(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
7 August 2008 (07.08.2008)

L IR
PO 00O A O A

(10) International Publication Number

WO 2008/093099 A2

(51) International Patent Classification:
GO2B 21/00 (2006.01)

(74) Agents: WALLIN, Nicholas, James et al.; Withers &
Rogers LLP, Goldings House, 2 Hays Lane, L.ondon SE1

2HW (GB).
(21) International Application Number:

PCT/GR2008/000338 (81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA,

CH, CN, CO,CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,

(22) International Filing Date: 1 February 2008 (01.02.2008)

(25) Filing Language: English EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
Lo ) IL, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, L.C,
(26) Publication Language: Engllsh LK, LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN,

MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH,

(30) Priority Data: PL, PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV,

07020514 2 February 2007 (02.02.2007) GB SY. TJ. TM. TN. TR. TT. TZ. UA. UG. US. UZ. VC. VN
0712518.0 27 June 2007 (27.06.2007) GB ZA’ Zl’\/I Z\’V . ’ T ’ ’
(71) Applicant (for all designated States except US): KING’S  (84) Designated States (unless otherwise indicated, for every

COLLEGE LONDON [GB/GB]; Strand, London WC2R
2LS (GB).

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
CIL, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

(72) Inventors; and

(75) Inventors/Applicants (for US only): HEINTZMANN,
Rainer [DE/GB]; Randall Division of Cell & Molecular
Biophysics, King’s College London, New Hunt’s House,
Guy’s Campus, London SE1 1UL (GB). WICKER, Kai
[DE/GB]; Randall Division of Cell & Molecular Bio-
physics, King’s College London, New Hunt’s House, Guy’s
Campus, London SE1 1UL (GB).

Published:
without international search report and to be republished
upon receipt of that report

(54) Title: METHOD AND APPARATUS FOR IMPROVING IMAGE RESOLUTION

Image inversi?/
system h

Figure 1

A2 |0 0 OO

=) (57) Abstract: Embodiments of the invention allow the operation of confocal microscopes with relatively open pinholes (e.g. 1
Airy unit) whilst still giving a significant XY resolution improvement. In addition axial (Z) discrimination or resolution may also
be improved. An embodiment based on differences in the defocusing behaviour should yield improved optical sectioning. This is

&\ achieved by splitting the emitted light path in an interferometric fashion at a position in the standard system it would normally not be

& split. This would typically be after the objective and after the (de-)scanning optics but before the pinhole or another spatially discrim-

o inating detector. One of the split beams is then directed to an image transformation system, which applies an image transformation

& which spatially displaces those parts of the image which are not on or near the optical axis within the image plane or whose effect

& depends on the amount of defocus. For example, the image transformation may be an image inversion which inverts at least one
coordinate in image space. The transformed beam and the non-transformed beam are then recombined in an interferometric fashion
(i.e. coherently added), which provides an interference effect resulting in increased resolution of the image. Where the embodiments
are being used in a confocal application, the resulting combined beam can then be subject to a spatially discriminating means, such

a as a pinhole, or the like.
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Method and Apparatus for Improving Image Resolution

Technical Field

The present invention relates to a method and an apparatus which improve the
resolution obtainable from imaging systems which use wave-based information
carriers. In particular the present invention relates to a method and apparatus which
employ interferometric techniques to achieve an increase in the resolution obtainable

from the imaging system without sacrificing image brightness.

Background to the Invention

Laser scanning confocal microscopes have been known for many years, and provide
the ability to image a relatively narrow focal plane within a sample. By then adjusting
the position of the microscope with respect to the sample so as to take a slightly
different focal plane, a “stack™ of optically sectioned images can be obtained at
different positions through the sample, thus allowing a three-dimensional image of the
sample to be built up. An example laser scanning confocal microscope is shown in

Figure 5.

Here, a light source in the form of a laser beam 12 passes a light source aperture 14
and then is focused by an objective lens 18 into a small (ideally diffraction-limited)
focal volume on a focal plane 20 within a fluorescent specimen 22. A mixture of
emitted fluorescent light 24 as well as reflected laser light from the illuminated spot is
then recollected by the objective lens 18. A dichroitic beam splitter 16 separates the
light mixture by allowing only the laser light to paSs through and reflecting the
fluorescent light 24 into the detection apparatus. After passing a pinhole 26 the
fluorescent light is detected by a photo-detection device 28 (photomultiplier tube
(PMT) or avalanche photodiode) tfansforming-the light signal into an electrical one

which is recorded by a computer (not shown).

The detector aperture obstructs the light that is not coming from the focal point, as
shown by the light gray dotted line 30 in Figure 5. The out-of-focus points are thus
doubly suppressed: firstly they are less illuminated, and.secondly most of their

returning light is blocked by the pinhole. This results in sharper images compared to
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conventional fluorescence microscopy techniques and permits one to obtain images of

various z axis planes (z-stacks) of the sample.

The detected light originating from an illuminated volume element within the
specimen represents one pixel in the resulting image. As the laser scans over the plane
of interest a whole image is obtained pixel by pixel and line by line, while the
brightness of a resulting image pixel corresponds to the relative intensity of detected
fluorescent light. The beam is scanned across the sample in the horizontal plane using
one or more (servo-controlled) oscillating mirrors. In comparison to the alternative,
which is sample scanning, this scanning method usually has a low reaction latency.
The scan speed can be varied. Slower scans provide a better signal to noise ratio
resulting in better contrast and higher resolution. As mentioned, information can be
collected from different focal planes e.g. by raising or lowering the microscope stage.
The computer can then generate a three-dimensional picture of a specimen by

assembling a stack of these two-dimensional images from successive focal planes.

In order to obtain clearer and more detailed images it is desirable to try and increase
the resolution of a confocal microscope. State of the art confocal systems achieve an
increase in lateral (X-Y) resolution when the pinhole 26 is almost completely closed
(e.g. <0.3 Airy units (AU)). However,' such a technique leads to a severe loss in
detected light intensity, whereas in microscopy and especially in fluorescence

microscopy, the amount of detected light is precious.

In order to increase the amount of light available for imaging, therefore, within a
typical application of a confocal laser scanning microscope for fluorescence detection
the pinhole is opened to a diameter of > 1 AU. Unfortunately, this then leads to a loss
of resolution improvement along the in-plane (X-Y) directions, making the resolutibn
of a confocal microscope with such a wide aperture of the pinhole almost identical to

the X-Y resolution of a standard widefield microscope.

To overcome these conflicting problems it would be desirable to provide a technique
which allows for the use of relatively wide pinholes (>0.3 AU), whilst preventing the

attendant deleterious effects on the microscope'resolution.
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Prior Art

Sandeau, N., and Giovannini, H. in Increasing the lateral resolution of 4Pi
Sfluorescence microscopes J. Opt. Soc. Am,, Vol. 23, No. 5 pp.1089 — 1095, May
2006, (hereafter Ref. 1) and also in Arrangement of a 4Pi microscope for reducing the
confocal detection volume with two-photon excitdation Optics Communications 264
(2006) pp. 123-129 (hereafter Ref 2) describe a resolution enhancing technique that
can be used with a particular type of microscope known as a 4Pi microscope.
Generally, within a 4Pi microscope a sample is illuminated from two sides by two

objectives, and the emitted light collected by the two obj ectives.

In order to improve the lateral resolution of the 4Pi‘ microscope, Sandeau et al propose
a configuration of the 4Pi microscope in which the amount of interference of the two
emitted beams from eéch objective depends on the displacement of the luminophore
in the sample in a plane perpendicular to the optical axis. In this case, the total
intensity on the photodetector resulting from the coherent superposition of the two
emitted beams depends on the distance d between the luminophore and the optical
axis. This system, which Sandeau et al. call the 4Pi’ microscope, is a 4Pi microscope
in which an image inversion system has been added in one arm of the interferometer,
as shown in Figure 1. The image inversion system modifies the symmetry of the

optical conjugations in a manner that will be discussed below.

Sandeau et al. report that the rules of geometrical 6ptics show that the 4PV
microscope is equivalent to a system in which two beams are emitted by two coherent
sources that are symmetric with respect to-the focus. Figure 2 illustrates the scheme of
the sensor head equivalent to a 4Pi microscope and to a 4Pi’ microscope, and in
particular uses a dipole source to show the symmetries obtained with the two

arrangements.

Within Figure 2 the following applies: F is the common focus of the two microscope
objectives O1 and O2 of Figure 1; PL refers to the image forming lens in front of the
pinhole. OA is the optical axis in the object (or image) space of the system in Figure
1; D is the image of a dipole emitter via the non-inverting path of a 4Pi’ microscope

or the first of two paths in the standard 4Pi microscope; the corresponding dipole
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moves in the vicinity of the focal plane FP; ID is the image of the dipole through the

~ second path of a 4Pi mic;roscope (like in Figure 1 but without the image inversion

system); ID” is the image of D through the inverting path in the 4Pi’ microscope (as
shown in Figure 1). In this representation, the two beams emitted by the dipole pass
through PL and are superimposed on the detector to form the respective images D and
ID for the 4Pi microscope or D and ID’ in case of the 4Pi’ microscope. Figure 2(a)
shows a view in a plane containing the optical axis (z direction), whereas Figure 2 (b)

shows the corresponding view in a plane orthogonal to the optical axis.

From Fig. 2 one can see that, in a standard 4Pi microscope, the two images of a source
are symmetric with respect to the focal plane. In the 4Pi’ microscope, when the dipole
moves in a direction perpendicular to the optical axis, the presence of the image
inversion system modifies the symmetry of the optical conjugations. In this case the
4Pi’ microscope is equivalent to a system in which two mutually coherent images are
formed, being symmetric with respect to the nominal focus F of the image inversion
system. The two emitted beams are coherently added on the detector (4Pi type C). The
output signal is proportional to the mean absolute square of the summed (complex
valued) amplitudes on the photodetector. Image D and ID’ ideally bverlap for the
position F (which should also correspond to the nominal focus of the illuminating
beam) and constructively interfere to yield a maximum signal. When the distance
between the luminophore and the optical axis increases, D and ID’ separate laterally
giving rise to partially destructive interference, which rapidly lowers the signal. Thus
Sandeau et al. report that one can expect a collection efficiency function (CEF) with a
4Pi’ microscope to be different from the CEF obtained with a 4Pi microscope. The
results given by Sandeau et al. in the first of the papers referenced above, and
reproduced in Figures 3 and 4, show that the CEF of the 4Pi’ microscope is
substantially reduced in width in the lateral direction when compared to the 4Pi
microscope (see Figure 3), and improves further when the numerical aperture of the

objective lenses is increased (see Figure 4).

However, 4Pi microscopes are relatively rare, being expensive to buy and maintain.
Therefore, Sandeau et al.’s work in the context of the 4Pi microscopes, whilst

interesting, does not solve the problem faced by many research labs worldwide, of
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how to improve the resolution of the more standard and (in comparison to the 4Pi

microscope) common confocal microscope or widefield microscope.
Other prior art is also known, as briefly discussed next.

Firstly, beam inverting optics are commonly used in theodolites. The typical
arrangement for these instruments are three mutually orthogonal reflecting surfaces.

The same principle is used in “Catseyes” retroreflectors.

Inverting interferometers are also known from literature. In Gates & Bennett (1968),
J. Scientific Instruments (J. Phys. E) 1, 1171-1174, the use of a simple interferometer
in which one beam is inverted is described for the purpose of using it for beam
alignment. The described confocal interferometer has the drawback of having very
unequal optical pathlength and thus requiring a very long coherence length to observe
interference effects. A possible use of suéh a device for imaging applications (e.g. in
scanning mode) is not mentioned in the stated publication, nor is it discussed that the

total intensity on the output side ¢an vary in dependence of the source position.

;I‘he concept of shift interferometry and rotational shift interferometry (RSI) is known
from astronomy. Recently these concepts have been applied to lensless imaging in
D.L. Marks, R.A. Stack, D.J. Brady, D.C. Munson Jr., R.B. Brady, “Visible Cone-
beam tomography with a lenseless interferometric camera”, Science 284, 2164-2166
(1999). In RSI the image plane is usually very distant from the detector position and
the required data. RSI serves to measure the mutual coherence function in astronomy,
but can also serve to reconstruct images with the help of a Fourier transformation. RSI
does not make use of the fact that the on-axis position can yield completely uniform
(e.g. constructive) interference, whereas off-axis positions yield non—unifor_m
coherence and thus lose light to the other path of the interferometer. Instead RSI
measures the pattern and deduces image information from the observed interference

pattern with the help of a computational Fourier transformation.

Moreover, in a similar context J.D. Armitage Jr. and A. Lohmann “Rotary shearing
interferometry”, Optical Acta 12, 185-192 (1965) describe several shearing

interferometers. In shearing interferometers the detector is positioned always in a
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plane conjugate to the aperture plane (related by a Fourier-transformation to the image
plane). There is no image plane beyond the exit beam splitter of the interferometer.
An image plane close to the detector would pose problems to conventional RSI
Furthermore RSI does not have the purpose of improving the resolution and/or optical

sectioning capability of an imaging system.

A.D. Birch, D.R. Brown, J.R. Thomas and E.R. Pike “The application of photon
correlation spectroscopy to the measurement of turbulent flows”, J. Phys. D. App.
Phys. 6, L71-73 (1973) describe a beam splitter (in their Figure 1). The described
beam splitter was not intended for imaging purposes or resolution and/or sectioning
improvement but was uéed for photon correlation spectroscopy to detect turbulent

airflow.

Summary of the Invention

The present invention provides a new technique to apply the resolution enhancing
effect identified by Sandeau et al. in the context of the 4Pi microscope more broadly
to other image generation systems, and in particular to standard confocal microscopes.
In particular, embodiments of the present invention will allow the operation of
confocal microscopes with relatively open pinholes (e.g. 1 Airy unit or even without
any pinhole) whilst still giving a significant XY resolution improvement. In addition
axial (Z) discrimination or resolution may also be improved. Embodiments of the
invention achieve this aim by splitting the emitted light path in an interferometric
fashion at a position in the standard system it would normally not be split. This would
typically be after the objective and after the (de-)scanning optics but before the
pinhole or another spatially discrimiﬁating detector. At least one of the split beams is
then directed to an image transformation system, which applies an image
transformation which spatially displaces those parts of the image which are not on or
near the optical axis within the image plane. For example, the image transformation
may be an image inversion which inverts at least one coordinate in image space. The
transformed beam and the non-transformed beam are then recombined in an
interferometric fashion (i.e. coherently added), which provides an interference effect
resulting in increased resolution of the image. Where the.embodiments are being used

in a confocal application, the resulting combined beam is then typically subject to a
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spatially discriminating means, such as an adjustable pinhole, or the like. However
this is not strictly necessary as the main effect stems from the loss of light to the other

output-path of the interferometer once. the amplitudes of the interfering beams differ.

In view of the above, from a first aspect the present invention provides an apparatus
for improving the resolution and/or sectioning ability of an imaging system,
comprising: at least one wave splitter for splittiﬁg an idput wave carrying information
relating to an object to be imaged; an interferometer arrangement arranged to receive
the split input waves and which includes a wave transformer which produces a
relative difference between ihe waves travelling through the interferometer in
dependence on one or more spatial properties of a set of emitter positions, and which
outputs at least one output wdve, wherein the energy density of those parts of the
output wave which are due to emitters not located at the set of emitter positions is
reduced; and imaging means arranged to capture the information relating to the object
carried in the at least one output wave to produce an image; wherein the reduction of
the detected emissions from emitters not located at the set of emitter positions

improves the resolution and/or sectioning ability of imaging of the object.

From a second aspect there is pfoVided a method for improving the resolution and/or
sectioning ability of an imaging system, comprising the steps a) splitting an input
wave carrying information relating to an object to be imaged into at least two waves;
b) applying one or more transformations to one or mOrc of said waves so as to
produces a relative difference between the waves; c) interferometrically recombining
the waves to provide an output wave; wherein the transformations step b) and
recombination step c) are further arranged such that the energy density of those parts
of the output wave which are due to emitters not located at a set of emitter positions
from which emitted waves undergo equal or no transformations in the split waves is
reduced;and d) capturing the information relating to the object carried in the at least
one output wave to produce an image; wherein the reduction of the detected emissions
from emitters not located at said set of emitter positions improves the resolution

and/or sectioning ability of imaging of the object.
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With such arrangements, the interferometric resolution-enhancing effcét identified by
Sandeau et al. in the context of the 4Pi microscope can be applied to other imaging
systems, such as, for example, confocal miqroécopes. Moreover, the technique can
have application outside the field of microscopy, and may also be used with imaging
systems in other fields, such as (but not limited to) photography, telescopy, infrared

imaging, radar imaging or ultrasonic medical imaging.

Within embodiments of the. invention to be deséribed a wave splitter can include any
means suitable to split an incoming input wave into one or several waves leaving the
wave splitter. A wave splitter generates waves such that the same spatial part of the
input wave is present in its outputs. Wave splitters can split the incoming wave with
various ratios. In some situations non-equal splitting (e.g. 90%:10%) can be
advantageous for contrast reasons. A wave splitter can also produce output waves of
any relative direction, including spatially overlapping ones. These waves only need to
be distinguishable in some way. E.g. they could have different polarisation (i.e. a

Wollaston prism would also be considered a wave splitter).

Within embodiments of the inventiop an interferometer arrangement arranged to
receive the split input wavés preferably transforms and recombines the incoming
waves. This can also include that only parts of the input waves are recombined. An
interferometer can have several output paths, which each can be detected or discarded.
It can even include situations in which more than just two possible paths for
recombination exist (e.g. by introduction of elements which recombine and split
simultaneously different input waves to the interferometer, or situations similar to
Figure 8 of J.D. Armitage Jr. and A. Lohmann “Rotary shearing interferometry”,
Optical Acta 12, 185-192 (1965)).

Moreover, within embodiments of the invention a relative difference between the
waves includes intensity as well as phase differences leading to a change in nominal
focus position or just plain relative phase differences. Other examples are a change in
magnification or a loss of quality of the focus (e.g. by introducing aberrations).
Various possibilities exist, especially the interferometer variants described in Fig. 2a,b

and Fig. 3a,b and the right halves of Figures 4,6 or 8 in J.D. Armitage Jr. and A.
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Lohmann “Rotary shearing interferometry”, Optical Acta 12, 185-192 (1965) and the

drawings in this patent.

Additionally, within embodiments of the invention the one or more spatial properties
of a set of emitter positions can include that the amount of relative transformation
depends on a single emitter point position (e.g. an emitter on this specific point does
not yield a difference, whereas it does with varying amount at all other positions, e.g.
using a transformer as in Fig. 12). It can also include that no difference in
transformation exists for a one dimensional set of positions (e.g. a line along the axial
direction as in Figures 6-9) or for a two dimensional set of positions (e.g. for a whole
image plane as in Figure 11). Also several points (e.g. using multiple foci) or several
lines (e.g. arranged in a grid like fashion) are possible positions for which the relative
transformation is similar but different in other positions. The case of a line along an
in-plane coordinate (e.g. along Y) with the transformation inverting another

coordinate (¢.g. along X) is particularly interesting for line-scanning imaging systems.

Furthermore, within embodiments of the invention at least one output wave includes
spatially separate (e.g. Figures 6-9), as well as spatially overlapping waves (e.g. Fig.
10).

Also, within embodiments of the invention two output waves are produced during
recombination of the split waves. For an emitter on the axis of symmetry, one output
exhibits constructive interference and the other output shows destructive interference.
Furthermore, embodiments of the present invention subtract one output intensity from
the other output intensity; preferably the destructive output intensity (or a fraction or

multiple thereof) is subtracted from the constructive output intensity.

Moreover, within embodiments of the invention energy density is often referred to as

the “intensity” of a wave.

Within embodiments of the invention the term “emitters” includes coherent emitters
(scatterers), incoherent emitters (e.g. fluorescent molecules). More generally,

however, the term “emitters” as used herein is also intended to refer to any and all
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possible objects which fnay influence a wave, whether by emission, absorption,

changing the phase, etc. (e.g. changing the phase by a different refractive index).’

Within embodiments of the invention that the energy density is reduced refers to the
energy density as detected from an emitter outside the set of positions in comparison

to the same emitter with the same emission strength placed inside the set of positions.

Moreover, within embodir_neﬁts of the invention the imaging means includes all
conventional means of capturing image information. Imaging means usually include
detectors such as integrating detectors (e.g. Photomultiplier tubes and avalanche photo
diodes for the case of light detection), spatially resolved detectors (e.g. CCD or
CMOS cameras, image intensified cameras, photon bombardment cameras, ...). In the
case of integrating detectors the imaging means usually include scanning means
(which are capable of scanning the sample and/or the illumination and/or the “set of
spatial positions” in the detection setup). The imaging means can also include data

processing means and/or visualisation means.

Within embodiments of the invention the at least one output wave includes the
situation of only one detector, several separate detectors, but also arranging the output
waves to be imaged on a spatially resolved detector (e.g. optically combining several

output waves onto one CCD camera).

Moreover, within embodiments of the invention the reduction of the detected
emissions includes the situation of the one detector where the amount of detected
energy density reduces. At a different detector this can lead to a simultaneous
increase. Combining the information from several detectors (e.g. by scaled

subtraction) can be advantageous. -

Within embodiments of the invention by improving the sectioning ability we include
the notion of filling what is referred to as “the missing cone region” in widefield
imaging (as referred in, for example, Min Gu, “Principles of Three-Dimensional

Imaging in Confocal Microscopes”, World Scientific, 1996).

10
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Finally, within embodiments of the invention the improvement of the resolution
and/or sectioning ability of an image includes the effect that a resolution improvement
along at least one direction (e.g. XY or_Z) in most points of the final image

(including reconstruction if necessary) is obtained.

Further features and aspects of the invention will be apparent from the appended

claims.

Description of the Drawings

Embodiments of the invention will now be described, presented by way of example
only, and with reference to the following drawings, wherein like reference numerals

refer to like parts, and wherein:-

Figure 1 is a diagram of an optical arrangement of the prior art;

Figure 2(a) is a diagram illustrating a concept known in the prior art, and used in
embodiments of the present invention;

Figure 2(b) is a diagram illustrating a concept known in the prior art, and used in
embodiments of the present invention;

Figure 3 is a graph illustrating prior art results;

Figure 4 is a graph illustrating prior art results; .

Figure 5 is a diagram illustratihg the optical configuration of a confocal microscope of
the prior art; '

Figure 6 is a diagram illustrating a first embodiment of the present invention;

Figure 7 is a diagram illustrating a second embodiment of the present invention;
Figure 8 is a diagram illustrating a third embodiment of the present invention;

Figure 9 is a diagram illustrating a fourth embodiment of the present invention;

Figure 10 is a diagram illustrating a fifth embodiment of the present invention; and
Figure 11 is a diagram illustrating a sixth embodiment of the present invention;

Figure 12 is a diagram illustrating a seventh embodiment of the present invention.
Figure 13 is a diagram illustrating an eighth embodiment of the present invention.
Figure 14 is a diagram illustrating a ninth embodiment of the present invention.

Figure 15 is a diagram illustrating detail of the image inversion system and phase

plate arrangement of the ninth embodiment of the present invention.

11
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Figure 16 is a diagram illustrating a tenth embodiment of the present invention.

Figure 17a s a graph of a comparison between point spread functions.

Figure 17b is a graph of a comparison betweén object transfer functions.

Figure 18a is a graph of point spread functions for a constructive interferometer
output. '

Figure 18b is a graph of point spread functions for a destructive interferometer output.
Figure 18c is a graph of point spread functions for a confocal arrangement without an
interferometer. |

Figure 18d is a graph of the difference between the interferometer outputs of Figure
18a and Figure 18b. |

Figure 19a is a graph showing an interferometer having an increased sectioning
capability, with the difference signal surpassing the constructive output.

Figure 19b is a logarithmic plot showing a z* -dependence of a light source far away
from the focal plane of an interferometer.

Figure 20a is a constructive Simulated Extended Focus Image, created assuming
scanning Bessel beam excitation.

Figure 20b is a destructive Simulated Extended Focus Image, created assuming
scanning Bessel beam excitation.

Figure 20c is a non-interferometric integrating detection Simulated ‘Extended Focus
Image, created assuming scanning Bessel beam excitation.

Figure 20d is an image showing the differences between the images of Figure 20a and

Figure 20b.

Description of the Embodiments

Several embodiments of the invention will now be described.

The optical arrangement of an apparatus 50 according to a first embodiment of the
present invention is shown in Figure 6. Here, an image generation system 52 is
provided which, although not part of an apparatus 50 according to the first
embodiment, provides an input image into the apparatus 50. Thus, the image
generation system 52 refers to a system capable of generating an image (even if at

infinite distance), and in preferred embodiments the image is generated by scanning,

12
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such as in a conventional confocal microscope. For example, therefore, the image
generation system in preferred embodiments may be a scanning confocal microscope,
although in other embodiments a different image generation system may be used. For
example, a scanning system where no confocal illumination is used would also
constitute an image generation system which may be used with the presently
described embodiments. The image generation system 52, whatever form it takes,
provides an image on an image plane 54 as an input to the apparatus 50 of the first

embodiment of the invention.

The apparatus 50 according to the first embodiment comprises a lens L1 (56) which
transforms a beam obtained from a point in the image plane 54 into a parallel beam.
The parallel beam is then fed to a beam splitter BS1 (58) which splits the parallel
beam into two parallel beams, extending at a approximately right angle to each other.
In this example the beam splitter BS1 (58) is preferably insensitive to polarisation.
The two beams resulting from the beam splitter BS1 .(58) then travel through an
interferometric arrangement (which within the first embodiment is of a Mach-Zehnder
type, described later) and are recombined at a second beam splitter BS2 (64). At least
one of the beams output from the second beam splitter BS2 (64) is then passed
through lens L2 (70), for imaging onto an output image plane 72, constituting an

output image plane of the apparatus 50.

Where the apparatus 50 is being used’ with a confocal microscope as the image
generation system, then an adjustable pinhole aperture can be provided at the output
image plane, at the focus of the lens L2. Preferably, some form of light detector
device which is not part of apparatus 50 is also present at the output image plane, to
capture the light output by the apparatus 50. For example, a CCD array, film, or other
light sensitive device or medium can be used. More generally, to capture the image in
confocal applications a spatially discriminating image capture means which can
spatially discriminate across the output image plane 72 may be used. For example,
the use of one or multiple pinholes, elements of programmable devices (such a spatial
light modulators, e.g.. DLPs, LCOS) or pixelated or non-pixelated camera systems
(e.g. CCDs, MCPs, Film, Delay line detectors ...) is envisaged. A sufficiently small
detector (e.g. with a sensitive area smaller in diameter than 2 Airy disc diameters) is

also considered to be a suitable spatially discriminating means. Even though in most
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application of a spatial discrimination means may be useful, there may be cases (e.g.

multiphoton microscopy) in which an integrating detector is advantageous.

Returning to the apparatus 50, however, the interferometric arrangement mentioned
earlier comprises a first mirror M1 .(60), which receives a first parallel beam from
beam splitter BS1 (58), and directs it towards an image transformation element 62
with lenses Lil (61) and Li2 (63), which causes an image transformation to the first
parallel beam in a manner described later, as the beam passes therethrough. The first
parallel beam having passed through the image transformation element 62 is then

directed at the second beam splitter BS2 (64).

In the other arm of the interferometric arrangement the second parallel beam output
from the first beam splitter BS1 (58) is passed through an optional path length/
dispersion compensation element (66), and directed at a second mirror M2 (68). The
second mirror redirects the second parallel beam onto the beam splitter BS2 (64),
where the second beam is then interferometrically recombined with the transformed

first parallel beam.

Having regard to the image transform applied by the image transformation element
62, the work of Sandeau ét al. discussed previously is applied. Sandeau et al describe
how an improvement in resolution in a 4Pi microscope is obtained by applying an
image transformation to one arm of the microscope such that an image of a
luminophore which is laterally displaced from the optical axis is caused to be
symmetric about the focus, such that if one compared the image in the transformed
path with the image in the non-transformed path then the apparent X-Y positions of
the same luminophore in each image would be different, being symmetrical about the
focus. When these images are then interferometrically recombined, due to the spatial
displacement between the respective images in each path a relatively low light
intensity results on the output side of the interferometer which yielded constructive
interference for objects on the axis (see e.g. the side-lobes in Figures 3 and 4). This
effect is partially caused by destructive interference, but also in the limiting case of
the two images being not overlapping, they would essentially not interfere and each
would get reduced (e.g. by 50%) in intensity when passing through the beam
combining optics (64).
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However, such a transformation also has the effect that when the luminophore is on
the optical axis, then when the transformation is applied the X-Y position of the
luminophore is not substantially changed in the transformed path. When the
transformed path and the non-transformed path are interferometrically recombined in
the beam splitter, therefore, due to constructive interference of the two waves a much
greater light intensity is obtained (see e.g. the main lobe in Figures 3 and 4). Under
ideal conditions 100% of the input light will reach one detector whereas the second

exit path of the beam combining optics (64) will receive no light.

In terms of how this effect increases the resolution of a microscope, as explained by
Sandeau et al. the coherent addition of the two images results in a much higher
resultant light intensity when the images are located on or near to the optical axis due
to the spatial coherence of the images. In contrast when the images are displaced from
the optical axis then due to the image transformation which is applied the images
decrease in overlap, and the light intensity resulting from the coherent addition drops
off sharply as some light leaves the beam combining optics on the second output (see
e.g. Figure 6 (c) of Ref. 1). An additional pinhole helps to further suppress the signal
when off axis. These effects translate to a reduction in the width of the CEF, which in
turn increases the resolution. In Ref. .1, Sandeau et al. report an improvement in

resolution by a factor greater than 2.

Within embodiments of the present invention the same techniques are applied,
although the image transformation which can be used is not limited to producing
symmetry about the focal point, as described by Sandeau et al., although such a
transformation is one of those which may (and in some embodiments preferably
should) be used. Additionally, however, within embodiments of the invention any
transformation which results in the image of, for example, a luminophore or other
light reflecting or emittirig object, which is located spatially displaced (in X, Y or Z)
from the nominal focus position of the imaging system being, with respect to the
nominal image position of the former, spatially displaced in any of the X or Y
directions, or even in the Z direction, or any combination of such displacements, may
be used. On the other hand, the transformation should be such that an image which is

located at or substantially near the focus (on the optical axis) is not spatially displaced
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at all or to any great extent, such that fhe image of the object in the beam subject to
transformation remains in substantially the same place in the image plane as the image
of the object in the other beam '(i.e. the beém not subject to the image transformation).
The overall intention of the image transformation is to provide for off-axis or
differently focussed images to appear at a different spatial position (in 3D) in the
transformed beam than in the non-transformed beam, such that when the two beams
are coherently added a lower intensity resultant prdduc_t_ 1s obtained. Conversely, for
substantially on-axis and in focus images the transformation should be such that the
images do not appear at subsfantially different positions in the transformed beam and
non-transformed beam, such that the spatial coherence between the two beams
remains high. Then, when the beams are coherently recombined yielding constructive
interference, a higher intensity resultant product will be obtained, which in turn leads

to the effect of increased _resolution.

As examples of suitéble image transformations which meet these criteria, any
transformation which changes or inverts at least one coordinate about where points of
the object get imaged to can be used. For example, in one such transformation the X
“coordinate may be inverted, or in another such transformation a co-ordinate (X or Y)
may be subject to a displacement (either positive or negative), the size of the
displacement preferably being dependent on the location of the image with respect to
the focus, with no displacement being applied to an image located at the focus.
Another suitable transformation would be to usé a point-inversion of both the X and Y
coordinates, corresponding to a 180 degree rotation in of the image in the X-Y plane.
Other rotational transformations may also be used, e¢.g. 45 degree, 90 degree, or any
other value which results in an appropriate spatial displacement. In this case
additional polarisation rotating elements may be necessary to ensure effective

interference of the light fields (having the vectorial nature of electric fields in mind).

Also a suitable transformation would be if one image is defocused in Z, it’s
transformed counterpart defocuses in —Z. A possible way to achieve this is with the
help of a phase conjugate mirror or material of negative refractive index (Sir Pendry’s

lens) (e.g. replacing M2 in figure 8).
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Another alternative is to use an imaging system with a different Z behaviour in the
transformed path (Figure 11). These methods based on axial (Z) displacement can be
used in combination with the XY transformations exemplified above, however with a
parallel (widefield) image capture system in mind it may also be advantageous to have
a system which does not depend on the position of the optic axis (meaning no path
specific XY transformation is being applied). At a first glance, the emission from
within the focal plane is imaged coherently everywhere onto the output plane.
However, in there may be additional phase shifts presents depending on the in-plane
position of the focussed output -wave. This can be used to advantage (e.g. in a
scanning setup similar to Figure 7). To achieve constructive interference for the whole

field of view, appropriate spatially dependent phase compensation means are needed.

In terms of optical components to perform a suitable transformation of the type noted
above, in one embodiment a combination of two parfocal lenses may be used to invert
an image, whereas in other embodiments multiple inversions of parts of the image
may be obtained by using combinations of lens-lets or holographic optical elements.
Other image inversion systems which can produce a suitable transformation will be
apparent to the skilled reader, and further examples are given in later embodiments

described below.

In the ideal case the beam which is not subject to the image transformation preferably
has a zero optical path length difference to the optical path length of the beam which
is subject to the transformation (assuming the input beam of the system is collinear
(on the same optic axis) with the image transformation system). To achieve this one
may introduce a path compensation optics (non-inverting), e.g. a suitably thick piece
of transparent material (to compensate for the lenses and a possible geometrical path
difference in the other path, which can also yield a chromatic compensation) that is
optically thicker than air. An alternative to the introduction of such path compensation
optics would be to construct the interferometer such that the non-transforming
geometrical path is longer so as to compensate for the increased optical path length in
the transforming arm. This may mean that the beam splitter angles are slightly

changed and the mirrors displaced.
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Note that the lens L1 (56) aﬁd fhe input image plane would be unnecessary if the
focussing lens (tube lens or pinhole lens) is removed (e.g. as in Figure 7) as modern
microscopes have an infinity path. In this preferable case L2 (70) serves as the image
generating lens. In microscopes where an objective directly images onto the primary
image plane, one may remove all lenses which are not part of the image
transformation system (62) in Figure 6 and fit the interferometer directly into the

beam path before the primary image plane.

Note that it is advantageous, although not essential, to also record the data (with or
without a spatially discriminating means) in the other output arm of the
interferometer, being the other output from the second beam splitter BS2 (64) (not
shown in Figure 6, see Figure 7 (74,76) for an example).

With such an arrangement the use of the image transformation and the subsequent
interferometric recombination of the transformed beam and the non-transformed beam
produce the same effects as reported by Sandeau et al., with an attendant reduction in

the CEF of the arrangement, and improvement in resolution.

A second embodiment of the present invention will now be described with respect to
Figure 7. In particular, within the second embodiment a slightly modified version of
the apparatus described previously with respect to the first embodiment is employed

within a confocal microscope arrangement.

More particularly, the apparatus 50 according to the first embodiment of the present
invention is used with the confocal microscope elements 52, which act as the image
generation system in the context of the first embodiment described previously. Here,
the image generation system comprises a laser 80, whose beam is expanded by a beam
expander comprising lens LA (82) and lens LB (84). The beam is expanded to form a
parallel beam with a diameter big enough to illuminate the full back aperture of the
objective lens system, when taking into account the scan lens SL (90), and the tube
lens TL (92). Preferably the laser is fibre coupled to the microscope, which means
that in the context of Figure 7 the two ends of the fibre would correspond to the focal

point shown between lens LA and lens LB. This allows the laser and lens LA to be at
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a different location, and the optical fibre would then emit the laser light at the focal

point before lens LB.

The parallel beam output from the beam expander then strikes dichromatic mirror 86
which serves as a dichromatic beam splitter to reﬂectv the laser light, whilst
transmitting the fluorescent light emitted by the sample. In this respect, as is well
known, in most samples the fluorescence is at a different wavelength than the
illuminated beam. In other embodiments, depending on the application the
dichromatic mirror 86 could also be a meutral beam splitter (e.g. for reflection

imaging), or another device such as an acousto-optical beam splitter.

Within the present embodiment the dichromatic mirror 86 reflects the illuminating
laser beam onto a scanning mirror 88 which is controllably moveable to alter the
angle at which the illuminating beam leaves the scan mirror. In this embodiment, the
XY scan mirror preferably scans fast along the X axis, and slow along the Y axis so as
to effectively raster-scan across the image plane. Other known scanning techniques
can also be used to provide further embodiments. As well as directing the illuminating
beam, at the same time the scan mirror serves to de-scan the emitted light (e.g.
fluorescence from the sample), such that (neglecting the speed of light and the time
delay between excitation and emission) the sample information right from the middle
of the scanning spot in the sample will be collinear (and stationary) at the entrance
(58) to the interferometer and the dichromatic mirror, albeit with opposing direction

of travel, with the excitation beam position.

The illuminating beam (excitation beam) reflected from the XY scan mirror 88 passes
through the scan lens (SL) (90) and then the tube lens TL (92). The scan lens serves
in combination with the tube lens in a 4-f configuration to keep the light intensity
distribution at the back focal plane of the objective lens 94 independent of the scan
position. The alteration in angle of the beam due to the XY scan mirror then
translates the scanning spot in the sample plane. The emitted light (which may either
be scattered light, or fluorescence) passes through the objective lens system (94), the
tube lens 92, and the scan lens 90, is then de-scanned by the XY scan mirror 88, and
directed towards the dichromatic mirror 86. As mentioned, the dichromatic mirror

can be arranged to reflect light at the wavelength of the illuminating (excitation)
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beam, but not to reflect light at the wavelength of the emitted light. Thus, the emitted
light passes through the dichromatic mirror 86, and then into the modified apparatus
50 according to the first embodiment of the invention. The modification required to
the apparatus 50 is that because i.n this embodiment the apparatus is intended to be
integrated with the microscope optics, then there is no need for lens L1 to image an
input image plane. Instead, the output beam of the microscope can be fed directly into

the interferometer arrangement of the apparatus 50. -

Within the interferometer arrangement, as described previously, the emitted light
beam is split by beam splitter BS1 (58), resulting in a first emitted beam which is then
reflected via mirror M1 (60) through an image inversion system 62, which applies an
image transform in the manner described previously in respect of the first
embodiment. The transformed beam then passes to the second beam splitter BS2
(64).

The other beam output from beam splitter BS1 (58) passes through an optional path
compensation element 66, and then is reflected by mirror M2 onto the second beam
splitter BS2 (64). At the second beam splitter BS2 the transformed beam and the non-
transformed beam are interferometrically' recombined (coherently added) and the
resulting two output beams of the beam splitter 2 are then focused by respective
lenses onto respective image planes. More particularly, a first output beam from
beam splitter 2 is focused by lens L2 (70) onto a first output image plane 72 at which
is located, for example, a spatially discriminating means, such as a pinhole, a plurality
of pinholes, integrating detectors or the like, as described previously. Similarly, the
second output beam from the beam splitter 2 is focused by lens L3 (74) onto a second
output image plane 76, again at which may be placed a spatially discriminating
means. Alternatively, no such spatially discriminating means may be used at one or
both of the output image planes 72 and 76, and instead all of the intensity represented
by the second output light beam collected. Collecting both output beams of the
second beam splitter as opposed to collecting just one output direction may help to
increase the overall signal-to-noise ratio of the system.

Both outputs can also be combined onto a single joined image plane, e.g. by sending
the beam directed towards L3 (74) instead with a mirror under a slight angle towards

L2 (70) forming a displaced image in image plane 72.
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Within the second embodiment of the present invention, therefore, the apparatus 50 of
the first embodiment is integrated into a laser scanning confocal microscope. The
advantage of using the apparatus 50 of the‘ﬁrst embodiment with a laser scanning
confocal microscope 52 is that the increase in resolution discussed previously is
obtained, by virtue of the image transformation, and the interferometric recombination

of the transformed beam and the non-transformed beam.

A third embodiment of the present invention will now be described with respect to
Figure 8. This embodiment is similar to the first embodiment described previously in
that an apparatus 100 is provided which receives an input image generated from an
image generation system 52 which provides an input image at an input image plane
54. However, here the interferometer is of a different type, and a particular image

transformation system in the form of an image inversion system is used.

More particularly, within the third embodiment the interferometer is of the Michelson
type, which means that the same beam splitting element is used for both splitting and

recombining the beams.

More particularly, with reference to Figure 8 an apparatus 100 according to the third
embodiment of the present invention comprises a first lens L1 (56) arranged to receive
light from the input image plane 54. The lens L1 produces a parallel beam
representing a point in the image plane 54, and directs the parallel beam towards the
beam splitter BS1 (58). The beam splitter 58 provides a first output beam
corresponding to the transmission of the beam through the beam splitter, and a second
output beam corresponding to a reflection of the input beam from the beam splitter.
The first output beam is directed towards an image inversion system, which provides
an image transformation in the form of an image inversion. More particularly, the
image inversion system comprises a lens Lil (102) and a mirror M2 (106). The lens
Lil (102) focuses the first output beam from the beam splitter 58 onto the surface of
the mirror M2 (106), from which the beam is then reflected back to lens Lil (102),
which in turn converts the reflected beam back into a parallel beam. The operation of
the lens Lil and the mirror M2, however, acts to invert the image in both the X and Y

co-ordinates. The inverted beam then travels back to the beam splitter 58.
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With respect to the second output beam from the beam splitter, this is directed

towards mirror M1 (104) and reflected back from mirror M1 to the beam splitter 58.

At the beam splitter 58, the non-inverted bearln from mirror M1 and the inverted beam
from the image inversion system are interferometrically recombined at the beam
splitter BS1, to pfoduce a first recombined butput beam, and a second recombined
output beam, at right angles to each other. The second recombined output beam is
directed from the beam splitter 58 back towards the image plane 54. The first
recombined output beam, being the beam which is directed from the beam splitter 58
travels towards a second lens L2 (70) which acts to image the beam onto an output
image plane 72. Where the apparatus 100 according to the third embodiment is being
used with a confocal imaging system, a spatially discriminating means such as a
pinhole or the like, as discussed previously, can be located at the output image plane
72.

The effect of the apparatus 100 of the third embodiment is the same as that described
previously with respect to the first embodiment, in that the resolution obtainable by
the entire imaging system’ including the apparatus 100 is increased. This increase in
resolution is obtained by the same effect as used in the previously described first
embodiment. In some respects, however, the Michelson interferometer arrangement
used here is simpler than the Mach-Zehnder interferometer arrangement used in the
first embodiment, and the image transformation system in the form of the image

inversion comprising lens Lil and mirror M2 is simple to set up and implement.

There is one disadvantage with this arrangement of the third embodiment when
compared to that of the first embodiment, however, in that the second recombined
output beam from the beam splitter would be directed towards the input of the
apparatus 100, which makes the measurement of this recombined output beam more
difficult, but not impossible. An intentional rotation of the interferometer (e.g. about
the Y-axis) would be one way to separate this path (with an appropriate mirror edge).
Another way would be to insert a beam splitter in the input path, and accept the loss in

intensity.
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Alternatively, one could use polarisation characteristics to achieve the separation of -
the beams. Thus, for example, a polarising beam splitter followed by a lambda/4 plate
could be used, either before the interferometer, or in each of its arms. The returning
beam would then be separated by the polarising beam splitter. The split input beam
(which would be of the opposite polarisation to the returning beam) could be
subjected to a similar system, offering the advantage of polarisation resolved data
using separate detectors. The output of the two systems could also be joined (e.g. p
and s-polarisation can be recombined with little loss into one beam towards the
detector), or one of the polarisation beam splitter outputs not forming the input beam

to the interferometer could be discarded.

A further advantage of the arrangement of the third embodiment is that mirror M2
could further be coated with a spatially varying phase filter, leading to a further
resolution enhancement, and offering the possibility of point-spread-function

engineering.

If necessary, appropriate materials, such as glass, can be inserted into any arm of the

interferometer to compensate for non equal optical path length due to dispersion.

A fourth embodiment of the invention will now be described with respect to Figure 9.

Within the fourth embodiment an image resolution enhancing apparatus 110 is
provided, based upon the Michelson interferometer arrangement of the third
embodiment, and described previously. However, within the fourth embodiment the
image transformation system is a different arrangement, the lens Lil and mirror M2 of
the third embodiment being replaced by an image inverting mirror Mil (112). The
image inverting mirror Mil may be formed from two mirrors joined with a relative
angle of 90°, or by an appropriately cut prism. The transformation obtained by such a
mirror (or prism) would be that only one direction of the image would be inverted e.g.

the positive X direction in the image would become negative X.

In a variation, instead of being only two mirrors, (or sides of a prism), in a variant
three mutually perpendicular mirrors could be used, or an appropriately cut 90° corner

prism based on total internal reflection, as is commonly used in distance measurement
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tools. With three such reflecting surfaces then both an inversion in the X and Y
directions is obtained. Again, appropriate materials such as glass can be inserted into
any arm of the interferometer to compensate for non-equal optical path lengths due to

dispersion.

With the above arrangement, the operation of the fourth embodiment is identical to
that of the third embodiment as previously described, but with the difference
described in how the image transformation system is configured and operates, and the

subsequent transformation obtained.

A fifth embodiment of the present invention will be described with respect to Figure
10.

Here, an image generation system 52 generates an image at an input image plane 54.
A lens L1 56 images the input image plane 54, and directs light onto a first surface of
a triangular prism 122. The triangular prism 122 has formed within it extending along
a central axis of the prism perpendicularly from the first surface to the opposite point
of the triangular prism, a beam splitter element BS1 (124). The entrance surface of the
prism 122 can also be cut at a different angle, e.g. such that it is perpendicular to the
optical axis of the input beam. The lens L1 is positioned with respect to the input
image plane 54 such that the lens L1 is not at its focal distance from the image plane,
but instead positioned such that it generates an image in the output image plane 72.
Thus, the beam output from the lens L1 onto the first surface of the prism 122 is a

slightly converging beam.

The prism 122 is arranged such that the first surface thereof is at an angle to the
converging beam output by the lens L1 (56) and this means that as the converging
beam enters the prism the beam is refracted by the prism material and caused to
change direction (if the prism is not cut appropriately). The converging beam then
passes onto the beam splitter BS1 (124), wherein it is split into a first output beam
comprising the beam which passes through the beam splitter, and a second output
beam comprising the beam which is reflected from the beam splitter. The first output
beam then carries on through the prism and strikes a second surface of the prism,

passing out of the prism and at the same time being refracted so as to change

24



10

15

20

25

30

WO 2008/093099 PCT/GB2008/000338

direction. Similarly, the second output beam, being the beam reflected from the beam
splitter hits a third surface of the prism as it exits the prism, and is refracted as it
leaves the prism. The change in direction of the two beams brought about by the
respective refractions as the beams leave the prism is such that the beams are directed
towards each other at a slight relative angle. Where the beams combine interference
between the beams occurs. When the relative angle is small enough to yield
interference fringes which are bigger than the pinhole size then an appropriate

resolution enhancing effect is present.

Concerning the range of angles at which the two beams may be directed towards each
other, it is envisaged that the angle may be as large as 45 degrees. The factors
involved are the pinhole (or other spatially discriminating means) size, and the
microscope magnification. In particular, larger angles will generate smaller
interference fringes. If the fringes are much smaller than the pinhole size (or pixel size
if there is a spatial resolving detector as a spatially discriminating means) the whole
system would tend more toward an incoherent system, which destroys the effect.
Therefore, the angle between the two beams should be as small as possible to obtain
as much of the resolution enhancing effect as possible, but subject of course to the

overall size constraints of any particular implementation (i.e. the space available to set

~ out the optical components).

In this embodiment, the beam splitter BS1 represenfs an element which both splits the
input beam into two paths, as well as performing an image transformation, as the
image arising from the reflected beam will have a different orientation than the image
generated from the transmitted beam. Similarly, the prism can be thought of as a beam
recombining element, as it is the prism which refracts the beams from the beam
splitter towards each other such that they re-combine. Thus, within this fifth
embodiment, although the arrangement is very different to the previous embodiments,
the input beam is split into two, one of the beams is subject to an image
transformation being in this. case a spatial inversion, and the resulting transformed
beam and non-transformed beam are interferometrically recombined to achieve the

resolution enhancing effects described previously.
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A sixth embodiment of the present invention will be described with respect to Figure
11.

This embodiment details the image transformation unit which can be replaced in any
embodiment where the split beams are sufficiently spatially separate. Here Lil serves
to generate an image plane (left dashed line) which is then re-imaged in a 2f geometry
with the help of lens Li3. Finally Li2 is situated at one focus length from the second
image plane (right dashed line) and serves to make the light parallel. This
embodiment would not invert the image. However, it does a non-linear transformation
along the axial (Z) direction. This concept is sketched as an example by indicating the
imaging behaviour of an object which is out of focus (leftmost big arrow). The 2f
reimaging geometry will image- such an out-of-focus object by a (Z) position

dependent magnification (right smaller arrow), yielding the transform.

It is potentially advantageous, if the reimaging lens Li3 has a smaller focal length than
Lil and Li2. It also does not necessarily need to be a 2f reimaging as other geometries

could yield a stronger effect.

This embodiment leaves XY positions unchanged, when in the plane of focus. This is
advantageous for the application of widefield imaging. The Z-dependent
magnification in only one of the interferometric paths could allow optical sections to

be taken.

A seventh embodiment of the present invention will be described with respect to

Figure 12.

This embodiment also refers to the image transformation unit which can be replaced
in any embodiment where the split beams are sufficiently spatially separate. Here Lil
serves to generate an image plane (left dashed line) which is then re-imaged twice,
each in a 2f geometry, with the help of lenses Li3 and Li4. Finally Li2 is situated at
one focus length from the third image plane (right dashed line) and serves to make the
light parallel. In comparison to the previous embodiment this embodiment combines a
non-linear transform with an in-plane image inversion. The concept is sketched as an

example by indicating the imaging behaviour of an object which is out of focus
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(leftmost big arrow). The 2f reimaging geometry will image such an out-of-focus
object by a (Z) position dependent magnification (middle smaller arrow), yielding a
transform. The second re-imaging optics serves mainly to invert the image, but it also

accentuates the non-linear magnification in dependence on Z-position.

An eighth embodiment of the present invention will be described with reference to

Figure 13.

In particular, within the eighth embodiment an interferometer 134 is provided, based
upon the interferometer - arrangement of the first embodiment. Within the
interferometer arrangement 134, as described previously with respect to the first
embodiment, the emitted light beam from image generation system 52 is transformed
from a point in the image plane 54 into a parallel beam by lens L1 (56). Here in the
eighth embodiment, the parallel beam is split by beam splitter BS1 (58), resulting in a
first emitted beam which is then reflected via mirror M1 (60) through an optional path

compensation element 66 onto the second beam splitter BS2 (64).

The other beam output from beam splitter BS1 (58) passes through an image
inversion system 62, which applies an image transform in the manner described
previously in respect of the first embodiment, and then is reflected by mirror M2 (68)
onto the second beam splitter BS2 (64). At the second beam splitter BS2 (64) the
transformed beam and the non-transformed beam are interferometrically recombined
(coherently added/subtracted) to produce a first output beam and second output beam
of the BS2 (64) as previously described with respect to the second embodiment. The
first output beam from BS2 (64) is focused by lens L2 (70) onto the first output image
plane 72 at which is located, for example, a spatially discriminating means, such as a
pinhole, a plurality of -pinholes, integrating detectors or the like, as described
previously. Similarly, the second output beam from the BS2 (64) is focused by lens
L3 (74) onto a second output image plane 76, again at which may be placed a spatially
discriminating means. Alternatively, no such spatially discriminating means may be
used at one or both of the output image planes 72 and 76, and instead all of the

intensity represented by the second output light beam collected.
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It is noted that one distinction between the eighth embodiment and the first and
second embodiments is that the positions of the compensation element 66 and the
image inversion éystem 62 are swapped around with respect to each other. However,
this particular rearrangement does not alter the effect of the interferometer
arrangement of the eighth embodiment- when compared to the interferometer

arrangements of the first and second embodiments.

In the eighth embodiment, the first output beam represents for an on-axis emitter a
constructive output of the interferometer and the second output beam represents a
destructive output of the interferometer. After passing through optional spatially
discriminating means 72 and 76, both the first and second output beam’s intensities
are measured at detectors 136 and 138 respectively. Detectors 136 and 138 are in turn
connected to a common processing unit (not shown). The detectors 136 and 138 and
the common processing unit do not form part of the apparatus 134 of the eighth
embodiment. The processing unit receives both respective outputs from the detectors
136 and 138, and then subtracts the destructive output from the constructive output to
generate a single output having improved resolution when compared to the resolutions

of either the constructive or destructive outputs.

More particularly, for the case of light emitted on the optical axis the spatially
inverted amplitude image leaving the image inversion system 62 will be identical to
the non-inverted one leaving the compensation element 66. Therefore, following
interferometric recombination at the second beam splitter 64, all light will be collected
in the constructive, or first, output, while the destructive, or second, output will
remain dark. However, for the case of light emitted far off-axis, the inverted and non-
inverted amplitude images will have hardly anyspatial overlap and cannot interfere,
therefore leading to equal intensities in both the constructive output and destructive
output. At intermediate distances from the axis, destructive interference can dominate
the signal in the constructive output. This general bias of on-axis light being detected

preferably in the constructive output leads to a lateral resolution improvement.

It is also within the scope of the eighth embodiment to subtract a fraction or multiple
of the destructive output from the constructive output and thereby avoid negative

values featuring in the final image while still improving the resolution.
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A detailed mathematical analysis of how subtracting the destructive output from the
constructive output yields a single output with an improved resolution is discussed in
an accompanying paper “Interferometric resolution improvement for confocal
microscopes” set out in an Appendix A hereto, which paper comprises an integral part
of the present application. Moreover, nothing in the accompanying paper should be
construed as limiting the scope of the present invention. In particular, each feature of
the embodiments described in the accompanying paper may be considered alone or in
combination with any of the other features, either in the paper, or in combination with

any of the embodiments described in this patent specification.

A ninth embodiment of the present invention will now be described with reference to

Figure 14 and Figure 15.

In particular, within the ninth embodiment an interferometer 150 is provided, based
upon a modified version of the interferometer arrangement of the first embodiment.
Within the interferometer arrangement 150, as described previously with respect to
the first embodiment, an emitted light beam from the image generation system 52 is
transformed from a point in the image plane 54 into a parallel beam by lens L1 (56).
Here in the ninth embodiment, the parallel beam is split by beam splitter BS1 (58),
resulting in a first emitted beam which is then reflected via mirror M1 (60) through a
phase plate arrangement 160 onto the second beam splitter BS2 (64). The phase plate
arrangement 160 comprises a first lens 164, a second lens 166 and a phase plate 168

positioned between the two lenses.

A second emitted beam is also output from beam splitter BS1 (58), which passes
through an image inversion system 162, and then is reflected by mirror M2 (68) onto
the second beam splitter BS2 (64). The image inversion system 162 comprises a first
lens 170 and a second lens 172. Although not shown, a phase/dispersion
compensation element should be included in the path of either the first or second
emitted beams, to ensure that the optical path length is the same in each path, as
described previously in respect of the previous embodiments. At the second beam

splitter BS2 (64) the beam from the image inversion system 162 and the beam from
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the phase plate arrangement 160 are interferometrically recombined (coherently
added/subtracted) and the resulting two output beams of the BS2 (64) are then

received by respective integrating detectors 174 and 176.

Figure 15(a) represents a schematic view of a beam passing through the lenses 170
and 172 of the image inversion system 162 and, Figure 15(b) represents a schematic
view of a beam passing though the lens 164, the phase plate 168 and the lens 166 of
the phase plate arrangement 160. The phase plate 168 is any device that can alter the
phase of a wave front in a desired way. It introduces a phase difference of a given
value p(x,y) at points (x,y) where x and y are usually the coordinates perpendicular to
the optical axis, and (0,0) lies on the optical axis. As seen more panicularly on Figure
15(a), a beam travelling through the image inversion system 162 is distorted
substantially parabolically between the first lens 170 and the second lens 172. Two
positions 180a and 180b in the beam path of Figure 15(a) are highlighted and both
positions are located either side of, and equidistant from, a central position between

lenses 170 and 172.

As seen in Figure 15(b), positioning the phase plate 168 between the first lens 164 and
the second lens 166 of the phase plate arrangement 160, at the position 180a distorts
the beam and in effect removes a section of its path in comparison to the beam of
Figure 15(a). The removed section corresponds to a part of the beam path between the
positions 180a and 180b. Furthermore, in Figure 15(b) the path of the beam after the
phase plate 168 corresponds to the path of the beam in Figure 15(a) after the position
180b. Therefore, the effect of the phase plate 168 is to match the phase of the beam
leaving the second lens 166 of the phase plate arrangement 160 to the phase of the
beam leaving the second lens 172 of the image inversion system 162. This is the case
even though the distance between the first and second lenses (164, 166) of the phase
plate arrangement 160 is less. than the distance between the first and second lenses

(170, 172) of the image inverter system 162.

Ideally, the phase plate 168 ‘only alters the phases and not the local field strengths or
intensities of the beam. However, if a known reduction in intensity can not be
avoided, this could preferably be compensated by.intensity reductions in the image

inversion system. In the ninth embodiment a phase plate can be realised by a Fresnel-
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lens, a curved mirror, a digital phase-altering device such as a spatial light modulator,

a gradient index material medium (GRIN lens), or even regular lenses.

In operation, the first lens 170 of the image inversion system 162 and the first lens
164 of the phase plate arrangement 160 have a focal length equal to f and act to focus
each respective beam upon which they act to create an image plane at a position a
distance of f from the lens (this position being referred to as z=0). The second lens
172 of the image inversion system 162 also has a focal length f and is placed a
distance of 2f after the first lens 170, thereby creating a image inversion system. In the
phasé plate arrangemént 160 however, a thin phase plate 168 is introduced at a
distance -dz before z=0, or in other words a distance of -dz before the image plane
created by the first lens 164. If a point-like light source is located in the origin of the
sample space (sample space coordinates (0,0,0) meaning on the optical axis of the
system as well as being in focus in the image plane 54), the phase plate 168 will
operate on a slice of the coherent point. spread function at —dz, or expressed

differently, PSF(x,y,-dz). Thus, the phase plate 168 is defined to be:
PP(x,y)=PSF(x,y,+dz)/PSF(x,y,-dz).

It is noted that as PSF(x,y,+dz) and PSF(x,y,-dz) are complex conjugates, their
fraction really only contains phase terms. The phase plate 168 therefore transforms the

above mentioned slice into:
PSF’(x,y,-dz)=PP(x,y)*PSF(x,y,-dz)=PSF(x,y,+dz).

Wherein this expression can be seen as a z-translation of this particular coherent

point spread function slice by 2dz.

The second lens 166 of the phase plate arrangement 160 also has a focal length equal
to f and the second lens 166 is placed at a distance of 2(f-dz) after the first lens 164.
However, as described above the phase plate 168 alters the coherent wave-front
PSF(x,y,-dz) at z=-dz into the wavefront PSF(x,y,-dz) at z=+dz. For an on-axis in-

focus emitter, the two wave-fronts recombined at the second beam-splitter 64 will be
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identical, therefore leading to perfect constructive/destructive interference in the

respective outputs.

However, perfect interference will only be realised for a light source at the origin of
the imaging system (coordinates (0,0,0) in sample space) . If the light source is placed
at a position away from the origin at (X0,Y0,Z0), the combination of lenses 170 and
172 in the image inversion system will still operate as an image inversion system. It is
noted that the coordinates X0, YO and Z0 denote the source’s position in sample
space, whereas X0°, YO’ and Z0’ denote the source’s position in image space. But in
the phase plate arrangement 160, the phase plate 168 will operate on a different,
displaced slice of the point spread function, PSF(x-X0’,y-Y0’,-dz-Z0’). In this case,
the phase plate arrangement 160 will not work as an image inversion system, and the
wave-fronts superimposed on the second beam-splitter 64 will no longer match,
resulting in a decrease in signal in the consfructive output and an increase in signal in

the destructive output.

More specifically, the whole apparatus ‘150 can be thought of as interfering at the

second beam splitter 64:

PSFA=PSF(x-X0’,y-Y0’,- Z0’+dz)

with:

PSFB=PSF(x-X0,y-Y0,-Z0’-dz)*PP(x,y).

Only for X0=Y0=Z0=0 (i.e. for a light source at the origin) will:
PSFB=PSF(x,y,-dz)*PSF(x,y,+dz)/PSF(x,y,-dz)=PSF(x,y,+dz)=PSFA,

and therefore, lead to perfect constructive/destructive interference. For all other values

of X0,Y0,Z0 the constructive signal will be decreased and the destructive signal will

be increased. This leads to an increase in resolution in all three directions, x, y and z.
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Furthermore, combining this effect with localized illumination will further improve
the resolution. It is noted that first simulations indicate the possibility of axial
resolution of 560nm ﬁﬂI width at half maximum (FWHM) in the constructive output.
The difference in constructive and destructive signal has an axial FWHM of as low as
420nm. These results were calculated for a confocal system without a pinhole.
Excitation wavelength was 488nm, emission 525nm, NA=1.2, refractive index 1.33.
Introducing pinholes can further increase the resolution. However, the ability of
achieving this resolution without the use of pinholes or with moderately open pinholes
1s extremely attractive, as the detection efficiency will be considerably higher than for

a regular confocal microscope with a similar resolution.

A tenth embodiment of the present invention will now be described with reference to

Figure 16.

In particular, within the tenth embodiment a slightly rearranged and modified version
of the apparatus described previously with respect to the third embodiment is

employed with a microscope 180 as the image generation system 52.

More particularly, in the tenth embodiment an emitted light beam from the
microscope 180 is provided to an interferometer arrangement 182. In the
interferometer arrangement 182, as described with reference to the third embodiment,
the emitted light beam leaving the microscope 180 and entering the interferometer
182 is split into a first emitted beam and a second emitted beam at the beam splitter
58. Here in the tenth embodiment, the first emitted beam passes straight through the
beam splitter 58 onto a first focussing lens L1 (184) and the second emitted beam is
reflected by the beam splitter 58 onto a second focussing lens L2 (186). The focal
length for L1 (184), f1, and the focal length for L2 (186), 2, may be identical but it is

also within the scope of this embodiment that they are different.

A planar mirror M1 (190) is located a distance f1 from L1, in the image plane (P1) of
the lens L1 (184). Additionally, a second mirror M2 (192) is placed behind the lens
L2 (186), however, this mirror is not placed in the image plane (P2) of the lens L2
(186), but instead a distance (d2) behind P2.
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When the above-mentioned components are arranged as described above and a point
source S1 (188) is positioned in the focus F of the microscope 180, a focussed image
of the source S1 (188) is created in both the image plane (P1) of the lens L1 (184) and
the image plane (P2) of the lens L2 ( 186). The light originating from the source S1
(188) will have a planar wave front at the beam waist in P1, and the planar mirror M1
(190) will reflect this light back onto itself so that it will retrace its own path
backwards towards the beam splitter 58. Howe.ver, behind P2, light originating from
the source S1 (188) will have a convex wave front. The second mirror M2 (192) is not
planar, and has a curvature matching or approximating the curvature of the convex
wave front at the position of mirror M2'( 192), or in other words at a distance of d2
behind the image plane P2. Positioning the curved mirror M2 (192) in this way will
lead to the incoming light also being reflected onto itself. The reflection created by
M2 (192) will, therefore, also retrace its own path backwards. Therefore, the two
wave fronts reaching the Beam splitter 58. from the mirror M1 (190) and the mirror
M2 (192) are substantially identical. Possible differences in absolute pathlengths can
be compensated by adjustments to the distance between the beam splitter (58) and the
lenses (184 or 186) respectively. Alterriatively, a phase/dispersion compensation
element may be included in the beam path between the beam splitter 58 and the lens
L1 (184) to ensure that the optical path lengths of the first and second emitted beams

is the same, as described previously in respect of the previous embodiments.

At the beam splitter 58, the beam from mirror M1 (190) and the beam from mirror M2
(192) are interferometrically recombined to produce a first recombined output beam
and a second recombined output beam at right angles to each other. Moreover, in the
first output beam the wave forms from mirrors M1 (190) and M2 (192) constructively
interfere, whereas the in the second output beam the wave forms destructively
interfere. The first recombined output beam is directed from the beam splitter 58
towards a third lens L3 (194) which acts to image the beam onto an output image
plane 196. The second recombined output beam is directed from the beam splitter 58
back towards the microscope 180. Where the apparatus 182 according to the tenth
embodiment is used with a confocal imaging system, a spatially discriminating means
such as a pinhole or the like, as discussed previously with respect to the first

embodiment, can be located at the output image plane 196.
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In the interferometer 182 of Figure 16, the second output beam is not easily accessible
for detection, but can be made so by, for example, the use of a different type of
interferometer or additional optidal elements. This includes the use of polarization

means to effectively separate the returning light.

Although light originating from the source S1 (188) at F will interfere constructively,

light originating from an alternative source S2 (200) displaced by a distance d axially

(i.e. along the optical axis) from F will behave vefy differently in the interferometer
arrangement 182. After reﬂection at mirrors M1 (190) and M2 (192) the two waves
will no longer be identical and can therefore no longer interfere perfectly, neither
constructively nor destructively. Therefore, light intensity of the first output beam will

drop as it increases in the second beam, until for very large distances d it reaches

50% in both channels. This change in light intensity leads to an improvement in axial

resolution.

The above is also true for light originating from a source S3 (202) displaced laterally

(i.e. perpendicular to the optical axis) by a distance dx from F, leading to an improved

lateral resolution. Therefore, by virtue of combining these improvements in axial and
lateral resolution, the tenth embodiment provides an output having improved

resolution in all three directions, X,y, and z.

Various slight modifications may be made to the tenth embodiment to create variants.
Firstly, lens L1 (184) may be left out so that the beam emitted from the beam splitter
58 travels directly to the mirror M1 (190) and is reflected straight back to the beam
splitter 58. In this variant the arrangement would achieve a similar effect to the tenth
embodiment. Secondly, in another variant, rather than the mirror M2 being positioned
a distance d2 behind P2, the mirror M2 is positioned a distance d2 in front of P2. At
this position, light originating from the sdurce S1 (188) will have a concave wave
front. In this variant the second mirror M2 (192) also has a curvature matching or
approximating the curvature of the concave wave front at the position of M2 (192), or
in other words at a distance of d2 in front of the image plane P2. As in the tenth
embodiment, positioning the curved mirror M2 (192) in this way leads to the

incoming light also being reflected onto itself. The reflection created by M2 (192),
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therefore, also retraces its own path ‘backwards. Therefore, the two wave fronts
reaching the beam splitter 58 from the mirror M1 (190) and the mirror M2 (192) are
substantially identical, thus the arrangement of this other alternative embodiment

achieves a similar effect to the tenth embodiment.

We have therefore described several embodiments of different interferometer
arrangements which can be used to obtain the resolution enhancing effect identified
by Sandeau and Giovannini and/or for opﬁcal sectioning. However, within
embodiments of the iﬁvention interferometer apparatué arrangements are described
which can accept an image generated from any image generation system of the prior
art, such as a standard confocal microscope, or the like, and then apply the resolution
enhancing effect to that image, to enhance the résolution thereof. Thus, as well as
being integrated into complete systems, such as previously described in the second
embodiment, the other embodiments of the invention may also be implemented as

discrete add on arrangements, to be added on to existing image generation systems.

Moreover, whilst we have described the embodiments of the invention in the context
of being used with a confocal microscope, the invention is not so limited, and more
generally may be used with any appropriate image generation system where a
resolution improvement is required. In the field of microscopy, however, as well as
being used with one photon microscopy systems, the embodiments of the invention
may also be used with two photon microscopes in addition. In this respect, the use of
the embodiments of the invention with two photon microscopy provides an additional
advantage, as the excitation point spread function is approximately 2x wider, in which
case the resolution improvement achieved on the detection side as described

contributes significantly more to the finally achieved image resolution.

Various modifications can be made to the above described embodiments to provide
further embodiments. For example, within the above described embodiments we
describe how the beam from the sample is 'split once into two beams, and then one of
the beams is subject to a transformation, and the other beam is not transformed.
However, what is actually important is that there is a relative transformation between

the “transformed” beam, and the other beam. That is, in other embodiments of the
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invention both of the beams may be subject to a transformation, provided that after the
transformations there is a relative difference between the two beams. Thus, for
example, in a further embodiment both beams from the beam splitter may be subject
to the same transformation, but then the “transformed” beam subject to a further
transformation to introduce the relative difference required between the two beams.
As discussed above, the difference in transformations is dependent on the position of
a nominal image of a sample point in the image plane, wherein off-axis and/or out-of-
focus parts of the image need to be provided with the relative difference, whereas on-

axis and in-focus parts do not (so that th‘ey constructively interfere).

In view of this latter requirement, in further embodiments, both of the beams may be
subject to a transformation, each respective transformation having the properties
described previously, but further being different from the other transformation. For
example, one transformation could be a rotation about the optical axis in a first
direction, whereas the transformation in the other arm of the arrangement could be a
rotation in an opposite direction. Provided the rotations did not bring the images to the
same orientation (e.g. if a 180 degree rotation' is used), then there would result a
relative difference between the images in the two branches. Many other

transformations could be applied which meet the same criteria.

Moreover, within the above described embodiments we have described a single
splitting step into two beams. However, in further embodiments additional splitting
steps could be provided to split the beam into more than two beams, such as four
beams or eight beams, or even into odd numbers of beams e.g. three beams (by
splitting the first beam, and then splitting only one of the resultant beams). The beams
are then paired for recombination, and a transform or transforms applied to the beams
to provide for a relative difference between any two beams which are to be
recombined, the transform which is applied being dependent on the position of the

emitter image in the emitter plane as described in detail previously.

Furthermore, whilst the embodiments we have described make use of optical

components and are based on imaging systems which use light as the information
/

carrier, the invention may be more broadly applied to any wave-based carrier system

where interferometric techniques can be used. For example, electromagnetic radiation
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of different wavelengths outside the optical spectrum may be used as the information
carrier, and the present invention is applicable to such other wavelengths. For
instance, the present invention may be used with radar imaging systems. Similarly,
acoustic waves may also be used as the image information carrier in other
embodiments of the invention. The use of acoustic waves is already well known for
imaging purposes, such as in sonar and ultra-sound applications (e.g. in medical
imaging), and the interferometric techniques used by the present invention can equally

be applied thereto.

Especially interesting is the successive application of multiple interferometric
transformations. In this sense the action of one pass through the interferometer
discards unwanted light (which can still be measured or further transformed). A
second pass through a similar interferometer may again discard unwanted waves
(which can again be measured or further transformed). If waves from emitters at
specific positions (e.g. along an axis of symmetry of the interferometers) will not be
affected, this can equally be achieved for the multiple passes. In total the contrast or
resolution of the system will be increased by application of several interferometers in
succession. However, in some cases the waves leaving the first interferometer will
gain a new symmetry, such that a successive passage through a similar interferometer
will not help, as it would always transmit (or block) all the output waves from the first

interferometer.

Nevertheless, the successive passage through interferometers of different type may be
advantageous. For example, one path in the first interferometer could lead to a
rotation by 180 degrees, whereas the second interferometer yields a rotation by 90
degrees, leading to further contrast improvement without sacrificing the wave
throughput for the “ideal” centre wave. Whereas a single pass with integrating
detection would lead to 50% even when the emitter is far off centre, the two-pass
system already achieves a reduction of the background to 25%. Further applications
with yet different angles can reduce this background further. It is also noted, that a
different transformation (e.g. splitting the waves again and rotating around the axis by
several different angles) in one path of an interferometer can have similar effects (e.g.

with unequal splitting in the interferometer).
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An example is the multiple passage through interferometers based on embodiment six
(Figure 11) or embodiment seven (Figure 12). Combinations of different types may be
especially useful, for example using the second embodiment, Figure 7 where the
output of the first interferometer is followed by another interferometer with a

transformer in one of it’s paths as shown in Figure 11.

An alternative approach would be to use the same hardware to achieve multiple
successive interferometric transformations. This can mean feeding one or multiple
output waves back into the same setup under slightly different angles or at slightly
different positions, but also time gating, or using polarisation characteristics of the

waves to achieve the multiple passes through the setup are possible.
Further embodiments will be apparent to the skilled person, based on the present

disclosure, any and all of such embodiments being intended to be encompassed by the

appended claims.
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APPENDIX A

Interferometric resolution improvement

for confocal microscopes

Kai Wicker and Rainer Heintzmann
Randall Division for Cell & Molecular Biology, King's College London
Guy's Campus, New Hunt’s House, London SEI 1UL, United Kingdom

rainer.heintzmann@kcl.ac.uk

Abstract: We present a method for increasing the lateral resolution
and detection efficiency of scanning fluorescence microscopes by
adding an interferometer with partial image inversion to the
detection pathway. This resolution improvement is explained
analytically and using numerical simulations. We show that except
for a constant offset the resulting detection transfer function is
essentially the absolute square of the system’s amplitude transfer
function enlarged to twice its spatial frequency range. Furthermore
we demonstrate how this method is suitable for extended focus
imaging. |

© 2007 Optical Society of America

OCIS codes: (110.2970) Image detection systems, (110.0180)
Microscopy, (180.1790) Confocal Microscopy, (180.3170)

Interference  Microscopy, (180.5810) Scanning Microscopy,
(350.5730) Resolution.
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1. Introduction

Fluorescence confocal microscopy has become an indispensable tool of modern
biology, allowing the imaging of fluorescent specimen with high lateral as well as
axial resolution. As an advancement of the basic confocal microscope the 4Pi-
microscope allows axial resolution as small as 100 nm [1]. Sandeau et al. proposed
the 4Pi’-microscope to further increase the lateral resolution [2, 3]. It is a modification
of the 4Pi-microscope that contains an image' inversion system in one of the

microscope’s arms. We propose a method of improving the lateral resolution that does
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not require the separate arms of the 4Pi-microscope but can instead be applied to
regular confocal microscopes [4].

Figure 13 shows a system in which lateral resolution can be improved by using an
interferometer. Light coming from a microscope is split, inverted in one arm of the

interferometer and recombined.

More particularly, the interferometer is placed in the detection pathway of the
microscope, as shown for the Mach-Zehnder interferometer in Figure 13. The image
coming from the microscope is split at the first beam splitter. It is then inverted in one
of the interferometer’s arms before being recombined at the second beam splitter.
After passing through optional pinholes, both the interferometer’s constructive (1 o)
and destructive ( L ) output intensities are measured. For the case of light emitted by
a fluorophore on the optical axis the inverted amplitude image will be identical to the
non-inverted one. Therefore all light will be collected in the constructive output, while
the destructive output remains dark. If however the fluorophore is far off-axis, the
inverted and non-inverted amplitude images will have hardly any spatial overlap and
cannot interfere, therefore leading to equal intensities in both ‘o and /- . At

intermediate distances destructive interference can dominate the signal in Iy

This general bias of on-axis light being detected preferably in Ty leads to said lateral

resolution improvement.

2. Analysis of the interferometric detection PSF without a pinhole

For the case of the 4Pi’-microsc6pe this resolution enhancing effect has been analysed
by means of geometrical optics [2] and numerical calculations of the object transfer
function (OTF) [5]. In this paper we want to derive an analytical interpretation for the
case of interferometric detection without a pinhole.

2.1. Lateral resolution of the detection PSF

To do so, we consider a two dimensional optical system with an arbitrary amplitude
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point spread function (APSF) ¢ 7 | 7= X,» and its corresponding amplitude
transfer function (ATF) aCk . For a point source of constant brightness (we do not
consider illumination in this analysis) displaced by a distance d from the optical axis

(=0 ) the combined APSFs in the constructive (&0 ) and destructive ( - ) channel

respectively are

PR 12 (a(?; )+ a(F+ J)) |

1/2 a(7) & (8(7— d)£8(7+ 3)) ;

where denotes the convolution operation. In Fourier space this can be rewritten as

where K=k, k,0 is the spatial wave vector and = —1 . Without a pinhole the

intensity at the detector in dependence on displacement d is

fi(a)=//_i‘g£(?,5)’2dxdﬂ

Using Parseval’s theorem, which states that the Fourier transform is unitary or in
other words that the integrated spectral energy equals the integrated spatial energy, the

above equation can be written as

where we  _ @
L(d) // gi(k,d)! dky dk,

i

used  the
substitution - } / / " IaBP @+ g Bl gy,
s k'=2k I Ve ¥ oo 1 = P
e b Ko B L x N i'd up
Ny L@ = ghe [ g+ o ([ a0
k=-2 vez k) O and o is the total integrated intensity in both outputs. The last

two terms of can easily be identified as inverse Fourier transforms. A Fourier

transform of /+ thus gives us the OTF

LY (QamiT‘éné(?«/znhré<-7</2,n?1). 0
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This interferometric OTF contains the absolute square of the original ATF magnified
to twice itsvoriginal size, as indicated by the argument £/2 . This is an improvement
even over the non-interferometric wide field OTF, Ak 3 v 0 a*0k O, which is an
auto-convolution of the original ATF. It is however worth mentioning that for
constant illumination and without a pinhole the confocal detection PSF is constant and
therefore has no resolution at all, whereas the wide field resolution is only achieved

for a closed pinhole.

As an example we look at the conventional wide field ATF in scalar theory at low

numerical aperture (NA):

o VB/WE k) K <k
ath) _{ 0 AR > ke

For the proposed setup this gives us an interferometric OTF

L s+ k<%,
L=! ™ Mt K<
0 JH > 2k,

and a corresponding interferometric PSF
L(r)=h(1/2+)i(2kn)/ (k). - B

where Y1 is the first order Bessel function of the first kind.

Figure 17 shows a comparison of PSFs (a) and OTFs (b). The resolution improvement

is strongest for the difference signal Al =/ ~ /-  The interferometric OTFs do not
fall off towards the edge of the support region, therefore enhancing high frequency
components. Note that the interferometric signals were calculated for detection without
pinhole, in which case the detection PSF (OTF) of a confocal system would be

constant (a 8-peak) and not contribute to the overall resolution at all.

More specifically, Figure 17b shows the interferometric detection OTF /o in
comparison to the corresponding wide field OTF 4 . The resolution improvement is

obvious: while /: has the same support as & it does not fall off towards the edge of

the support region, therefore significantly enhancing the higher frequency
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components.
2.2. Detection PSF without pinhole is independent of axial position z

In order to analyse the out-of-focus behaviour of interferometric detection without a
pinhole we need to multiply 47k,, with the z-dependant free space ATF,
O] Gexp 3z 2r/28-k%,0 [6], where kuo= Uk, k,0 is the spatial wave
vector in the xy-plane only. As this only affects the phases in Fourier space but not
the spatial frequency intensity spectrum, the detected integrated intensity and

therefore the detection PSF 7+ and OTF /: will remain independent of the axial

position z.
3. Minimising the constant background

The d-peak in Eq (2) is responsible for the offset of 7 /2 in the detection PSF /:
(Eq. (3)) and ensures positivity of Iy (see Figure 17). However it is also responsible
for unwanted contribution to the signal by light sources far away from the optical

axis. There are several ways to reduce the impact of this constant term in the PSF.
3.1. Localised illumination

The contribution of the &-peak in the OTF can be reduced by combining
interferometric detection with localised illumination (e.g. confocal or two-photon [7]).
As long as the illumination OTF does not have a 8-peak, the combined OTF, which is
the convolution of the detection OTF with the illumination OTF, will not exhibit a &-
peak either. Interferometrically enhancing high frequencies in the detection OTF will

result in an improved frequency response in the combined OTF.

3.2. Detection pinholes

Introducing detection pinholes will reduce unwanted contributions caused by the
constant offset in the detection PSF. Additionally, the pinholes will also block out-of-

focus light and therefore allow confocal sectioning. At the same time the relative
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significance of interferometric detection on the lateral resolution will be reduced for
small pinholes: for the case of a closed pinhole the PSF /& resulting from a

symmetric APSF @ will be identical to the regular confocal PSF, while /- will

remain zero and no interferometric improvement in resolution is achieved.
3.3. Multiple use of the interferometer

The constant offset in Eq. (3) can in principlé be eliminated through multiple use of

interferometers.

Light in the constructive output can be subjected to another pass trough the same or a
similar interferometer. However, as applying the inversion operation twice would
result in the identity operation 1 , a different operation has to be used in order to
reduce the offset. When using a second interferometer, an image rotation of 90°
would reduce the offset to {o/4 . As long as the operation R applied on the image
fulfils the conditions R™#1 and R"a@Fa00, O#»n N  multiple use of the
interferometer can make the constant offset arbitrarily émall while preserving the on

axis performance.
3.4. Subtraction of signals

The PSFs of the two interferometer outputs differ only in the sign of the non-constant

terms. Subtracting the two signals yields the difference signal Al =I5 =1 from

which the offset has been removed. However, one has to consider that this Al will
result in some negative values and that there may be signal to noise issues as the &-
peak/offset will still contribute to noise despite not contributing to the signal. High
photon numbers or finite samples as well as the methods mentioned above will
reduce the influence of this noise. When using successive interferometers, a weighted
subtraction or more advanced methods such as weighted averaging or combined

deconvolution should be applied [8].
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4. Simulations for confocal systems

Using MATLAB (The MathWorks, MA, USA) together with the DIPimage toolbox
(Quantitative Imaging Group, TU Delft, The Netherlands) we have simulated the
effect of interferometric detection in combination with confocal illumination and

detection pinholes. The simulations were done using high angle scalar theory.

Parameters used for these simulations were: excitation wavelength A,= 488 nm ,
detection wavelength 44~ 5257m  numerical aperture NA=1.2 | refractive index
n=1.33 pinhole size 1 Airy disc. In order to distinguish the resulting PSFs from the
detection-only PSFs we will refer to the simulated PSFs as C (confocal), C:

(interferometric with pinhole) and 4C=C - C. (difference in interferometric

outputs).
4.1. Point spread functions

Figure 18 shows PSFs for the ‘constructi‘ve (a) and destruétive (b) intefferometer
outputs C=, for the confocal case without an interferometer C (¢) and the difference in
signal in the two interferometric outputs AC (d). Interferometric detection yields an
improvement in lateral resolution: Lateral FWHM are 190 nm for C, 150 nm for C+
and 125 nm for AC. AC exhibits small negative values of about ?1.2%. For simulation

parameters see section 4.1. In all cases the pinhole is the size of one airy disc.

Moreover, Figure 18 shows the resulting PSFs for pinhole of the size of one Airy disc.
Figure 18a shows the constructive output Co . While the axial resolution on axis is
the same as for the confocal case € (Figure 18c), the lateral resolution improvement
is evident, with a full width at half maximum (FWHM) of about 150 nm for Co as
compared to 190 nm for € . Subtracting the destructive output signal C. (Figure

18b) from Co results in the difference signal 4C  shown in Figure 18d. Subtracting
the two output signals eliminates the d-peak in the OTF.Eq. (2) and therefore the
offset of 7o/2 in Eq. (3), thus further improving the resolution, with a FWHM of

about 125 nm. Note that this image subtraction results in some negative values of only
~1.2%.
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4.2. Sectioning capability

Figure 19 shows the capability of the various methods for sectioning fluorescent
planes. (a) The interferometer has an increased sectioning capability, with the
difference signal surpassing thé constructive outpuf. (b) The logarithmic plot shows a
z” -dependance far away from the focal plane for all methods. However, the

intensities of the interferometric measurements fall off more quickly close to the focus.

The axial extension of the interferometric PSF (with detection pinhole and confocal
illumination) is governed by the pinhole size and not improved beyond that of the
corresponding confocal PSF. However, the sectioning capability is still improved: As
seen more particularly in Figure 19, the simulated signal generated by a homogenous
fluorescent plane perpendicular to the optical axis for a conventional confocal

microscope C piare (dotted), as recorded in the constructive interferometric output

C piare.  (dashed) and for the difference in constructive and destructive signal

AC pane  (solid). While for large distances from the focus all curves exhibit the same

C

falloff proportional to z~>, the interferometric curves Cpiae, and 4C piane drop off

faster for small distances from the focus, leading to a FWHM of about 600 nm for

C piare , 567 nm for € piare,  and 500 nm for 4€ piane .
5. Extended Focus Imaging

Figure 20 shows simulated Extended Focus Images using scanning Bessel beam
excitation. (a) and (b) are the constructive (1 0 ) and destructive (1 - ) outputs
respectively. The constructive image alreadylexhibits an improvement in contrast over
the non-interferometric integrating detection (c). The difference of the two
interferometric outputs 4/ (d) showS a significant improvement in performance.
Maximum photon numbers of 300,000 per pixel were assumed. We thank Elisabeth
Ehler for the cardiac fibroblast sample.

As the in-plane detection PSF without a pinhole ( I, ) derived in section 2 has no z-
dependence, interferometric detection without a pinhole seems an ideal candidate for

realising extended focus imaging with high resolution.
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A sample can be illuminated with a z-independent excitation PSF, such as e.g. a
Bessel beam [9]. '

Ig(r2) = B (kr), 0

where Yo is the zeroth order Bessel function of the first kind. The large side lobes of
the Bessel beam lead to excessive blurring for this type of imaging (Figure 20c).
However, instead of collecting all light emitted by the sample, we can combine this
illumination with the interferometric detection scheme (PSF from Eq. 3). An
instrument could thus have a scanning Bessel beam and the proposed partial image
inversion interferometric detection with no (or a very large) pinhole. We get as a

resulting extended focus PSF for both interferometer outputs

Ji(2ker) )
2kr )

Cor,t(1,2) = Ip(r,.2)- Ls(r,2) o< J§ (hpr) (1 /2% (5)
Using this PSF and the same experimental parameters as in section 4 we simulated
extended focus images based on a 4Pi data set of an actin and tubulin cytoskeleton of

a cardiac fibroblast (Figure 20). The spatial frequency defining the Bessel beam

excitation was chosen to be X5~ 0-9K. | where ke s the spatial cutoff frequency as
defined by the experimental parameters. The image recorded in the constructive
output (Figure 20a) already shows some improvement over the image one would get
when using Bessel excitation and detecting integrated emission (Figure 20c).
However, subtracting the image recorded in the destructive output (Figure 20b) yields

an image with significant increase in detail, contrast and resolution (Figure 20d).
6. Conclusions

Interferometric detection with image inversion in one beam path can be used to
improve the lateral resolution of scanning fluorescence microscopes such as confocal,
4Pi or extended focus imaging microscopes. Especially subtracting the signals
recorded in the two interferometer outputs yields a significant increase in resolution.
Applying weighted averaging in Fourier space or a combined deconvolution [8] can

further enhance the final image. These approaches as well as image subtraction could
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also be used to increase the quality of regular 4Pi and 4Pi’ images.

At equal lateral resolution the interferometric detection would allow for larger
pinholes than confocal detection, increasing the photon detection efficiency
substantially. However, increasing the pinhole size will decrease the axial resolution.
For extended focus imaging, where no detection pinholes are used, our method yields
a significant improvement in resolution and contrast, making it potentially interesting

for optical tomography.

For the 4Pi’ microscope the optical axis defined by the image inversion does not
coincide with the moving optical axis defined by the scanned beam, which requires
the 4Pi’ to be operated as a stage scanning system. An interferometer as proposed in
this paper could be added to the detection pathway of most point scanning
microscopes. When placed after the descanning mechanisms, it will also work for

beam scanning systems.
Multiple use of the interferometer can reduce the constant offset in the detection PSF
to nearly zero, further improving the resolution and eliminating potential signal-to-

noise problems.

While working on this project it was brought to our attention that Sandeau et al. have

devised a similar scheme [10].
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Claims

1. An apparatus for improving the resolution and/or sectioning ability of an
imaging system, comprising:

at least one wave splitter for splitting an input wave carrying

" information relating to an object to be imaged;

an interferometer arrangement arranged to receive the split input waves
and which includes at least one wave transformer which produces a relative difference
between the waves travelling through the interferometer arrangement by applying one
or more transformations to one or more of said waves, the interferometer arrangement
being further arranged to output at least one output wave, the interferometer
arrangement being further arranged such that the energy density of those parts of the
output wave which are due to emitters not located at a set of emitter positions from
which emitted waves undergo equal or no transformations in different paths of the
interferometer is reduced; and

imaging means arranged to capture the information relating to the
object carried in the at least one output wave to produce an image;

wherein the change of the detected emissions from emitters not located
at said set of emitter positions improves the resolution and/or sectioning ability of

imaging of the object.

2. An apparatus according to claim 1, wherein the output wave or a focussing
means downstream of the aforementioned interferometer will produce one or multiple
image planes, whose position is downstream of the exit wave splitter of the

interferometer or the additional focussing means respectively.

3. An apparatus according to claims 1 or 2, wherein the imaging means is in or

close to an image plane of the plane of focus to be imaged.

4. An apparatus according to any of claims 1 to 3, wherein:

the interferometer arrangement is arranged to output at least a first and a
second output wave; and,

the imaging means are arranged to produce at least a corresponding first image

using the first output wave and a corresponding second image using the second output
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wave, and then to produce a single output image in dependence on at least the first

image and the second image.

5. An apparatus according to claim 4, wherein the first and second output waves are
formed in the interferometer arrangement downstream of the one or more
transformations being applied to the split input waves, the first output wave being
produced by constructive interference of the split input waves and, the second output
wave being produced by destructive interference of the split input waves, and wherein
at least a partial representation of the second image is subtracted from the first image

to produce the single output image.

6. An apparatus according to any of the preceding claims, wherein the wave
transformer spatially displaces within the image at least part of the image located

substantially off-axis.

7 An apparatus according to any of the preceding claims, wherein both of the
split waves undergo transformations, the respective transformations being such as to

provide the relative difference therebetween.

8. An apparatus according to any of the preceding claims, wherein the at least
one wave transformer is arranged to apply an image co-ordinate inversion in at least

one axis as said transformation.

9. . An apparatus according to claim 8, wherein the at least one wave transformer
1s arranged to apply an image co-ordinate inversion in at least two axes as said

transformation.

10.  An apparatus according to any of the claims 1 to 7, wherein the at least one
wave transformer changes the magnification of at least one axis (X, Y or defocus Z)

in dependence on a nominal focus position of the input wave.

11.  An apparatus according to any of the claims 1 to 7, wherein the at least one
wave transformer changes the in-plane or focus position non-linearly with defocus or

off-axis distance.
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12. An apparatus according to any of claims 1 to 7, wherein the at least one wave
transformer is arranged to apply an image rotation about an axis of symmetry as said

transformation.

13. An apparatus according to any of claims 1 to 7, wherein the at least one wave
transformer is arranged to apply an image reflection about an axis of symmetry as said

transformation.

14.  An apparatus according to any of claims 1 to 7, wherein the at least one wave

transformer changes the phase with off-axis distance as said transformation.

15.  An apparatus according to any of the preceding claims, wherein the wave

splitter also acts as a wave combiner as part of said interferometer arrangement.

16.  An apparatus according to claim 15, wherein the at least one wave transformer
comprises a wave lens arranged to provide a focussing effect to the wave and a wave
reflector for reflecting the wave, the arrangement being such that the wave lens
focuses the wave onto the wave reflector, which reflects the focussed wave back to

the wave lens.

17. An apparatus according to claim 15, wherein the at least one wave transformer
comprises a plurality of substantially planar wave reflectors arranged substantially
orthogonal to each other, the arrangement being such as to reflect an incident wave

thereon back in the incident direction.

18.  An apparatus according to claim 15, wherein the at least one wave transformer
comprises a lens arranged to provide a focussing effect to the wave and a curved wave
reflector for reflecting the wave, the arrangement being such that the lens focuses the
wave at a distance in-front of the wave reflector, and the wave reflector reflects the

un-focussed wave back to the lens.

19. An apparatus according to claim 15, wherein the at least one wave transformer

comprises a lens arranged to provide a focussing effect to the wave and a curved wave
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reflector for reflecting the wave, the arrangement being such that the lens focuses the
wave a distance behind the wave reflector, and the wave reflector reflects the un-

focussed wave back to the lens.

20.  An apparatus according to claims 18 or 19, wherein the curvature of the wave
reflector corresponds to the curvature of the un-focussed wave at the point of

reflection,

21.  An apparatus according to claim 1, wherein the wave splitter and the at least

one wave transformer are formed from the same component.

22, An apparatus according to claim 21, wherein the interferometer arrangement
includes a wave combiner to interferometrically recombine the wa{/es travelling
through the interferometer, wherein the wave combiner comprises a prism arranged to
direct, through wave refraction, the waves at an angle to each other whereby the

waves interferometrically re-combine.

23.  An apparatus according to claim 22, wherein the wave splitter and the wave

combiner are formed from a beam splitter contained within said prism.

24.  An apparatus according to any of the preceding claims, wherein the input

wave is a light wave.

25.  An apparatus according to any of the preceding claims, wherein the imaging

system is a confocal imaging system.
26 An apparatus according to claim 25, where the apparatus further comprises a
spatially discriminating means arranged to receive the output wave, and to spatially

discriminate at least a part of said wave.

27.  An apparatus according to any of the preceding claims, wherein the imaging

system is a microscope.
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28. A method for improving the resolution and/or sectioning ability of an imaging
system, comprising the steps:-

a) splitting an input wave carrying information relating to an object to
be imaged into at least two waves;

b) applying one or more transformations to one or more of said waves
so as to produces a relative difference between the waves;

¢) interferometrically recombining the waves to provide at least one
output wave; | . | |

wherein the transformations step b) and recombination step c) are
further arranged such that the energy density of those parts of the output wave which
are due to emitters not located at a set of emitter positions from which emitted waves
undergo equal or no transformations in the split waves is reduced; and

d) capturing the information relating to the object carried in the at least
one output wave to produce an image;

wherein the change of the detected emissions from emitters not located
at said set of emitter positions improves the resolution and/or sectioning ability of

imaging of the object.

29. A method according to claim 28, and further comprising producing one or

multiple image planes at a position downstream of the interferometric recombination.

30. A method according to claims 28 or 29, wherein the output wave is captured

in or close to an image plane of the plane of focus to be imaged.

31. A method according to any of claims 28 to 30, wherein the recombination step
¢) is arranged such that at least a first and a second output wave are produced; and,

the imaging step d) is arranged such that at least a corresponding first image is
produced using the first output wave and at least a corresponding second image is
produced using the second output wave, and a single output image is produced in

dependence on at least the first image and the second image.

32. A method according to claim 31, wherein the recombination step c) is arranged
such that the first output wave is produced by constructive interferometric

recombination, the second output wave is produced by destructive interferometric
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recombination, and imaging step d) is arranged such that the single output image is
produced by subtracting at least a fraction or multiple of the second image from the

first image.

33. A method according to any of claims 28 to 32, wherein the transforming step
spatially displaces within the image at least part of the image located substantially off-

axis.

34 A method according to any of claims 28 to 33, wherein both of the split waves
undergo transformations, the respective transformations being such as to provide the

relative difference therebetween.

35. A method according to any of claims 28 to 34 wherein the transforming step is
arranged to apply an image co-ordinate inversion in at least one axis as said

transformation.

36. A method according to claim 35 wherein the transforming step is arranged to

apply an image co-ordinate inversion in at least two axes as said transformation.

37. A method according to any of the claims 28 to 34, wherein the transforming
step changes the magnification of at least one axis (X,Y or defocus Z) in dependence

on the nominal focus position of an input wave.

38. A method according to any of the claims 28 to 34, wherein the transforming
step changes the in-plane or focus position non-linearly with defocus or off-axis

distance.

39. A method according to any of claims 28 to 34, wherein the transforming step
is arranged to apply an image rotation about an axis of symmetry as said

transformation.

40. A method according to any of claims 28 to 34, wherein the transforming step
is arranged to apply an image reflection about an axis of symmetry as said

transformation.
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41. A method according to any of the claims 28 to 34, wherein the transforming

step changes the phase with off-axis distance as said transformation.

42. A method according to any of claims 28 to 36, wherein the transforming step
comprises focussing the first split wave to a focus point, and reflecting the focus point

back in the incident direction.

43. A method according to claims 28 to 36 wherein the transforming step
comprises reflecting the first split wave from a plurality of wave reflecting surfaces

arranged substantially orthogonal to each other.

44. A method according to any of claims 28 to 36, wherein the transforming step
comprises focussing at least one of the split waves to a focus point, and reflecting the
wave back in the incident direction at.a distance in-front of the focus point using a

curved wave reflector.

45. A method according to any of claims 28 to 36, wherein the transforming step
comprises focussing at least one of the first split waves to a focus point, and reflecting
the wave back in the incident direction at a distance behind the focus point using a

curved wave reflector.

46. A method according to claims 44 and 45, wherein the curvature of the wave
reflector corresponds to the curvature of the de-focussed wave at the point of

reflection.
47 A method according to claim 28, wherein the combining comprises directing
the second split wave and the transformed wave together at an angle, whereby the

transformed wave and the second wave interferometrically re-combine.

48. A method according to any of claims 28 to 47, wherein the input wave is a

light wave.
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49. A method according to any of claims 28 to 48, wherein the imaging system is
a confocal imaging system, the method further comprising spatially discriminating the

output wave.

50. A method according to any of claims 28 to 49, wherein the imaging system is

a microscope.

51. A method according to any of claims 28 to 50 where the interferometric
information in the image plane is used for the precise localisation of the position of

one or multiple particle positions.

52.  An apparatus according to any of claims 1 to 27, wherein the interferometer
arrangement is further arranged to apply two or more successive transformations to

one or more of the wave paths through the interferometer arrangement.

53.  An apparatus according to any of claims 1 to 27, and further comprising one
or more further successive wave splitters and interferometer arrangements, the
arrangement being such that-the output wave from a previoué interferometer
arrangement is used as the input wave to the successive wave splitter and
interferometer arrangement, whereby said resolution or sectioning ability is further

improved.

54.  An apparatus according to either claims 52 or 53, wherein the successive

transformations are different transformations.

55. An apparatus according to any of the claims 1 to 27, wherein the
interferometer arrangement is further arranged to cause at least a subset of waves
travelling though the interferometer arrangement to travel though at least part of the
interferometer arrangement two or more times, whereby resolution and/or sectioning

ability is further improved.

56. A method according to any of claims 28 to 51, and further arranged to apply

two or more successive transformations to one or more of the split waves.
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57. A method according to any of claims 28 to 51, and further comprising
successively repeating steps a), b), and ¢) one or more times, applying the output

wave from a previous iteration as the input wave.

58 A method according to claims 56 or 57, wherein the successive

transformations are different transformations.

59. A method according to claim 56, wherein the repetition of steps a) to ¢) reuses

hardware that was used in previous steps.

60.  An apparatus for improving the resolution or sectioning ability of an imaging
system comprising: a wave transformation means arranged to apply a defocusing
transformation to a first input wave carrying information relating to an object to be
imaged; and a wave recombiner for interferometrically combining said transformed
first input wave with a second input wave with a different defocusing behaviour than

said first input wave carrying information relating to the object to be imaged.

61. A method for improving the resolution or sectioning ability of an imaging
system comprising the steps of: applying a defocusing transformation to a first input
wave carrying information relating to an object to be imaged; and interferometrically
combining said transformed first input wave with a second input wave with a different
defocusing behaviour than said first input wave carrying information relating to the

object to be imaged.

62. An apparatus for improving the resolution of an imaging system substantially

as hereinbefore described with reference to Figures 6 to 20.

63. A method for improving the resolution and/or sectioning ability of an imaging

system substantially as hereinbefore described.
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