (see figure 4.7(a)) can be
decently compared to the maximum-value reconstruction for tomoSTED microscopy (see figures 4.7(b) and (c)), since this computation method implies no remodeling of frequency contributions corresponding to a sub-image PSF. As expected, the tomoSTED result for N = Nideal = 8
is of same resolution as the 2D STED image (see also intensity profile in figure 4.7(g)). Thus,
despite of the lower signal-to-noise ratio (see intensity scales), same feature sizes as compared
to the 2D STED case can be provided by an appropriate assembly of sub-images. The reconstruction for N = 4 is of higher signal than the result for N = 8 but of slightly lower resolution.
Furthermore, the image suggests preferential directions that are in accordance with the depletion pattern orientations.
If, for each recording, the total intensity Itot is normalized such that Itot,2D = 0.04 in the 2D
STED case, we obtain Itot,tomo,N=8 = 0.03 and Itot,tomo,N=4 = 0.05 for the tomoSTED images
resulting from the maximum-value reconstruction. These values are in good agreement with
the theoretically found factors in figure 3.13(a) (see axis intercepts of OTFs).
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Figure 4.7: Realistic simulations on artificial filaments. (a) Raw data for 2D STED microscopy.
The scale bar represents 1 µm. (b) Maximum-value reconstruction for tomoSTED microscopy and
N = Nideal = 8. (c) Maximum-value reconstruction for tomoSTED microscopy and N = Nideal
= 4.
2
(d) Richardson-Lucy (RL) deconvolution for the 2D STED variant and i = 100 iteration steps (Rch = 0).
(e) RL estimate for the tomoSTED application, N = 8 and i = 100 (Rch = 0). (f) RL result for
tomoSTED microscopy, N = 4 and i = 100 (Rch = 0). For a better visualization, the intensity scaling
in (d-e) is set to 70 % of the respective maximum. (g) Normalized intensity profile along blue line, as
indicated in (a), (b) and (c). Here, the 2D STED microscopy raw data is compared to the maximumvalue reconstruction for the tomoSTED configuration. Gaussian fits yield ∆STED2D = (52.67 ± 0.99) nm,
∆tomoSTED = (51.11 ± 1.73) nm for N = 8 and ∆tomoSTED = (74.19 ± 3.12) nm for N = 4. The values
of ∆tomoSTED are determined on profiles drawn in the respective maximum-value reconstruction.

Besides, also the Richardson-Lucy deconvolution (see section 3.4.5) is performed on the simulated data. The number of iteration steps is chosen to i = 100 for all cases to, inter alia,
visualize that the algorithm converges faster for the 2D STED than for the tomoSTED variant.

4.2

79

Verification: Isotropic resolution enhancement

The more distinct deconvolution in the 2D STED case is clearly visible from the obtained estimates (see figures 4.7(d), (e) and (f)). In particular, the filament structures in the 2D STED
deconvolution appear much smaller than in the tomoSTED case. Anyhow, the RichardsonLucy deconvolution is a well-suited reconstruction method for tomoSTED microscopy, since it
provides, inter alia, a higher image homogeneity than the maximum-value approach (compare
figures 4.7(c) and 4.7(f)).
4.2.2 Same acquisition time per frame
In the hereafter depicted measurements, the acquisition time per sub-image is the same as
in the 2D STED microscopy image. Consequently, the total acquisition time in tomoSTED
microscopy outdoes the total acquisition time in the 2D STED approach by a factor of N with
N as the number of depletion pattern orientations.
Measurement of nanorulers Besides fluorescent beads, so-called nanorulers have evolved as
a standard to quantify the resolution of an optical system. Here, a premounted sample of
GATTA-STED-90R (GATTAquant GmbH, Germany) is used. Based on DNA origami techniques, a ruler that links two marks of the fluorescent dye ATTO 647N (646/664 nm) is created.
Each mark has a measure of ≈ 20 nm in all dimensions. Specimens with different mark-to-mark
distances d are provided, in our case d = 90 nm [22].
The respective measurements are depicted in figure 4.8. Here, the same STED power of
PSTED = 100 mW is employed for the 2D STED and the tomoSTED case. Note that the
information about PSTED provides no simple conclusion about the resolution enhancement,
since another dye as in previous measurements is utilized. Therefore, intensity profiles along
the smaller dimension (see figure 4.8(i)), meaning perpendicular to the connection axis of the
ruler, are drawn. As indicated by the green line in figures 4.8(c), (e) and (f), the considered
ruler is oriented such that the axis of smaller dimension aligns with the x-axis. To accordingly
compare the resolution enhancement along x, the sub-image with a pattern orientation of 90◦
is considered. Via fitting of Gaussian curves, a resolution of ∆STED1D = (70.21 ± 2.13) nm
along a single axis is determined for the 1D phasemask, whereas the same analysis for the
2D confinement provides features of ∆STED2D = (108.17 ± 3.1) nm. The ratio of these quantities is in good agreement with sections 2.3.1 and 4.1.1, as confirmed by the following calculations. With ∆conf = (242.89 ± 3.83) nm (intensity profile not shown), k1D is determined to
k1D =
yields

∆conf
∆STED1D = 3.46. Correcting eq. (2.31)
1D
k2D ∼
= 2.15 and thus, ∆STED2D
= √k2.58

to the experimentally found factor of
=

∆conf
k2D

a1D
a2D

= 2.58

= 112.97 nm.

The overall fluorescence signal, evaluated as in section 4.1.3, roughly complies with the determined factors of resolution enhancement. For 2D STED microscopy, we find a relative intensity
of 0.22 ± 0.01 (theor.:

1
k2D 2

= 0.22) when compared to the confocal signal, while the relative

intensity for the 1D phasemask amounts to 0.25 ± 0.01 (theor.:

1
k1D

= 0.29).
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Figure 4.8: Measurement of GATTA-STED-90R nanorulers. (a-d) Sub-images for tomoSTED microscopy with pattern orientations of 0◦ , 45◦ , 90◦ and 135◦ . (e) Raw image obtained with the 2D STED
case. (a-e) Data acquired with PSTED2D = PSTED1D = 100 mW, Pexc = 2 µW, a pixel size of 15 nm and a
pixel dwell-time of 30 µs per sub-image in tomoSTED microscopy as well as for the 2D confinement. The
scale bar represents 1 µm. (f) Maximum-value reconstruction for the tomoSTED approach with N = 4.
(g) Richardson-Lucy deconvolution for the 2D STED (Rch = 1 × 10−2 ) and (h) for the tomoSTED
variant (Rch = 1 × 10−4 ) with i = 50 iteration steps in either case. (a-h) The color table of each image
is adjusted to the respective maximum value. (i) Line profile perpendicular to ruler axis (see green line
in (c), (e) and (f)). (j) Profiles along ruler axis, as indicated by the blue lines in (c), (e) and (f). In (i)
and (j), profiles for 2D STED microscopy, for a sub-image with the 1D phasemask oriented at an angle
of 90◦ and for the maximum-value reconstruction (denoted as tomoSTED) are included.

However, the resolution enhancement in the maximum-value reconstruction is slightly lower as
in the beforehand observed sub-image itself (see figure 4.8(i)). This behavior is expected for a
reconstruction with N = 4 sub-images, since the optimal sampling for k1D = 3.46 is provided
by a mapping under Nideal ∼
= 5 equally distributed depletion pattern orientations. Anyhow,
an exemplary profile along the long axis of the ruler (see figure 4.8(j)) shows that, despite of
the slight under-sampling, the two fluorescent marks can be better discerned in the tomoSTED
configuration than with the 2D STED approach.
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The insufficient sampling induces star-like artifacts (see figure 4.8(f)) in the maximum-value
reconstruction, as already discussed in section 3.4.5. These can be reduced via the RichardsonLucy reconstruction, here performed with i = 50 iteration steps (see figures 4.8(g) and (h)).
The difference in available fluorescence signal is apparent, as the result for the 2D variant is
influenced more strongly by noise. Moreover, the features show little shape deformations in the
2D case, whereas the tomoSTED microscopy deconvolution shows undistorted features.
Measurement of Microtubule filaments Contrary to the nanoruler measurement, the case of
same resolution enhancement is considered hereafter. Following the theoretical description, the
same resolution is obtained for PSTED1D ≈

PSTED2D
2

(see eq. (2.32)). This is verified by imag-

ing the Microtubule network in fixed U2-OS cells, originating from human bone osteosarcoma.
The cells are methanol-fixed and subsequently permeabilized with 0.5 % Triton X-100 (SigmaAldrich, USA) in phosphate-buffered saline (PBS). After applying a blocking solution (BS; 2 %
bovine serum albumin (BSA) in PBS), the cells are treated with a primary antibody (mouse
anti-α-tubulin, 1:200 in BS; Sigma-Aldrich, USA) at room temperature for one hour. Several
washing steps in BS are followed by one hour incubation of the secondary antibody (Abberior
Star 635P goat anti-mouse, red fluorescent (635/651 nm), 1:50 in BS; Abberior, Germany). To
remove unattached fluorophores, the sample is repeatedly rinsed with PBS. The sample is embedded in Mowiol, mounted onto a glass slide and finally sealed with nail polish.
The acquired images are depicted in figure 4.9. Already from the illustration of large field
of views (see figures 4.9(a) and (b)), it is suggested that the signal-to-noise ratio is higher
in the tomoSTED case. In particular, the filament structures appear more bright and crisp
when compared to the 2D STED data. This difference in image quality is confirmed by a
magnified representation (see figures 4.9(c) and (d)). Intensity profiles along a single filament
(see figure 4.9(e)) unravel an even higher resolution enhancement for the 1D phasemask, oriented at 45◦ (raw data not shown), than for the 2D implementation. Gaussian fits provide
∆STED1D = (68.01 ± 4.56) nm and ∆STED2D = (77.89 ± 3.64) nm. These results again indicate
that the ratio of pattern steepnesses is better than theoretically expected. With our experimental value of

a1D
a2D

= 2.58 and PSTED1D = 0.5 · PSTED2D , calculating the expected relative

resolution enhancement (see eq. (2.31)) yields
our beforehand determined data for ∆STED2D

k1D
k2D

= 1.14. This is in very good agreement with


∆STED2D
1D
and ∆STED1D kk2D
= ∆STED
= 1.15 .
1D

In accordance to eq. (2.48), a tomoSTED microscopy image with k1D = 3.32 (∆conf = (225.83 ±
3.59) nm) would be homogeneously mapped by Nideal ≈ 5 equispaced depletion pattern orientations. Although the maximum-value reconstruction depicted here bases on only N = 4 subimages, the resultant image appears artifact-free. Moreover, the resolution in the maximumvalue reconstruction (∆tomoSTED = (71.89±6.66) nm, see tomoSTED line profile in figure 4.9(e))
decreases only slightly when compared to the appropriately oriented sub-image (see 1D phase-
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mask line profile in figure 4.9(e)). Unintentionally, many of the tubulin filaments coincide with
either a depletion pattern orientation of 0◦ or 45◦ . These features are therefore already sufficiently sampled by the corresponding sub-images. By adapting the pattern orientations to
the observed sample, one could reduce N and thus, the total acquisition time. This finding
indicates another key feature of our method. An additional Richardson-Lucy deconvolution
step is not required at this point.
x
y
































Figure 4.9: Measurement of antibody stained Microtubule filaments in fixed U2-OS cells. (a) 2D STED
microscopy raw-image, here PSTED2D = 200 mW . The lower left corner shows the confocal measurement.
(b) Maximum-value reconstruction for tomoSTED microscopy and N = 4. With PSTED1D = 100 mW,
only half the STED power as compared to (a) is applied. (a) and (b) are acquired at a repetition rate of
80 MHz, with Pexc = 0.27 µW, a pixel size of 20 nm and a pixel dwell-time of 20 µs in 2D STED as well
as for each sub-image in tomoSTED. The scale bar represents 5 µm. Zoom-ins of the areas highlighted
by the blue squares are depicted in (c) and (d) with a scale bar of 1 µm. Intensity profiles are drawn
along the blue lines and shown in (e). An intensity profile for the accordingly oriented sub-image (raw
data not shown) is included.

4.2.3 Same total acquisition time
Contrary to the preceding measurements, the following recordings base on the same total acquisition time in both variants, 2D STED and tomoSTED. Therefore, the pixel dwell-time in
each of the N sub-images is set to

1
N

when compared to the 2D STED microscopy acquisi-

tion. Although the total fluorescence signal in tomoSTED microscopy scales with

1
N ·k1D

when

compared to the confocal signal, the resultant images are comparable to 2D STED frames.
Recalling eq. (2.41), the signal follows to

1
k2D 2

in the latter case.
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Measurement of fluorescent beads For a first validation, crimson fluorescent microspheres
with a size of 25 nm are imaged. Here, the same sample preparation is carried out as explained in section 4.1. In both STED variants, the STED power is set to PSTED ≈ 17 mW
and thus, ζ ≈ 61. Following section 4.1, we expect a resolution of ∆STED2D ≈ 70 nm and
∆STED1D ≈ 45 nm for these power settings and our experimentally found factor of

a1D
a2D

= 2.58.

For a homogeneous tomoSTED microscopy reconstruction and k1D ≈ 6 (∆conf ≈ 260 nm, see
section 4.1.1), the number of equally distributed depletion pattern orientations amounts to
Nideal ≈ 9 (see eq. (2.48)). Anyhow, we choose N = 8 to match the simulations depicted for
image reconstruction (see section 3.4).
The eight sub-images are shown in figures 4.10(a-h), whereas the 2D STED frame is depicted in figure 4.10(i). Although the pixel dwell-time per frame is eight times longer for
the 2D case, the signal-to-noise ratio is, by visual impression, only slightly higher than in the
reassembled tomoSTED microscopy image (see figure 4.10(j)). Via intensity profiles (see figure 4.10(k), profiles drawn along blue lines in (a), (i) and (j)), the resolution is determined to
∆STED2D = (74.57 ± 1.98) nm for the 2D STED case and to ∆STED1D = (43.67 ± 1.98) nm for
the 1D phasemask. In the latter case, the sub-image with a depletion pattern orientation of 0◦
is considered. The resultant quantities are in good agreement with the theoretically expected
values.
As elucidated in section 2.3.2, the overall fluorescence signal drops with
case, whereas it decreases with

1
N ·k1D

1
k2D 2

in the 2D STED

in tomoSTED microscopy. As compared to confocal

images, the signal amounts to 0.069 ± 0.002 (theor.: 0.08) for 2D STED microscopy and to
0.016 ± 0.001 (theor.: 0.02) in the tomoSTED reconstruction with N = 8. If only four subimages are recorded (data not shown), the signal amounts to 0.049 ± 0.002 (theor.: 0.04). In
each case, the experimentally determined quantities and the expected rates are consistent. The
theoretical numbers are calculated with ∆conf ≈ 260 nm and the beforehand evaluated values
for the resolution enhancement.
Due to the undersampling and the relatively low signal per sub-frame, the resolution in the
maximum-value reconstruction (∆tomoSTED = (50.97 ± 2.75) nm for N = 8) drops slightly when
compared to the respective sub-image. Yet, also in the reassembled image, the resolution enhancement is considerably higher than for the 2D STED variant. This is additionally illustrated
by a second set of intensity profiles (see figure 4.10(l), profiles drawn along green lines in (e), (i)
and (j)). The considered beads with a distance of approximately 50 nm can be easily discerned
when a 1D depletion pattern with an orientation of 90◦ is applied. In the maximum-value
reconstruction, it is still possible to distinguish between the two spheres, while they appear as
one bead in the 2D STED image.
As before, the image homogeneity can be increased via a Richardson-Lucy deconvolution (see
insets in figures 4.10(i) and (j)).
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Figure 4.10: Measurement of fluorescent beads with same total acquisition time in both STED configurations. The pixel dwell-time in the 2D STED case is 160 µs. Since N = 8 pattern orientations are
considered, the pixel dwell-time per sub-frame in tomoSTED microscopy is set to 20 µs. In either case,
PSTED = 17 mW, Pexc = 2.5 µW and the pixel size amounts to 20 nm. (a-h) Sub-images recorded under
pattern orientations of 0◦ , 22.5◦ , 45◦ , 67.5◦ , 90◦ , 112.5◦ , 135◦ and 157.5◦ . The scale bar represents
1 µm. (i) 2D STED microscopy result, the lower left corner displays the Richardson-Lucy deconvolution. Scale bar: 1 µm. (j) Maximum-value reconstruction for N = 8. Again, the RL estimate is depicted
in the lower left corner. Intensity profiles are drawn for (k) along the blue lines and for (l) along the
lines marked in green, including profiles for the 2D STED case, for a 1D sub-image (depletion pattern
orientation of 0◦ and 90◦ , respectively) and for the tomoSTED maximum-value reconstruction.
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Measurement of artificial Actin filaments Artificial Actin filaments are often used to easily
access fundamental problems in biology [16]. Here, they serve as a well-controllable sample
since the amount of Actin strings is adjustable by varying the dilution.
The utilized proteins originate from the rabbit muscle skeleton and are shipped in solution
at a concentration of 1 mg (Cytoskeleton, Inc., USA). To create a monolayer of filaments, the
stock solution is diluted in a ratio of 1:10 in a polymerization buffer (500 mM KCl, 20 mM
MgCl2 , 10 mM ATP; 1:10 dilution in purified water; HYPERMOL, Germany). For labeling, a
500 nM concentration of the silicon-rhodamine (SiR) based fluorophore SiR-Actin (Spirochrome,
Switzerland) is added. After incubation for one hour at room temperature, the Actin solution
is spread on a coverslip that has beforehand been functionalized with Poly-L-lysine. The incubation period of 10 min is followed by a washing step with PBS. Similar to previously used
samples, the specimen is embedded in Mowiol and sealed with nail polish.
The 2D STED and tomoSTED measurements are performed with same STED power (PSTED =
16.25 mW) and depicted in figure 4.11(a). For the tomoSTED measurement, sub-images under
N = 12 equi-spaced depletion pattern orientations are recorded. Since the pixel dwell-time
in each sub-frame is set to

1
6

of the pixel dwell-time in 2D STED, the same total acquisition

time in both STED variants is provided when N = 6 tomoSTED sub-images are considered.
As outlined in section 3.1, the fluorescence signal is detected with two APDs and thus, the
image of a single detector assumably corresponds to a signal recorded within half of the pixel
dwell-time when compared to the initial measurement. This allows us to include the maximum-
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Figure 4.11: Measurement of artificial Actin filaments. (a) Left side: 2D STED measurement with a
pixel dwell-time of 30 µs. Right side: Maximum-value reconstruction for tomoSTED with N = 6. Each
sub-image is recorded with a pixel dwell-time of 5 µs. In both variants, the pixel size is set to 20 nm,
PSTED = 16.25 mW and Pexc = 1 µW. Intensity profiles along the white line are presented in (b). There,
the line profile for N = 12 (reconstruction not shown) is additionally depicted. In this case, the pixel
dwell-time is approximately 2.5 µs.
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value reconstruction for N = 12 sub-frames of which each has a pixel dwell-time of ≈

1
12

when

compared to the 2D STED implementation. Also in this case, the same total acquisition time
in both STED variants is consequently provided.
Concerning the signal-to-noise ratio, the tomoSTED reconstruction with N = 6 is of only
slightly lower quality as the 2D STED data, although the pixel dwell-time in each sub-frame
is considerably lower. Intensity profiles (see figure 4.11(b)) unravel a higher resolution in the
tomoSTED case. In particular, Gaussian fits provide values of ∆STED2D = (69.16 ± 4.34) nm,
∆tomoSTED = (58.43 ± 3.13) nm for the maximum-value reconstruction and ∆STED1D = (44.02 ±
3.49) nm for the sub-image recorded under a depletion pattern orientation of 0◦ (raw data not
shown). With ∆conf = (261.94 ± 7.13) nm, the ratio of k1D to k2D is 1.57 and thus, in good
√
agreement with the expected value of 2.58 = 1.61 (PSTED2D = PSTED1D ).
The reconstruction shows a minor decrease in resolution when compared to the respective
sub-image but appears artifact-free although the structure is slightly undersampled. Recalling
eq. (2.48), the required number of pattern orientations for an optimal sampling is Nideal ≈ 9.
Since the fluorescence signal per sub-frame is, despite of the short pixel dwell-time, relatively
high, an isotropic reconstruction is feasible.
Anyhow, the higher sampling in the reconstruction with N = 12 depletion pattern orientations
does not provide a significant change in resolution (see line profile in figure 4.11(b), reconstruction not shown). The lower fluorescence signal rather decreases the image quality.
An estimation of the overall intensity, when compared to confocal images, yields values of
0.07 for 2D STED microscopy (theor.: 0.07), 0.03 for tomoSTED with N = 6 (theor.: 0.03)
and 0.02 for tomoSTED with N = 12 (theor.: 0.01). The high consistency of experimentally
and theoretically determined values confirms again the correct determination of the resolution
enhancement in this measurement.

4.3 Imaging of Vimentin network in fixed Vero cells
As indicated in the introduction, our new method is beneficial in terms of photo-bleaching
and photo-damage. To fully exploit this advantage, biological measurements are hereafter performed with half the STED power in the tomoSTED variant as compared to the 2D STED
case. As outlined before (see sections 2.3.2 and 4.2), this setting provides approximately the
same resolution enhancement in both cases. Furthermore, the pixel dwell-time in each case is
chosen such that the total acquisition time is the same in both STED variants.
The following application includes the investigation of the Vimentin skeleton in methanolfixed Vero cells. The respective filaments in the kidney epithelial cells, originating from an
adult monkey, are antibody-stained. After permeabilization (0.5 % Triton X-100) and blocking
(2 % BSA in PBS), the cells are therefore treated with a primary antibody (anti-Vimentin-
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mouse, 1:50 in BS; Sigma-Aldrich, USA) for one hour at room temperature. Subsequently, the
sample is repeatedly rinsed with BS to remove unattached antibodies. The second antibody
(Abberior Star 635P goat anti-mouse, red fluorescent (635/651), 1:50 in BS; Abberior, Germany)
is incubated for one hour at room temperature. After several washing steps (PBS), the sample
is embedded in Mowiol and sealed with nail polish.
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Figure 4.12: Measurement of Vimentin network in fixed Vero cells. Here, the excitation power is chosen
to Pexc = 5 µW and the pixel size to 15 nm. For 2D STED microscopy, PSTED2D = 70 mW and the pixel
dwell-time amounts to 30 µs. In tomoSTED microscopy, PSTED1D = 35 mW and the pixel dwell-time per
sub-frame is set to 5 µs. (a) FRC for the 2D STED case and (b-g) FC for N = 6 tomoSTED sub-images.
Line-artifacts in the measurements (see horizontal line in correlation) appear for both methods and are
therefore not related to the tomoSTED principle. In either case, the white circle indicates the FRC
1
and FC threshold of 0.2. Here, the cut-off radii amount to qFRC = 1.6 × 10−2 nm
for the 2D STED
−2 1
and to kFC = 1.5 × 10 nm for the tomoSTED variant. (h) Richardson-Lucy deconvolution result for
2D STED microscopy. Left: Confocal measurement. The scale bar represents a length of 5 µm. (i) RL
estimation for tomoSTED microscopy with N = 6. Zoom-ins are highlighted by a blue box and shown
in (j-o). Here, the scale bar marks 1 µm. In addition to (j) the raw data for 2D STED microscopy and
(k) the maximum-value reconstruction for tomoSTED with N = 6, (l) depicts the assembled image for
tomoSTED with N = 3. (m-o) RL results for the three cases. (p) Intensity profiles drawn along blue
line marked in (j), (k) and (l) demonstrate the same resolution enhancement in the 2D STED and in the
tomoSTED (maximum-value reconstruction) image with N = 6. The maximum-value reconstruction
with N = 3 is of slightly lower resolution.
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The measurements are depicted in figure 4.12. In accordance to section 3.5, the resolution is
determined via Fourier Ring Correlation in 2D STED microscopy and via Fourier Correlation in
tomoSTED microscopy. The latter is computed on our raw data and for both STED variants,
the threshold for the FRC or FC curve is chosen to 0.2. Compared to the commonly used
value of 17 , we apply a slightly higher threshold to neglect correlation contributions from linescanning artifacts. The FRC for the 2D STED case (see figure 4.12(a)) is, contrary to the FC
for the sub-images of one-dimensional resolution enhancement (see figures 4.12(b-g)), radially
symmetric. For the tomoSTED frames, the correlation is determined along the high-resolution
axis. For better comparison, the spatial frequency for which the correlation drops below the
threshold is highlighted by a white circle in either case. Already from the respective radii,
which are of same size for both STED variants, it is evident that the resolution enhancement
is similar in both STED methods. This finding is strengthened by the FRC and FC results
of ∆STED2D ≈ 64 nm and ∆STED1D ≈ 67 nm along the favorable direction in each sub-image.
Although the pixel dwell-time in tomoSTED microscopy is set to

1
6

of the pixel dwell-time

exerted in the 2D STED variant, the FRC and FC provide the same results (deviation <10 %)
for both cases. This comparison is viable since the drop of fluorescence signal as compared to
a confocal measurement is in the same range for both methods. For ∆conf ≈ 230 nm (FRC not
shown) and thus, k2D ≈ k1D ≈ 3.6, a relative signal of ≈ 0.08 in the 2D STED and ≈ 0.05 in
the tomoSTED variant is expected.
Anyhow, sample features are equally discernible in both methods (see line profiles in figure 4.12(p)). Here, the 2D STED raw data (see figure 4.12(j)) are compared to the maximumvalue reconstruction for tomoSTED microscopy with N = Nideal = 6 and N = 3 (see figures 4.12(k) and (l)). In the latter case, the reconstruction is of slightly lower resolution than
for the other configurations (see also intensity profiles in figure 4.12(p)). Due to the undersampling, this drawback for N = 3 is expected. Here, the total acquisition time is only half as long
as in the 2D STED case ( 16 per sub-image) and yet, a reasonable result is obtained.
However, the image quality in any case can be drastically improved by applying the RichardsonLucy deconvolution (see figures 4.12(h, i) and (m-o)). Since the RL algorithm operates on the
entire signal of each sub-frame, the tomoSTED results appear more crisp than the 2D STED
counterpart. The apparent higher signal-to-noise ratio in tomoSTED microscopy is easily
explained by the signal that solely drops with approximately
1
k2D 2

1
k1D

= 0.28 (for comparison,

= 0.08 in 2D STED microscopy) when compared to the confocal image. As a result, the

measurement with N = 3 is comparable to the 2D STED case, although recorded with half
the STED laser power and, additionally, within half the total acquisition time. This finding
provides the opportunity to speed up the acquisition process.
In biological observations, the bleaching behavior is of utmost interest since the available fluorescence signal defines the obtainable image quality. Here, the photo-stability in tomoSTED
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measurements is analyzed in comparison to the classical 2D STED implementation. The imaging parameters are chosen in accordance to the previously depicted evaluation (see figure 4.12)
and thus, half the STED power in the tomoSTED variant as compared to the 2D STED case
is applied. Yet, the relative behavior of the bleaching process is not predictable, since the
underlying scheme is nonlinear. Moreover, the intensity distribution for the different methods
varies, making an appropriate evaluation of the fluorescence stability inevitable. Figure 4.13(a)
shows a series of frames for both STED variants. Here, the maximum-value reconstruction
with N = 6 is depicted in the tomoSTED case. For each approach, the intensity scale is kept
constant for all frames depicted. While the structures fade significantly from frame to frame
in 2D STED microscopy, only a slight change of fluorescence intensity is visible for the tomoSTED variant. A faster drop of signal for the 2D STED configuration is also evident when
considering figure 4.13(b). The graph visualizes the available fluorescence intensity, normalized
to the value determined in the first frame, in dependence on the number of recorded frames.
The fluorescence intensity is identified on eight different filament structures in either case. For
tomoSTED microscopy, the evaluation is performed on the overall signal of all sub-images. An
exponential decay fit to the data yields the mean lifetime, specifying after how many frames
the intensity reduces to 1e . The lifetime for tomoSTED microscopy (t = (13.31 ± 0.05) frames)
amounts to roughly twice the value obtained for the 2D STED variant (t = (7.69±0.06) frames),
assuming that the bleaching is approximately proportional to PSTED . Hence, for the same reso-








 



x
y





Figure 4.13: Bleaching experiment on Vimentin network with same imaging parameters as the measurements depicted in figure 4.12. (a) First ten frames displayed for the 2D STED and for the tomoSTED
implementation (maximum-value reconstruction with N = Nideal = 6). The scale bar represents a length
of 1 µm. (b) Normalized fluorescence intensity vs. the number of recorded frames for 2D STED and for
tomoSTED with N = 6 and with N = 3 depletion pattern orientations. For each STED variant, an
exponential decay curve (solid lines) is fitted to the experimental data.
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lution enhancement (PSTED2D = 2 · PSTED1D ), twice the number of frames can be acquired with
tomoSTED microscopy until the fluorescence drops below a certain threshold.
Furthermore, the graph in figure 4.13(b) contains a curve for tomoSTED microscopy with N = 3
and a pixel dwell-time per depletion direction that is still set to

1
6

of the acquisition time in

the 2D STED variant. The fluorescence decay for N = 3 is derived by dividing a data set of
N = 6 sub-images of another location in the sample into two independent data sets of N = 3
sub-images. Subsequently, each of the new data sets is considered as one individual frame. The
data set of N = 6 sub-images that corresponds to one data point on the x-axis of the graph
depicted in figure 4.13(b) is therefore assigned to two consecutive data points. It is evident
that, due to the shortened total acquisition time, the bleaching decreases by another factor
of two (t = (28.17 ± 0.15) frames). As shown before, the here considered tomoSTED settings
can provide a resultant image that is comparable to the 2D STED measurement. Thus, the
bleaching benefit that is already observable for N = 6 can be further expanded.
Note that bleaching curves with same relative courses as the graph in figure 4.13(b) can be
found for fluorescent beads but are not shown at this point.

4.4 Live cell imaging
In the following, it is demonstrated that our method is suitable for the challenging approach
of live cell imaging. In particular, fast movements can be captured artifact-free despite of
the line-wise switching of depletion patterns. Here, we observe Microtubule filaments, tagged
with a silicon rhodamine (SiR) dye, in fibroblasts. The utilization of SiR-based fluorophores
in fixed samples has already been outlined in section 4.2.3. Yet, these dyes find their primary
application in live cell experiments, as they provide a high cell membrane permeability and
specificity [46, 47].
At any incubation step of the following staining procedure, the human embryonic fibroblasts
are kept at 37 ◦ C and 5 % CO2 to maintain a most beneficial environment. Living cells are typically cultured in DMEM (Dulbecco’s Modified Eagle Medium + GlutaMAX (Life Technologies,
USA)) with 10 % FBS (Fetal Bovine Serum; Biochrom, Germany). They are seeded on coverslips and typically settle on the surface within one day. To specifically label Microtubule
filaments, the fluorophore SiR-Tubulin (Spirochrome, Switzerland) is added at a concentration
of 500 nM, diluted in DMEM. Note that a preceding permeabilization step is not necessary at
this point. After an incubation time of several hours, the sample is rinsed with DMEM and
subsequently mounted. A specific amount of DMEMgfp -2 (evrogen, Russia) is enclosed between
a coverslip and a cavity slide. This configuration does not only provide a sufficient amount
of cell medium, the modification of DMEM moreover increases the photo-stability of the fluorophore. Although the alteration is optimized for the Green Fluorescent Protein (GFP), an
improved performance of SiR is also noticeable.
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An entire comparison of tomoSTED with the 2D STED implementation, as for preceding measurements, is not possible for this application. The fast movement of filaments makes it unfeasible to record the same structure with both STED variants. Anyhow, to demonstrate that
our method has no disadvantages when compared to the classical approach, both configurations are applied on different sample regions in a first attempt. Resultant images are depicted
in figure 4.14. In tomoSTED microscopy, the STED power is set to half the power applied
in the 2D STED variant. In either case, a resolution of approximately 46 nm is obtained.
In particular, Gaussian fits to intensity profiles, drawn on the raw data (not shown), provide ∆STED2D = (47.16 ± 2.76) nm and ∆STED1D = (46.03 ± 1.3) nm. With ∆conf ≈ 200 nm,
k1D ≈ k2D ≈ 4 and thus, the tomoSTED measurement with N = 3 is, intentionally, highly
undersampled (ideally, Nideal ≈ 6). A maximum-value reconstruction is therefore neglected
at this point. Yet, the RL estimation provides a perfectly homogeneous image that has no
drawbacks when compared to the 2D STED result (see first frames in figures 4.14(a) and (b)),
since the signal-to-noise ratio in each sub-frame is very high. In fact, the fluorescence signal per
sub-image in tomoSTED
when compared to the fluorescence
 microscopy,

 signal ina confocal
1
1
1
1
image, is comparable 6·k1D ≈ 24 to the signal in the 2D measurement k2D
2 ≈ 16 , although
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Figure 4.14: Live cell measurements of Microtubule filaments in 2D STED and tomoSTED microscopy.
For visualization of the movement, the first and the tenth frame are superposed with different color
tables. In each frame, the intensity scale is set to 30 % of the maximum intensity, respectively. Measurement performed with Pexc = 0.5 µW and a pixel size of 20 nm. The scale bar indicates 1 µm. (a) RL
deconvolution for the 2D STED case. Here, PSTED2D = 10 mW and the pixel dwell-time is chosen to
60 µs. Ten frames (1500 × 500 pixels) cover a temporal range of approximately 500 s. (b) RL estimate
= 3, PSTED1D = 5 mW and a pixel dwell-time of 10 µs per
for tomoSTED microscopy with N = Nideal
2
sub-image. The acquisition of ten frames takes about 350 s.
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6

of the pixel dwell-time. As shown in previous measurements, the high signal

intensity in each sub-frame is beneficial for the image assembly in tomoSTED microscopy.
Although the total acquisition time, in terms of effective illumination and detection, per tomoSTED frame with N = 3 amounts to the half when compared to the 2D STED measurement,
the actual recording time for one frame is slightly higher than expected. As a default setting,
a waiting time of 2 ms between each linescan is implemented in Imspector to maintain a perfect synchronization between scanner and detection. Since each line is repeatedly sampled in
tomoSTED microscopy, the mentioned waiting time has a stronger effect on the total duration
per frame in this variant. Note that this time lag is only a question of implementation and not
an inherent property of tomoSTED microscopy. As an example, the acquisition of ten frames
with a size of 1500 × 500 pixels and the beforehand mentioned settings takes approximately
350 s in the tomoSTED and about 500 s in the 2D STED configuration. Still, our method is
significantly faster and therefore, movements can be captured with a higher temporal resolution.
Note that this aspect is not noticeable from figure 4.14, since the filaments move arbitrarily, in
terms of direction and distance, in both sequences.
In either case, the utilized SiR dye is found to be very efficient in terms of emitted photons.
Moreover, the fluorophore shows a high photo-stability and the recording of sequences with
more than ten frames is easily possible (see tenth frames in figures 4.14(a) and (b)). As the
bleaching behavior can not be reliably analyzed on moving filaments, an evaluation concerning
this aspect is neglected at this point. Anyhow, the longer lifetime of fluorescence has already
been proven in section 4.3, allowing us to expect a four times higher stability for N = 3 and an
acquisition time that is set to

1
6

of the acquisition time in 2D STED.

In live cell imaging experiments, it is of utmost interest if the considered cell is still alive after
observation. Especially in methods that irradiate the sample with a high light dose, photodamage can drastically reduce the cell vitality. Typically, an overview of the organism before
and after imaging is acquired to check for symptoms of cell death. To provide a maximum field
of view over extensively spread fibroblasts, we implement a CCD camera (Point Grey Research
GmbH, Canada) and exploit a fluorescence lamp with appropriate filters (Olympus, Japan) for
widefield detection.
A respective measurement is depicted in figure 4.15. Again, Tubulin filaments in fibroblasts are
investigated. In an overview before tomoSTED acquisition (see figure 4.15(a)), the considered
cell shows no symptoms of cell death, e.g. the winding of protein strings. The pixel dwell-time
per sub-image is set to 5 µs to provide an even lower illumination dose than in the preceding
measurement. Furthermore, the acquisition process is sped up and thus, faster movements of
the cell can be detected. Apart from the pixel dwell-time, all imaging parameters are in accordance to the beforehand depicted live cell observation.
For approximately 40 minutes, the region of interest is constantly imaged with tomoSTED microscopy, resulting in a series of 50 frames. Due to the undersampling (see discussion above),
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the reconstruction is performed via Richardson-Lucy deconvolution. Figure 4.15(b) shows the
respective estimates for the first (red color table) and the 50th frame (green color table). Via
superposition, the motion of the cell is visualized. For sake of completeness, it is mentioned
that the observed displacement does not result from drift, since the strings move in random
directions.
That the cell can be appropriately imaged for a very long time is furthermore emphasized by
figures 4.15(c-j). Each of the depicted frames, illustrating the temporal course of the measurement, is scaled to the same color table as the first frame. Despite of the extended observation,
the recordings only demonstrate a slight decrease in fluorescence signal. When considering
figure 4.15(k), the widefield overview after tomoSTED acquisition, it is evident that the area
of imaging is not dimmer than the surrounding expanse. Thus, it is rather suggested that the
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Figure 4.15: TomoSTED microscopy live cell measurement of Microtubule filaments over a course
of ≈ 2300 s. Here, PSTED = 5 mW, Pexc = 0.5 µW, the pixel size is chosen to 20 nm and the pixel
dwell-time to 5 µs. (a) Widefield image of fibroblast cell before tomoSTED observation. Scale bar:
10 µm. (b) Superposition of first (red color table) and 50th frame (green color table). In both cases,
the Richardson-Lucy deconvolution with N = 3 is depicted. The scale bar indicates a length of 2 µm.
(c-j) Series of frames (RL reconstruction with N = 3) with same color table. Again, the scale bar
represents 2 µm. (k) Overview captured after STED acquisition. The imaged area does not appear
darker than the surrounding. Scale bar: 10 µm.

94

4 Results and Discussion

decrease in intensity results from a minor drift in z than from bleaching. For a measurement of
40 minutes, a displacement of the sample plane is expected and is not related to our method.
Anyhow, no damage of the sample can be identified, confirming that tomoSTED microscopy is
a sample preserving imaging variant. With a minimum light dose, we are able to obtain appropriate results without any drawbacks resulting from our STED modification, e.g. line artifacts
caused by pattern rotation. In this application, all the advantages of tomoSTED microscopy
are summarized. In particular, a very low STED power is exploited and to furthermore decrease
photo-bleaching and photo-damage, the specimen features are intentionally undersampled. Via
Richardson-Lucy deconvolution, the reconstruction provides anyhow appropriate images with
a homogeneous resolution of ≈ 50 nm in two dimensions. Note that this experiment has been
performed successfully on several cells. It has been found that the quality of the result is independent of the orientation of the filaments.

5 Conclusion and Outlook
In the here presented thesis, a novel variant for two-dimensional STED microscopy is introduced. Instead of providing an instantaneous resolution enhancement in 2D, our new method
exploits the more efficient implementation of a one-dimensional depletion pattern. Thereby,
as theoretically outlined in section 2.3.1, only approximately half the STED laser power is required to obtain the same resolution increase along the respective direction. The restriction
of fluorescence in only one dimension provides furthermore a higher preservation of the overall
signal.
The experimental validation of the mentioned advantages is depicted in section 4.1. Following
section 4.1.1, the 1D resolution enhancement for a 1D depletion pattern, when compared to
the classical 2D STED variant, is even better than expected. Various simulations (not shown),
concerning e.g. the modulation depth of the utilized phasemask or the beam-alignment, were
performed to spot the reason for the deviation between theory and experiment. Hitherto, an
explanation of this mismatch can not be provided. Anyhow, an evaluation of the depletion
pattern quality (see section 4.1.2) proves that the beam is accurately aligned in both STED
configurations. Since the switching between STED variants is controlled electronically (see
chapter 3), the same beam alignment of both STED configurations is expected. Note that the
resolution enhancement in 2D STED microscopy is independent of the depletion pattern generation, here provided via a Spatial Light Modulator. In particular, preliminary experiments
with a conventional helical phasemask (not shown) demonstrated the same tendency. However,
when including the experimental results of section 4.1.1, the courses of the overall fluorescence
signal (see section 4.1.3) coincide with the expected functional dependencies. This finding verifies that the resolution is appropriately determined in both STED variants.
To obtain an isotropically sub-resolved image with our new STED variant, the 1D depletion
pattern is rotated and a sequence of sub-images is recorded. This principle exhibits similarities
with tomographic approaches, not only in image acquisition (see chapter 1) but also when considering the subsequent image assembly (see section 3.4.2). Our method is therefore referred to
as tomoSTED microscopy.
The rotation of the one-dimensional depletion pattern and the according adaption of the linear
polarization state is controlled via a combination of an SLM and a double Pockels cell. The
response of both components is voltage-dependent and can therefore be controlled electronically.
An effective switching rate of 200 Hz, describing a 180◦ rotation of the depletion pattern, is
determined to be sufficient for imaging (see section 3.2).
The composition of an image with two-dimensional resolution increase from sub-images of onedimensional resolution enhancement requires appropriate reconstruction methods. For this
purpose, several schemes are outlined in section 3.4. Via the so-called maximum-value reconstruction, the resolution enhancement in each sub-image can be fully transferred to the com-
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posed image. The full exploitation of high-resolution information in tomoSTED microscopy is
already stated in section 2.3.2 and is herewith implemented and demonstrated. The maximumvalue approach enables a direct reconstruction procedure, i.e. no previous knowledge about the
optical system is required. Yet, a lot of fluorescence signal is neglected via this approach (see
section 3.4.3).
Contrary, the Richardson-Lucy deconvolution (see section 3.4.5) considers all the available information and thus, the benefit in fluorescence signal that has been mentioned before (see also
section 2.3.2) is fully exploited. Moreover, this reconstruction algorithm exhibits a major advantage when applied to undersampled recordings. For an increased fluorescence signal, the
number of pattern orientations under which the structure of interest is mapped can be intentionally reduced (see section 2.3.2 for optimal sampling). Resultant artifacts are minimized
and therefore, the image homogeneity is increased by the Richardson-Lucy approach. However,
this reconstruction concept requires a previous determination of the underlying Point Spread
Functions. For sake of completeness, it is mentioned that the undersampling concept can fail,
e.g. when sample features are too densely arranged. So far, we have only observed samples for
which the undersampling approach provided isotropic results.
Experiments on several samples (see chapter 4) demonstrate the suitability of tomoSTED microscopy for high-resolution imaging. Via microscopy standards, e.g. fluorescent microspheres
and nanorulers, the theoretical considerations about the two-dimensional resolution enhancement are verified and compared to the 2D STED performance. Here, different configurations
are included by maintaining either the same resolution enhancement or by applying the same
STED power in both STED variants. In either case, the tomoSTED microscopy results are of
at least the same image quality as the 2D STED counterpart, especially when including the
Richardson-Lucy deconvolution. When the observed sample shows preferential directions, e.g.
filaments that are elongated along an axis that coincides with an applied depletion pattern
orientation (see section 4.2.3), the application of tomoSTED is even more beneficial.
For biological measurements, the advantage that the same two-dimensional resolution can be
obtained in tomoSTED microscopy when applying approximately half the STED laser power as
compared to the 2D STED variant, is of utter interest. The resultant benefit in terms of photobleaching is demonstrated in section 4.3. The fact that tomoSTED microscopy is a sample
preserving method is furthermore emphasized when live cell measurements are considered (see
section 4.4). Here, the light dose is additionally reduced by an undersampling of the image
that can be compensated by the Richardson-Lucy reconstruction. Despite of overall acquisition
times in the range of 40 minutes, the specimen shows no significant photo-bleaching or photodamage. Moreover, the demanding application of live cell observations shows no drawbacks but
rather advantages of our method when compared to the classical implementation.

5 Conclusion and Outlook
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Hitherto, tomoSTED microscopy has been evaluated as a two-dimensional imaging method.
The main principle can be easily adapted to three-dimensional imaging approaches. Instead
of an instantaneous resolution increase in 3D, the resolution can be either increased in two
dimensions or in one dimension. In the former case, a line-like PSF with two high-resolution
axes and one confocal axis must be created, e.g. by a helical phasemask. For a one-dimensional
resolution enhancement, a sheet-like PSF with only one high-resolution axis is required and can
be generated by e.g. a 1D phasemask. In either case, the PSF must be rotated through two
angles for a 3D sampling. Calculations for the determination of the most beneficial attempt
need to be performed.
To fully exploit the advantages of our new STED variant, it can be merged with many established high-resolution techniques. By combining the tomoSTED principle with e.g. re-scanning
methods [49, 57], the confocal direction of the 1D narrowed PSF gains in significance. By
assigning the confocal signal, either optically or computationally, to a position on an array
detector, the resolution along the diffraction-limited axis can be increased. This additional gain
in information leads to an even better performance of tomoSTED microscopy.
A recently notified approach to reduce photo-damage in STED microscopy is referred to as
RESCue (Reduction of State transition Cycles) STED [60]. Here, the light dose is, in principle, reduced by shutting off the illumination and depletion after enough fluorescence photons
have been detected. A combination of tomoSTED microscopy with the RESCue principle would
presumably provide the most sample-preserving STED method available.
The tomoSTED principle can not only be transferred to methods for high-resolution imaging,
it can for example also be combined with molecule counting methods. For molecular mapping
approaches that are based on photon emission statistics [61], the increased fluorescence signal in
tomoSTED microscopy when compared to the classical 2D STED variant might be beneficial.
A further application beyond high-resolution imaging includes the tracking of particles or, likewise, the selective tracing of sample features. Common STED approaches for particle tracking
base on the difference of signal that is obtained while scanning the vicinity of the particle [34].
Contrary, a tomoSTED approach extracts the required information about the movement or the
structure from observing a single focal spot.
By rotating the one-dimensional depletion pattern and continuously observing the fluorescence
signal that can be assigned to the pattern direction, conclusions about the surrounding of the
narrowed focus point can be drawn. If, for example, the long axis of the elongated PSF coincides with the orientation of e.g. a skeleton filament, the obtainable signal is higher than for
the perpendicular direction. The same principle applies when the depletion pattern orientation
matches the movement direction of a propelling bead or particle.
To maintain an instantaneous response while scanning, e.g. for an adapted imaging scheme, it is
preferable that the 1D PSF is rotated as fast as possible, ideally continuously. When compared
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to typical pixel dwell-times (some µs), the switching time of the Spatial Light Modulator is
relatively long (some ms for a phase step from 0 to π, see section 3.2.1).
By exploiting the phenomenon of conical diffraction, we are able to generate ultrafast switchable depletion patterns. In particular, a full rotation of the one-dimensional pattern can be
performed in the range of some µs. First experiments (see section 4.1.4) confirm that conical
diffraction is well-suited for depletion pattern generation in tomoSTED microscopy. This implementation is very promising, as it enables e.g. the selective tracing of sample features, and
is currently realized.
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