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(57) Abstract: For tracking a movement of a particle (2) in a sample (3), the particle (2) is driven by light (4) to emit photons, and
the photons emitted by the particle (2) are detected. The light (4) applied to the sample (4) comprises an intensity distribution (18)
with a spatially limited minimum (19); and the particle (2) is tracked with the minimum (19) of the intensity distribution (18) of the
light by moving the intensity distribution (18) relative to the sample (3) such that a rate of photons emitted by the particle (2) re-
mains minimal.
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METHOD OF AND APPARATUS FOR TRACKING A PARTICLE, PARTICULARLY A SINGLE
MOLECULE, IN A SAMPLE

TECHNICAL FIELD OF THE INVENTION

The invention relates to a method of tracking a movement of a particle in a sample, the particle
being driven to emit photons when subjected to light, and the method comprising detecting the
photons emitted by the particle. Further, the invention relates to an apparatus for performing
such a method comprising a light source configured to provide the light and a detector

configured to detect the photons.

The particle whose movement in the sample is tracked may be a single molecule, a group of

molecules moving together, a complex, a quantum dot, a reflecting gold particle or the like.

The process underlying the emission of photons by the particle being subjected to the light may
be fluorescence. However, many other processes may also be used as a basis for the emission
of photons, e.g. scattering of the light.

The respective process causing the emission of photons may be related to the properties of the

particle to be tracked itself or to a marker, particularly a dye, marking the particle to be tracked.
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PRIOR ART

According to a known method of tracking a movement of a single molecule in a sample, the
molecule is excited by light for emitting photons, and the photons emitted by the molecule are
detected with a two-dimensional detector imaging the sample. The current position of the
molecule is then determined from the spatial distribution of the photons detected by the
detector. With an appropriate pixel density of the detector, a present position of the molecule
can be determined from the spatial distribution of the photons at a spatial resolution higher than
the diffraction limit. However, it is an additional requirement for tracking the particle at a spatial
resolution beyond the diffraction limit that a higher number of photons can be detected for each
position of the molecule, i.e. before the molecule changes its position. This is due to the fact
that the higher number of photons only enhances the spatial resolution achieved in determining
the position of the molecule, if this position remains unchanged for the whole period over which

the molecules emits the higher number of photons.

The spatial resolution is given by the radius Ar of a circle around a position of the molecule
determined from the centre of intensity of the diffraction pattern of the photons from the
molecule imaged onto the detector. The true position of the molecule is located within that

circle. The radius Ar is given by

Ar=FWHMN"™ (1)

and depends on the number N of detected photons and on the full width at half maximum
FWHM of the diffraction pattern.

As the known method of tracking a movement of a single molecule requires a huge number N of
photons for each position of the molecule in the sample, the molecule is seriously stressed
which results in an increased risk of bleaching the molecule. In the process of bleaching, the
molecule being in an excited state chemically changes such that no photons are provided
anymore by the molecule after bleaching. Beside the photochemical bleaching, it is also
possible that a molecule which has been intensively and/or numerously excited to emit photons
is transferred to a metastable dark state. From the metastable dark state the molecule may
return after some time. In the meantime, however, the molecule cannot emit any photons

required for continuously tracking the molecule.
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Consequently, there are only some molecules, i.e. only some so-called fluorescent dyes or
fluorophores, which are suited for use in the known method. Many fluorophores bleach too fast
and hence their movement or the movement of a molecule marked with the fluorophore cannot

be tracked for an extended period of time or a longer distance covered within the sample.

For the before mentioned method, the position of the molecule is determined from the
distribution of the positions at which the photons emitted by the molecule are detected by a two-
dimensional detector. This approach is called localization. Another approach than localization is
given by so-called STED or RESOLFT fluorescence light microscopy. Here, the spatial region in
which the molecules in a sample are effectively excited to emit photons is reduced to a size
smaller than the diffraction limit. Thus, the photons emitted from the sample can be attributed to
this particular spatial region of reduced size independent from the position where the photons
are detected and independent from the number of photons detected. In practice, the reduction
of the spatial region of effectively exciting the molecules to emit photons is achieved by applying
a focused excitation light beam which is superimposed with an interference pattern of coherent
beams of fluorescence inhibiting light. This interference pattern comprises a zero point at the
focal point of the excitation light beam. For high absolute intensities of the beams of
fluorescence inhibiting light, the intensity of the fluorescence inhibiting light exceeds a saturation
intensity Is anywhere but at the zero point such that the emission of photons by the molecules in
the sample is inhibited essentially anywhere but at the zero point. The achieved spatial

resolution is given by
Ar=2/(nsina (1 +1/5)"%)  (2),
wherein | is the maximal intensity of the interference pattern in the sample.

In STED fluorescence light microscopy the inhibition of fluorescence is achieved by stimulated
emission. In case of RESOLFT fluorescence microscopy the inhibition of fluorescence is
achieved by a temporarily transferring the molecules into a confirmation state in which the
molecules are not capable to fluoresce. Since in STED fluorescence light microscopy high
absolute intensities of the fluorescence inhibiting light are required, the risk of bleaching the
fluorophores used is relatively high. For RESOLFT fluorescence light microscopy, relatively low

intensities of the fluorescence inhibiting light are already sufficient. However, this approach can
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only be applied with special fluorophores that can be switched into a conformation state in

which the fluorophore is not capable to fluoresce.

In general, approaches like a STED or RESOLFT fluorescence light microscopy would be suited
for tracking a movement of a particle in a sample, in that the particle is tracked with the region of
spatially reduced size where the particle is effectively excited to emit fluorescence light.
Detecting whether the particle is still located in the region of spatially reduced size where the
particle can effectively be excited to emit fluorescence and thus determining the position of the
particle would only possible in that the rate of photons emitted by the tracked particle would be
continuously maximized. Although less photons would be required for the tracking according to
this approach than for the continuous localization of the particle, the number of particles and
markers which are suited for tracking a movement over longer distances could not be
significantly increased. Besides, in STED and RESOLFT fluorescence light microscopy,
different light beams have to be applied for providing the excitation light and the light for
inhibiting fluorescence. This requires additional effort since the different light beams have

different wavelengths and since the different light beams have to be carefully aligned spatially.

From DE 25 46 952 A1 an optical system basing on the so-called attenuated total reflectance is
known which is applied to track movements of particles in a sample. According to DE 25 46 952
A1 the sample is subjected to light driving the particles to emit photons. Since the intensity
distribution of the light illuminating the sample is not homogeneous but spatially modulated, a
movement of the particle results in a respective fluctuation of the number of emitted photons.
Thus, considering the modulation of the intensity distribution the movement of the particle can
be concluded from the detected fluctuation of photons emitted, i.e. the modulation of a detector
signal. However, a movement of a particle moving along a path of constant light intensity cannot
be tracked. Particularly, a particle never or only rarely subjected to the light cannot be tracked.
Instead, for tracking the movements of particles in a sample with the optical system known from
DE 25 46 952 A1 it is essential that the particles are frequently subjected to the light. Hence, the
risk of bleaching the particles or markers marking the particles is not effectively diminished but

has to be accepted.

There still is a need for a method of and an apparatus for tracking a movement of a particle in a

sample in which the risk of bleaching the particle or the marker marking the particle remains
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small even if the movement of the particle is tracked for a longer period of time or over a longer

distance covered by the particle in the sample.

SUMMARY OF THE INVENTION

The present invention relates to a method of tracking a movement of a particle in a sample, the
particle being driven to emit photons when subjected to light. The method comprises forming
the light to provide a light intensity distribution comprising a spatially limited minimum. The light
intensity distribution is applied to the sample such that the particle is located in the spatially
limited minimum of the light intensity distribution. The photons emitted by the particle are
detected, and the light intensity distribution is moved relative to the sample such that a rate of
the photons emitted by the particle remains minimal. In this way, the particle is tracked by the

minimum of the intensity distribution of the light intensity distribution.

Further, the present invention relates to an apparatus for tracking a movement of a particle in a
sample. The apparatus comprises a light source configured to provide light for driving the
particle to emit photons, the light source including beam shaping means configured to apply the
light to the sample with an intensity distribution comprising a spatially limited minimum, a
detector configured to detect the photons emitted by the particle and to provide a signal
indicating a rate of the photons detected, and beam deflecting means configured to move the
intensity distribution relative to the sample and to be controlled based on the signal of the
detector such that a rate of the photons detected by the detector remains minimal for tracking

the moving particle with the minimum.

Advantageous further developments of the invention result from the claims, the description and
the drawings. The advantages of features and of combinations of a plurality of features
mentioned in this description only serve as examples and may be used alternatively or
cumulatively without the necessity of embodiments according to the invention having to achieve
these advantages. Without altering the scope of protection as defined by the enclosed claims,
the following applies with respect to the disclosure of the original application and the patent:
further features may be taken from the drawings, in particular from the illustrated designs and
the dimensions of a plurality of components with respect to one another as well as from their
relative arrangement and their operative connection. The combination of features of different

embodiments of the invention or of features of different claims independent of the chosen
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references of the claims is also possible, and it is motivated herewith. This also relates to

features which are illustrated in separate drawings, or which are mentioned when describing

them. These features may also be combined with features of different claims. Furthermore, it is

possible that further embodiments of the invention do not have all the features mentioned in the

claims. They may even not have all the features mentioned in the independent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following, the invention is further explained and described with reference to preferred

exemplary embodiments illustrated in the drawings.

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

illustrates an exemplary embodiment of an apparatus according to the present
invention for performing an embodiment of a method according to the present

invention.

shows another exemplary embodiment of the apparatus according to the present
invention for performing another embodiment of the method according to the

present invention.

shows a particle in a region of a minimum of an intensity distribution for driving

the particle to emit photons.

shows the intensity of the intensity distribution according to Fig. 3 depending on
the position along a line profile; further, the resulting rate of photons emitted by

the particle according to Fig. 3 is shown.

shows the situation after a movement of the particle out of its position according
to Fig. 3; and

shows the situation after the intensity distribution has followed the movement of

the particle.
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DETAILED DESCRIPTION

According to the method according to the present invention, the light intensity distribution
applied to the sample comprises a spatially limited minimum. Like in case of the fluorescence
inhibiting light used in STED or RESOLFT fluorescence light microscopy, this intensity
distribution is preferably formed by an interference pattern of coherent light beams, in which the
spatially limited minimum is a zero point of the interference pattern. Thus, the minimum can be
provided with small spatial dimensions. In particular, the spatial dimensions of the minimum
may be smaller than the diffraction limit. In contrast to STED and RESOLFT fluorescence light
microscopy, the light displaying this particular intensity distribution is not used for inhibiting
fluorescence but for driving the particle which is tracked in the sample for emission of photons in
the method according to the present invention. Further, the sample is not scanned with the
minimum of the intensity distribution, but the intensity distribution is continuously only moved
relative to the sample such that a rate of the photons emitted by the particle and subsequently
detected is minimized. A minimal rate of the photons corresponds to the fact that the particle is
still located at the position of the minimum of the light intensity distribution. With a steep
increase of the intensity of the light outside of the minimum and by means of fast tracking the
intensity distribution with regard to the current position of the particle in the sample making use
of this steep increase, the movement of the particle can be tracked at a spatial resolution which
is significantly below the diffraction limit. In the method according to the present invention, it is
not required that the particle emits many photons. Consequently, the risk of bleaching the
particle is strongly reduced. Hence, even particles which are prone to bleaching can be tracked
for longer periods of time or over longer distances covered by the particle in the sample.
Further, in contrast to methods based on STED or RESOLFT fluorescence light microscopy, the
sample is only subjected to the intensity distribution comprising the minimum in the method
according to the present invention. Thus, the light has to be aligned neither spatially nor with
regard to its wavelength to another beam of light. Because of this, an optical setup for applying
the method according to the present invention is a significantly less complex than that of a
STED or RESOLFT fluorescence light microscope. In comparison to STED and RESOLFT
fluorescence light microscopy there is also another difference: According to the method
according to the present invention a small absolute intensity of the light intensity distribution with
the minimum is already sufficient, provided that the light intensity distribution causes the
emission of photons already at low intensities outside its minimum. Especially, it is not required
that a saturation of the excitation for emission outside the zero point is achieved in order to

achieve a spatial resolution below the diffraction limit. Instead, in many cases it is preferred that
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the excitation recognizably increases with increasing distance from the zero point. Last but not
least, it is a characterizing feature of the invention that the number of photons emitted by the

tracked particle is minimized and thus the risk of its bleaching is also minimized.

Moving or deflecting the intensity distribution relative, i.e. with regard to the sample for
continuously minimizing the rate of the photons detected by a detector may be based on a trial
and error approach. l.e. the intensity distribution is moved on a trial basis in small steps. If the
movement causes a decrease of the rate of the detected photons resembling the rate of the
emitted photons, the intensity distribution is further moved in the same direction. In the opposite
case, if the movement causes an increase of the rate of the detected photons, the intensity
distribution is moved into another direction, e.g. the opposite direction. Various suitable
algorithms and embodiments, like those indicated by the keywords "tracking-algorithm" and

"fuzzy-logic", are available to those skilled in the art.

From STED or RESOLFT fluorescence light microscopy various techniques are known for
forming a light intensity distribution of fluorescence inhibiting light comprising a minimum. Any of
these techniques may also be used in the method according to the present invention. To give
only some examples, phase filters, spatial light modulators, 4 pi arrangements and the like may

employed for forming the light intensity distribution comprising the minimum.

For moving or deflecting the light intensity distribution with the minimum relative to the sample,
a scanner may be applied like it is known from STED and RESOLFT fluorescence light
microscopy. For example, such a scanner comprises acousto-optic or electro-optic reflectors,
rotating mirrors, piezo-electric actuators by which the sample is adjusted relative to the light
beams or piezo-electric actuators which actuate an objective lens and by which the light beams

are adjusted relative to the sample.

It is to be noted that moving the light intensity distribution with the minimum relative to the
sample may alternatively or additionally to deflecting the light intensity distribution also be
accomplished by shifting the sample with regard to the light intensity distribution with the
minimum. Moving the light intensity distribution with the minimum relative to the sample only
requires a relative movement between the light intensity distribution with the minimum relative
and the sample. Particularly, moving the light intensity distribution with the minimum relative to

the sample in x- and y-directions may be achieved by deflecting the light intensity distribution,
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and moving the light intensity distribution with the minimum relative to the sample in z-direction
may be achieved by shifting the sample. The z-direction may be the direction orthogonal to the
plane of main extension of the surface of the sample via which the light intensity distribution is
applied to the sample, and the x- and y-directions may extend along or in parallel to this plane

of main extension.

According to the method of the present invention, the minimum of the light intensity distribution
may be spatially limited in one, two or three dimensions, i.e. the minimum may extend along a
plane, along a line or around a point. For tracking the movement of the particle, the intensity
distribution is then moved or deflected relative to the sample in all directions of that dimensions
in which the minimum is limited. A movement in a direction in which the minimum is not limited
will not cause a reduction of the rate of photons emitted by the particle and may thus not be
used effectively. This also means that a movement of the particle in this direction cannot be
tracked. Consequently, this direction is preferably oriented such that a movement of the particle
in this direction is not expected. In many cases movements of particles in a sample are anyway
confined to a direction along a particular structure. In case of a two-dimensional sample, the
movement of the particle in the direction of the third dimension is omitted as a matter of

principle.

It is also possible to modulate a phase relation of the light beams providing the intensity
distribution by interference in order to one- or two-dimensionally limit the minimum in different
directions. For example, the phase relation may be varied between a first and a second phase
relation such that the minimum is limited by a ring in a x-y-plane in case of the first phase
relation, and that the minimum is limited in z-direction in case of the second phase relation.
Alternatively, different, successive phase relations may result in line- or plane-like minima which
are oriented in different directions. These minima may be described as rotating stripes and
comprise a point or a line as their spatial intersection. If one switches fast between such phase
relations and if the minimum of the rate of the photons emitted by the particle is located either
individually for each phase relation or over the whole variation of the phase relations, the

movement of the particle in the sample may be tracked in all three dimensions.

According to the method of the present invention, the photons emitted by the particle need not
to be detected by a two-dimensional detector array. Instead it is sufficient to use a point detector

for detecting the photons since the tracking primary depends on the rate of these photons. The
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current position of the particle in the sample may be determined from the current position of the
intensity distribution with the minimum relative to the sample. This position may be concluded
from the positions of those devices by which the intensity distribution is moved relative to the
sample, e.g. by the current position of the scanner used for moving the intensity distribution.
The position of the intensity distribution relative to the sample may also be directly determined,
for example by detecting the photons emitted by the particle with a camera imaging the sample
and by evaluating an image of the light intensity distribution consisting of these photons on the
camera. According to the principles of localization, this determination also allows for achieving a

resolution beyond the diffraction limit.

Further, a camera imaging the sample may be used to determine an initial position of the
particle by illuminating the sample with light driving the particles to emit photons without
spatially structuring the light. In case that two or more particles are determined which emit
photons and cannot be tracked separately from each other, it is possible to photochemically
bleach the surplus particles by purposefully applying high intensities of the light as present in
maxima of the light intensity distribution adjacent to its minimum. Such a bleaching of perturbing
particles may also be applied when it is recognized, e.g. via the camera, that it is not the tracked
particle which has moved but another particle of similar kind that has passed the path of the
tracked particle. This may, for example, be concluded from a huge number of emitted photons

further apart from the minimum of the intensity distribution of the light.

A camera imaging the sample may also be used to determine a direction of the movement of
the particle from the positions where the photons emitted by the particles are detected with the
camera. For this determination it is also possible that a localization of the particles is performed,
wherein the localization is based on the photons emitted by the particle when leaving the
minimum of the intensity distribution of the light. Here, it is not required that the localization is
performed with high precision. Thus, it is not required that the particle emits many photons since
the emitted photons are only used for determining a direction in which the minimum of the
intensity distribution of the light has to be moved to follow the particle. However, the emitted
photons are not needed for achieving the desired spatial resolution in tracking the particle.
Instead, the spatial resolution is achieved by the subsequent minimizing of the rate of the
photons emitted by the particle and thus by the form and/or the arrangement of the minimum of

the light intensity distribution.
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Since the method according to the present invention aims at a minimization of the rate of the
photons emitted by the particle, the background which is detected in addition to the photons
gains importance. The background may for example be given by the light which is applied to the
sample in order to drive the particles to emit photons or due to autofluorescence of the particles.
In order to minimize the influence of the background the light driving the particles to emit
photons may be applied to the sample in pulses and the photons emitted by the particles may
be detected in a limited time interval after each of the pulses of the light. This time interval or

gate can be adjusted such that a maximal signal-to-noise ratio is achieved.

The method according to the present invention may also be applied to track a switchable
particle, for example a switchable molecule, wherein the light for driving the emission of photons
may cause an activation of the switchable molecule from a state from which the particle cannot
be driven to emit photons into a fluorescence state from which the particle can be driven to emit
photons. One example for such a switchable molecule is called PADRON which is a mutant of
Green Fluorescent Protein (GFP). Although not required, it may be preferred in this embodiment
if the particle quickly returns into the non fluorescent dark state, since this supports the effect of
minimizing the rate of the emitted photons achieved in the minimum of the intensity distribution
of the light driving the emission of photons. The return of the particle into the dark state may
occur spontaneously or may be induced by any physical or chemical signal. Since is not
required that this inducing signal is spatially structured, it is preferably not spatially structured.
Light of another wavelength than that of the light driving the emission of photons may, for
example, also be used for adjusting a small concentration of the activated particles which can
be driven to emit photons in the sample as it is required for any tracking of single particles. For
this purpose, the molecule called DRONPA may be used. DRONPA is another mutant of GFP
and exhibits activation characteristics at its excitation wavelength which are contrary as
compared to those of PADRON.

It is also possible to track movements of two or more different particles according to the method
of the present invention. For this purpose, light of two or more different wavelengths may be
used, and photons of wavelengths being characteristic for the respective particles may be
detected. Apart from a common objective lens, this tracking of two or more different particles
may be performed with separate devices. However, these devices may also share common

parts except of the respective light sources. All common parts may then be used in an
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alternating manner for both particles, i.e. it is switched between the tracking of the one particle

and the tracking of the other particle.

An apparatus according to the present invention comprises a light source providing the light
which is used for driving the particle to emit photons, and a detector for detecting the photons
emitted by the particle. The apparatus further comprises beam shaping means in the light
source in order to apply the light to the sample with an intensity distribution including a spatially
limited minimum. Further, beam deflecting means are provided which are controlled in
dependence on a signal of the detector. This dependency is configured to keep a rate of the
photons detected by the detector minimal by moving or deflecting the light intensity distribution
relative to the sample. Thus, the moving particle is tracked with the minimum of the light

intensity distribution.

The light source of the apparatus according to the present invention may superimpose coherent
light beams interfering in an interference pattern displaying a zero point at the position of the
minimum. For modulating a phase relation of the light beams the light source may comprise a

dynamically controllable spatial light modulator.

A camera may be provided for imaging the sample. The camera may, for example, be used to
determine where a particle to be tracked is located in the sample. For this determination, the
sample may be subjected to the light without spatial structure. The camera may also be used to
determine the position of the light intensity distribution when the particle is tracked in the
sample. Moreover, the camera may be used to determine the direction in which the intensity

distribution has to be moved for tracking the particle.

For tracking of two different particles two light sources providing light of different wavelengths
may be provided. For a simultaneous tracking, separate beam shaping means and beam
deflecting means may be provided for each of the light sources. However, it is also possible that
common means are provided for both light sources which are used in an alternating manner. It
is also possible that more than two light sources are provided for a simultaneous or fast

alternating tracking of more than two particles.

Particularly, the light source may be a pulsed light source like a pulsed laser such that the light

is applied to the sample in pulses. The detector may then provided with a gate and
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synchronized with the pulsed light source such that the photons emitted by the particle are
detected after each pulse of the light in a limited time interval at a maximum signal-to-noise

ratio.

Since an apparatus according to the present invention only needs to provide light for driving the
particle for emission, its setup may be kept simple. However, the apparatus according to the
present invention may also be realized on the basis of an (already present) STED or RESOLFT
fluorescence light microscope. Here, the beam shaping means used for the light beams for
inhibiting fluorescence may be used for the light by which the particle is driven to emit photons
according to the present invention. Further, the beam deflecting means used for scanning the
sample may be adapted to be used for a tracking of the particle by minimizing the rate of

detected photons.

Referring now in greater detail to the drawings, Fig. 1 shows an apparatus 1 for tracking the
movement of a particle 2 in a sample 3. The particle 2 may, for example, be a fluorescent
marker, or the particle 2 may be marked with such a fluorescent marker. By light 4 from a light
source 5 the fluorescent marker is driven to emit photons. This essentially only occurs outside
of a minimum of an intensity distribution of the light 4 in the sample 3. This intensity distribution
is described in more detail with reference to Fig. 3 to 6. The light source 5 comprises a laser 6,
beam shaping means 7 for adjusting the desired light intensity distribution in the focal volume of
an objective lens 8, and beam deflecting means 9, 10 and 11 for adjusting the position of the
minimum of the intensity distribution of the light 4 in the sample 3. The beam deflecting means 9
and 10 directly work on the light 4 and move or deflect the minimum in x- and/or y-direction, i.e.
in lateral direction with regard to the light path. The beam deflecting means 11, however,
directly work on the sample 3 and move or deflect the minimum of the intensity distribution of
the light 4 relative to the sample 3 in z-direction. Behind a dichroic beam splitter 13, a point
detector 12 is provided for selectively detecting photons emitted by the particle 2. The beam
splitter 13 is located in the optical path between the laser 6 and the sample 3, and in particular
between the laser 6 and the beam deflecting means 9 and 10. Another beam splitter 14 is
located between the beam deflecting means 9 and 10 and the objective lens 8. Via the beam
splitter 14 a camera 15 including a two-dimensional detector monitors the sample 3. For initially
locating the particle 2, the light 4 is applied to the sample 3 over a large area and the particle 2
is located on the basis of the photons emitted by the particle 2 and imaged with the camera 15.

Then, the intensity distribution of the light 4 is adjusted relative to the particle 2 such that the
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particle 2 is located at the position of the minimum of the intensity distribution of the light 4. That
the particle 2 is indeed located at the position of the minimum is checked by moving the
intensity distribution of the light 4 relative to the sample 3 on a trial basis. Upon these
movements the rate of the photons emitted by the particle 2 which are detected by the point
detector 12 should increase. However, a decrease of the rate indicates that the intensity
distribution of the light 4 has to be adjusted to track the particle 2 with the minimum because the
particle 2 has moved. An increase of the rate of the photons without movement of the intensity
distribution of the light 4 also means that the particle 2 has moved in the sample 3. Then, the
intensity distribution of the light 4 has to be moved in order to track the particle 2 with the
minimum until the rate of the photons has reached its minimum again. For this tracking, the
beam deflection means 9 to 11 are controlled by a controller 16 in dependence on the signal of
the detector 12. The position and/or movement of the minimum of the intensity distribution of the
light 4 which is determined during the tracking resembles the movement of the particle 2 in the
sample 3. A direction of the movement of the particle 2 may be determined from those positions
where the photons emitted by the particle 2 are detected by the camera 15, i.e. where the

particle gets out of the minimum, to support the tracking of the particle with the minimum.

In Fig. 1 it is indicated that the controller 16 also controls the beam shaping means 7. In
practice, the beam shaping means 7 may be a spatial light modulator by which different
intensity distributions of the light 4 in the sample 3 may be appropriately adjusted. The minima
of these light intensity distributions are each limited in one or two dimensions and only comprise
a common point of intersection with which the particle 2 can be tracked in the sample 3. This
embodiment enables to track the particle 2 with regard to its movement in the sample 3 with

maximal spatial resolution in all three dimensions.

The embodiment of the apparatus 1 illustrated in Fig. 2 does not comprise the point detector 12
according to Fig. 1. Here only the camera 15 is provided for detecting the photons emitted by
the particle 2 in the sample 3. Further, the sample 3 is a sample essentially extending in two-
dimensions only. The intensity distribution of the light 4 comprises a central minimum
surrounded by a ring-like maximum with which the particle 2 is tracked. This doughnut-shaped
intensity distribution of the light 4 is generated with the help of static beam shaping means 7. In
the plane of the two-dimensional sample 3 the minimum of the intensity distribution of the light 4
is located with the beam deflecting means 9 and 10 which directly work on the light 4. The

camera 15 is arranged behind a further objective lens 17 which is arranged on the side of the
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sample 3 opposite the objective lens 8. Here, the camera 15 is additionally used to determine
the position of the intensity distribution of the light 4 in the sample 3. This allows to determine
the current position of the beam deflecting means 9 and 10 on the one hand. On the other hand,
this can be used to determine the position of the minimum of the intensity distribution of the light
4 in the sample. In particular, the position of the minimum in the sample may thus also be

determined at a spatial resolution beyond the diffraction limit.

Fig. 3 schematically shows the intensity distribution of the light 4 in the sample 3, the particle 2
being located at the central minimum 19 of the light intensity distribution 18. Fig. 4 is a graph
showing the intensity | of the light intensity distribution 18 (straight line) along a line profile
through the sample 3 according to Fig. 3 (at an increased scale). In the region of the minimum
19, the light intensity distribution 18 has an essentially sinusoidal curvature which is symmetric
with regard to the minimum 19. In addition to the light intensity distribution 18, Fig. 3 shows the
resulting rate R of the photons emitted by the particle 2 (dashed line) assuming that the particle
2 is subjected to the corresponding intensities | of the light 4. At the position of the minimum 19,
the rate R also has its minimum value Rni,. As soon as the particle 2 leaves this minimum 19,
the rate R quickly increases. In particular, even at a small distance to the minimum 19 the rate
R already reaches a value close to or equal to its maximum value Rnax. This behaviour is
advantageously used for tracking the particle 2 in the sample 3 with a minimum 19 of the light

intensity distribution 18 at a high spatial resolution.

When the particle 2 has changed its position relative to the intensity distribution 18 and has left
the minimum 19 as illustrated in Fig. 5, an increased rate R of photons emitted by the particle 2
is detected. By moving the intensity distribution 18 in the sample 3 on a trial basis, the rate is
reduced again and kept minimal. In this way, it is determined in which direction and by which
distance the particle 2 has moved, since the minimum of the rate is not achieved before the light
intensity distribution 18 with the minimum 19 has been moved in the same direction and by the
same distance relative to the sample 3 as illustrated in Fig. 6. The direction in which the
intensity distribution 18 with the minimum 19 has to be moved to track the particle 2 may also
be determined from the positions at which photons emitted by the particle 2 are detected with a

camera.
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LIST OF REFERENCE NUMERALS
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light source

laser

beam shaping means
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beam deflecting means
beam deflecting means
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beam splitter

beam splitter
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controller

objective lens

intensity distribution
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CLAIMS

1. A method of tracking a movement of a particle (2) in a sample (3), the particle (2) being
driven to emit photons when subjected to light (4), the method comprising:

- forming the light to provide a light intensity distribution (18) comprising a spatially limited
minimum (19),

- applying the light intensity distribution (18) to the sample (3) such that the particle (2) is
located in the spatially limited minimum (19) of the light intensity distribution (18),

- detecting the photons emitted by the particle (2), and

- moving the light intensity distribution (18) relative to the sample (3) such that a rate of
the photons emitted by the particle (2) remains minimal, wherein the particle (2) is tracked by

the minimum (19) of the intensity distribution (18) of the light intensity distribution (18).

2. The method of claim 1, wherein the minimum (19) of the light intensity distribution (18) is
spatially limited in at least one spatial dimension, and wherein the light intensity distribution (18)
is moved relative to the sample (3) in directions of all dimensions in which the minimum (19) is

spatially limited.

3. The method of claim 1 or 2, wherein the light is formed to provide the light intensity
distribution (18) by an interference pattern of coherent light beams of the light and wherein the

minimum (19) is a zero point of the interference pattern.

4. The method of claim 3, wherein a phase relation of the coherent light beams is

modulated to spatially limit the minimum (19) from different directions.

5. The method of any of the claims 1 to 4, wherein the photons are detected by a point
detector (12).
6. The method of any of the claims 1 to 5, wherein the sample (3) is imaged with a camera

(15).
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7. The method of claim 6, wherein a starting position of the particle (2) is determined with

the camera (15) when the sample (3) is uniformly subjected to the light.

8. The method of claim 6 or 7, wherein a position of the light intensity distribution (18)

relative to the sample (3) is tracked by the camera (15).

9. The method of any of the claims 6 to 8, wherein a direction of the movement of the
particle (2) is determined by positions at which the photons emitted by the particle (2) are

detected with the camera (15).

10. The method of any of the claims 1 to 9, wherein the light (4) is applied to the sample in
pulses and wherein the photons emitted by the particle (2) are detected in a limited time interval

after each of the pulses.

11. The method of any of the claims 1 to 10, wherein the particle is activated by the light (4)
from a first state in which the particle can not be driven to emit photons into a second state in

which the particle can be driven to emit photons.

12. The method of any of the claims 1 to 11, wherein movements of two different particles

(2) are simultaneously or alternately tracked with light (4) of two different wavelengths.

13.  An apparatus (1) for tracking a movement of a particle (2) in a sample (3), the apparatus
(1) comprising:

- a light source (5) configured to provide light for driving the particle (2) to emit photons,
the light source (5) including beam shaping means (7) configured to apply the light (4) to the
sample (3) with an intensity distribution (18) comprising a spatially limited minimum (19),

- a detector (12, 15) configured to detect the photons emitted by the particle (2) and to
provide a signal indicating a rate of the photons detected, and

- beam deflecting means (9 to 11) configured to move the intensity distribution (18)
relative to the sample (3) and to be controlled based on the signal of the detector (12, 15) such
that a rate of the photons detected by the detector (12, 15) remains minimal for tracking the

moving particle (2) with the minimum (19).
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14. The apparatus (1) of claim 13, wherein the light source (5) superimposes a plurality of
coherent light beams to form an interference pattern comprising a zero point at the position of

the minimum (19).

15. The apparatus (1) of claim 14, wherein the light source (5) includes a controllable spatial

light modulator for modulating a phase relation of the plurality of light beams.

16.  The apparatus (1) of any of the claims 13 to 15, wherein the detector is a point detector
(12).

17. The apparatus (1) of any of the claims 13 to 15, wherein the detector (12) is a camera
(15).

18. The apparatus (1) of any of the claims 13 to 16, and further comprising a camera (15)

configured to image the sample (3).

19. The apparatus (1) of any of the claims 13 to 18, wherein the light source (5) is a pulsed
light source which applies the light (4) to the sample in pulses and wherein the detector (12)
comprises a gate synchronized with the pulsed light source configured to detect the photons

emitted by the particle in a limited time interval after each of the pulses.

20. The apparatus (1) of one of the claims 13 to 19, wherein two light sources are provided
for light of different wavelengths for simultaneously or alternately tracking movements of two

different particles.
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