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OPTICAL COHERENCE TOMOGRAPHY SENSOR

FIELD OF THE INVENTION

The invention is in the field of optical coherence tomography. It more particularly
relates to an optical coherence tomography system and an optical coherence

tomography apparatus.

BACKGROUND OF THE INVENTION

Optical coherence tomography (OCT) is a method for non-contact optical imaging of
objects, especially of biological tissue. It features the advantage of offering
millimeter penetration into biological tissue with micrometer or even sub-micrometer

axial and lateral resolution.

Optical coherence tomography is based on low-coherence interferometry. Light from
a light source is split between a beam illuminating the (for example biological)
sample and a reference beam illuminating a reference mirror. The beam reflected
and/or backscattered by the sample and the reference beam (which usually is
reflected back from a reference mirror) are brought into interference with each other.

In order to achieve a high axial resolution (i.e. a high resolution in with respect to the

Bestitigungskopie
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optical axis, which is often direction perpendicular to the tissue surface), a wide
bandwidth light source is required. Often, superluminescent light emitting diodes
(SLEDs) are used for this purpose. As an alternative, the use of thermal light sources
(such as halogen lamps) or of ultrashort laser pulses (which, due to the time-

frequency uncertainty relation, have a broad bandwidth) have also been proposed.

Among OCT systems, there are Time-Domain OCT (TD-OCT) systems, and
Fourier-Domain OCT (FD-OCT) systems. TD-OCT systems are based on temporal
variations of the reference beam path. The amplitude of the interference signal
between the backscattered light form the sample and the radiation reflected by the
reference mirror is detected.. In FD-OCT, the reference beam path is not scanned.
Here, the depth profile is obtained from a Fourier transform of the spectrum recorded
from the two interfering beams. his has the advantage to increase the speed of the
depth profile acquisition compared to TD-OCT. Indeed, in TD-OCT the speed is
usually limited by the reference beam path mechanical scanning system, while in
FD-OCT the speed is only limited by the detector frame rate. A 2D- or 3D-image
may then be obtained by scanning the light beam with respect to the sample. Usually,
galvanometers are used to scan the sample under test. However, such galvanometers

tend to be bulky and may transmit vibration in the system. -

Approaches of parallel OCT for example using CCD cameras have also been
proposed. An example of such an approach has been described by B. Grajciar et al.
in Optics Express 13, 1131-1137 (2005). These approaches, however, suffer from a
dilemma shown by Karamata et al. (Optics Letters 27, p. 736-738): The spatial
coherence of the known high power sources such as, €.g., short pulse lasers, leads to
an increased cross-talk across the sample. This causes the lateral (i.e. transverse)
resolution to be reduced. Thermal sources do not exhibit this disadvantage; however,
the power delivered into a single spatial mode is not high enough for high sensitivity

real-time imaging with these sources.
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SUMMARY OF THE INVENTION

It is a first object of the invention to provide an optical coherence tomography
system that overcomes drawbacks of prior art optical coherence tomography systems,
for example parallel systems. In particular, there is a need to provide an optical
coherence tomography system that provides two-dimensional, for example cross-
sectional, or three-dimensional images with high resolution and high sensitivity. The
optical coherence tomography system should preferably allow data processing speeds
that enable real-time recording of two-dimensional images. It is another object of the

invention to provide an optical coherence tomography system that includes less

- moving parts than some non-parallel prior art optical coherence tomography systems

and that achieve a better resolution than some parallel prior art OCT systems. It is
another object of the invention to provide an optical coherence tomography system
based on Fourier Domain optical coherence tomography with an extended depth scan

range.

The optical coherence tomography system according to the invention comprises

- aplurality of radiation sources;

\

- an optical system configured to split radiation emitted by the radiation sources
into a sample radiation field and a reference radiation field, to direct the sample
radiation field on a sample, and to recombine radiation field portions from the
sample with radiation field portions of the reference radiation field to yield a

measurement radiation field;

- wherein the optical system is configured to direct radiation fields originating
from at least two of said plurality of radiation sources onto different places on

the sample;
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- and a detector unit for receiving the measurement radiation field;

- wherein the optical system is configured to direct measurement radiation field
portions that include radiation field portions from different places of the

sample onto different places of said detector unit.

The radiation field portions from the sample and the corresponding (i.e. originating
from the same radiation source) reference radiation field portions interfere when

being combined.

The radiation sources of the plurality of radiation sources do not have a statistic
correlation between them. The radiation sources are preferably a well-defined
number of individual radiation sources, which sources optionally may, however,
comprise common elements such as a common substrate, common layers etc.v The
plurality of radiation sources may be a plurality of broadband radiation sources, such
as a plurality of 'superluminescent light emitting diodes (SLEDs), a plurality of
pulsed lasers, a plurality of pumped optical fibers, a plurality of Light Emitting
Diodes etc. The skilled person will know other radiation generating means, which

may also be used for a system according to the invention.

The use of an array of SLEDs is especially preferred. It permits_to provide the optical
power required to image at high sensitivity and at high speed, and the optical power
of each individual radiation source is approximately reduced by a factor equal to the
number of radiation sources, in comparison with a system that contains a single
radiation source. This allows focusing the design of SLED light sources towards

ultrabroad spectral bandwidth.
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The radiation sources of the plurality of radiation sources may be substantially
identical, or may alternatively comprise radiation sources of different types, for
example radiation sources of different spectral emission characteristics. Instead of
emitting broadband radiation, the sources may comprise means for spectrally
scanning and thus encoding the optical frequency in time. The plurality of radiation
sources may be viewed as together forming a ﬁultichannel radiation source. The
multichannel radiation source may optionally include radiation re-direction means

such as optical waveguides etc.

The optical system may be functioning as an optical imaging system that images an
output pattern of the multichannel radiation source on the sample and that directs a
radiation field emitted by the sample into a region where it interferes with the
reference radiation field and images the thus generated interference radiation field (or

measurement radiation field) onto the detector unit.

The detector unit may be a two-dimensional array of detector cells such as
Complementary Metal-Oxide-Semiconductor (CMOS) sensors, charge coupled
devices (CCDs) or other 2D-detector devices, e.g. based on thermal detection

(bolometers, Golay cells, thermopiles).

The approach according to the invention features the substantial advantage that it
makes possible the acquisition of at least two-dimensional images without the need
for any moving parts. Thus, for acquiring three-dimensional images, at most the
possibility of a movement in one direction is required. This is a significant advantage
for the realization of a miniaturized device, although the invention is equally suited
for non-miniaturized devices. In the case of use of sources that encode the optical
frequency in time (spectrally scanned), 3D images can be acquired without moving

parts, except possibly the part that scans the light source.
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As an alternative or in addition, the invention may make an enhanced depth
resolution for Fourier domain OCT possible by the parallel use of reference paths of
different optical beam path lengths, where the radiation for the different reference

beam paths originate from different radiation sources.

A further advantage is that the multichannel radiation source constituted by the
radiation sources arranged in an array is that each radiation source has no statistic
correlation with the other one. This makes a high lateral resolution combined with a
high sensitivity (due to the high power) and high axial resolution (due to the large

bandwidth of the individual radiation sources) possible.

According to an embodiment, the optical coherence tomography system is
configured to record radiation spectra, so that depth dependent images (thus
information relating to sample properties as a function of the distance to the sample
surface on which the sample radiation field impinges) may be obtained by
calculation according to the Fourier-Domain Optical Coherence Tomography

method.

Such spectral information may according to a first possibility be obtained by having,
as previously mentioned, the multichannel radiation source conducting a spectral
scan and by synchronously recording the measurement radiation in a time-dependent

manner by the detector unit.

As an alternative, the optical system may comprise an optical disperser, such as a
diffraction grating, a waveguide dispersion means or a prism. The detector unit then
may resolve a spatial variation of the measurement signal, and therefrom the spectral

information may be extracted. For example, the multichannel radiation source may
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comprise a linear array of radiation sources that is imaged onto a line on the sample,
where different points of this line are imaged onto places distanced with respect to
each other in a first direction on the detector unit. The dispersive element then directs
radiation of different frequencies onto different places on the detector along a second

direction different from the first direction.

As yet another alternative, the detector cells may themselves spectrally resolve the
radiation incident on them, for example by being yet to develop voltage-tunable

wavelength-selective photodetectors.

According to these embodiments, the OCT system may be viewed as including an
imaging system and an imaging spectrometer. The imaging system images the
radiation source pattern (usually a line or an area) defined by the arrangement of
radiation sources onto the sample to yield an (illuminated) sample radiation pattern.
It is also capable of superposing, via a reference path, the image of the radiation
source pattern on the sample radiation pattern in a manner that radiation portions
originating from one particular radiation source thrown back by the sample and
radiation portions from the reference path (from the same radiation source),
respectively are brought together and may interfere. The imaging spectrometer
conserves the lateral resolution with respect to at least one spatial direction and in

addition provides a spectral resolution.

In addition or according to an alternative to recording spectra, the OCT system is
configured to image a two-dimensional array radiation source onto the sample.
According to this alternative embodiment, the OCT system may be viewed as
comprising an imaging system and a camera. The imaging system images the two-
dimensional radiation source pattern (also called “area” in this text, meaning an area

of discrete light sources; the area is not limited to a rectangular shape, but the area
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can have any shape) defined by the arrangement of radiation sources onto the sample
to yield an (illuminated) sample radiation pattern. It is also capable of superposing,
via a reference path, the image of the radiation source pattern on the sample radiation
pattern in a manner that radiation portions originating from one particular radiation
source thrown back by the sample and radiation portions from the reference arm,
respectively are brought together and may interfere. The camera is capable of
recording an image of an area where the radiation portions from the sample and from-

the reference path are superposed.

In accordance with this alternative embodiment, the OCT system may be but need
not be a TD-OCT-system (i.e., the OCT system may but need not be a system where

the reference path is scanned).

The invention also concerns a Fourier-domain optical coherence tomography

apparatus comprising
- A linear array of superluminescent light emitting diodes;
- an interferometer including

- an optical system comprising a plurality of lenses, at least one beam splitter and
at least one mirror, the beam splitter being configured to split radiation emitted
by the superluminescent light emitting diodes into a sample radiation field and a
reference radiation field, the optical system directing the sample radiation field
on a sample, and recombining radiation field portions from the sample with
radiation field portions of the reference radiation field and causing them to

interfere to yield a measurement radiation field;
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wherein the optical system is configured to direct radiation fields originating
from different ones of said plurality of superluminescent radiation emitting

diodes onto different places on the sample;

the optical system further comprising a radiation decomposer decomposing the
measurement radiation field into portions of different frequencies to yield a

decomposed measurement radiation field;

the interferometer further including a detector unit that comprises a two-
dimensional array of detector cells for receiving the decomposed measurement

radiation field;

wherein the optical system is configured to direct portions of the decomposed
measurement radiation field that include radiation field portions from different
places of the sample onto places of said detector unit which are distanced with

respect to each other in a first direction;

and wherein the optical system is further configured to direct measurement
radiation field portions of different frequencies that include radiation field
portions from a same place of the sample onto places of said detector unit which
are distanced with respect to each other in a second direction different from the

first direction.

The invention further concerns a system for optical coherence tomography, the

system comprising

a plurality of uncorrelated radiation sources;

an optical system configured to split radiation emitted by the radiation sources

into a sample radiation field and a reference radiation field, to direct the sample
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radiation field on a sample, and to recombine radiation field portions from the
sample with radiation field portions of the reference radiation field to yield a

measurement radiation field;

- and a detector unit including a two-dimensionally resolvable detection area

5 arranged so as to receive the measurement field.

Still further, a Fourier domain optical coherence tomography system is provided, the

system comprising

- a plurality of uncorrelated radiation sources;

- an optical system configured to split radiation emitted by the radiation

10 sources into a sample radiation field and a reference radiation field, to direct
the sample radiation field on a sample, and to recombine radiation field

portions from the sample with radiation field portions of the reference

radiation field to yield a measurement radiation field;

- wherein the optical system is configured to direct reference radiation field

15 portions originating from at least two of said plurality of radiation sources
along beam paths of different optical beam path lengths, and to direct sample

radiation field portions originating from said at least two radiation sources

onto neighboring locations on the sample;

- A radiation decomposer for decomposing the measurement radiation field
20 into portions of different frequencies to yield a decomposed measurement

radiation field;
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and detector unit including a two-dimensionally resolvable detection area arranged

so as to receive the decomposed measurement field.

In this text, the terms “optical”, “light” etc. relate to electromagnetic radiation in
general, in particular to infrared, visible, and ultraviolet radiation, and combinations
of these. A “superluminescent light emitting diode” is, as is known in the field, a
superluminescent radiation emitting device, wherein the radiation is either infrared
radiation, visible light, or possibly near ultraviolet radiation, or even far ultraviolet
radiation, or has a frequency spectrum that includes radiation proportions of a

combination of these.

The foregoing and other features and advantages of the invention will be further
described in the following more particular description of preferred embodiments of

the invention as illustrated in the accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS
- Fig. 1 is a schematic illustration of a first embodiment of the invention;

- Fig. 2 illustrates the detection arm of the embodiment of Fig. 1 in a view in a

plane perpendicular to a detection arm plane of the view of Fig. 1;

- Fig. 3 illustrates a view analogous to the view of Fig. 2 for an alternative

embodiment of the detection arm,;
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- Fig. 4 shows yet another embodiment of the system according to the invention;

- Fig. 5 is a schematic illustration of a further embodiment of the invention;

- Fig. 6 illustrates the detection arm of the embodiment of Fig. 5 in a view in a

plane perpendicular to a detection arm plane of the view of Fig. 5;

- Fig. 7 shows a Fourier-domain optical coherence tomdgraphy (FD-OCT)

apparaius yielding an extended depth scan range;

- Fig. 8 illustrates the detection arm of the embodiment of Fig. 7 in a view in a

plane perpendicular to a detection arm plane of the view of Fig. 7;

- Fig. 9 shows a variant of the Fourier-domain optical coherence tomography (FD-

OCT) apparatus of Fig. 7 with some lateral resolution; and

- Fig. 10 shows very schematically a top view of a multichannel light source,

namely, a 1D- array of SLED:s.

In the Figures, same reference numerals denote same components.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
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The system illustrated in Fig. 1 comprises a radiation source arm 1, a sample arm 2, a
reference arm 3, and a detection arm 4. Radiation incident from the source arm 1 is
split, by a beamsplitter 13, between a proportion directed to the sample arm 2 and a
proportion directed to the reference arm 3. The radiation of the reference arm is re-
directed to the beamsplitter 13 and brought into interference with radiation radiated
back from the sample 16 in the detection arm 4 and thereafter directed to a

spectrometer with spatial resolution.

The radiation source arm 1 includes a multichanhel radiation source 11 that
comprises a plurality of superluminescent light emitting diodes (SLEDs) — depicted
very schematically in the figure — arranged in an array-like manner. In the depicted
embodiment, the SLEDs are arranged in a linear, thus one-dimensional array of

equidistant SLEDs. The linear arrangement defines a radiation source line.

Such an array of radiation sources can be incorporated by any arrangement of
radiation sources. For example, an array of light radiation can be formed as an
unseparated bar of SLEDs with a common substrate as illustrated very schematically
in Fig. 10. The thus depicted multichannel radiation source 11 comprises a common
body 41 which includes a common n-contact (or p-contact) for all SLEDs and may
also include at least a part of the heterostructure. The p-contacts (or n-contacts,
respectively) may be individual, as illustrated by reference numeral 42 in the figure.

The waveguides 43 of the different SLEDs of the SLED bar are essentially parallel.

The radiation source arm also comprises radiation influencing means, illustrated as
first lens 12 in the figure. The sample arm 2 also includes radiation influencing
means, illustrated as second lens 15 in the figure. The radiation influencing means of
the radiation source arm 1 and of the sample arm 16, together with the beamsplitter

13 form a first part of the optical system of the optical coherence tomography
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system. The first part of the optical system is capable of imaging the radiation source

line onto a sample radiation line on the sample 16.

The sample throws back, due to reflection and scattering (and possibly also due to
luminescence, which portions, however, do not contribute to the final result),
radiation portions when the sample radiation impinges on it. As is known in the art, if
the sample surface is not completely nontransparent to the radiation, the emitted
radiation includes portions originating from different depths underneath the sample

surface.

Also the reference arm 3 comprises radiation influencing means, illustrated as a third
lens 17 in the figure. The reference arm 3 also includes a mirror 18 or other radiation
re-directing means (such as a system of fibers) for re-directing the radiation from the
beamsplitter back to beamsplitter 13. The optical path length (the actual path length,
multiplied by the index of refraction of the medium/media the radiation travels in)
from the beamsplitter 13 via the re-directing means back to the beamsplitter 13
essentially corresponds to the optical path length from the beamsplitter 13 to the
sample 16 and back to the beamsplitter. The system may optionally include means
for adjusting the optical path length and/or for correcting dispersion in the reference
arm and/or in the sample arm, for example by displacing the mirror 18 and/or the
sample 16, respectively. The radiation re-directing means of the reference arm and
the beamsplitter 13 are capable of directing radiation travelling on the reference path
in a manner that it interferes with radiation portions emitted by the sample. More
particularly, they image the radiation source line in a such manner on the
beamsplitter 13 that radiation portions originating from one particular radiation
source (SLED) thrown back by the sample 16 and the radiation re-directing means,

respectively are brought together and may interfere in the detection arm 4.
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The detection arm 4 comprises first detection arm radiation influencing means, here
including a forth lens 19, a slit 20, and a fifth lens 21. A diffraction grating 22 serves
as radiation decomposer for decomposing the radiation field in the detection arm 4 —
the measurement radiation field, which includes the radiation portions from the
sample 16 and from the reference arm 3 interfering — into portions of different
frequencies. The first detection arm radiation influencing means are capable of
imaging the sample radiation line (and, via the radiation re-directing means, also
directly the superposed radiation source line) onto the slit. The following radiation
influencing means (lenses 21 and 23) perform an image of the slit onto the detector
unit 24. A diffraction grating 22 is placed between lenses 21 and 23. Usually lenses
21 and 23 are placed in a way that the beams illuminating the diffraction grating are
parallel to the optical axis. If the diffraction grating comprises essentially parallel
grating lines defining a grating line direction, the direction of the imaged sample
radiation line on the grating is not perpendicular to and for example (but not
necessarily) parallel or nearly parallel (with an angle between -30° and 30°) to the
grating line direction. By the diffraction grating, thérefore, the radiation is spread in
the dimension perpendicular to the plane in which the radiation line propagates. The
spread measurement radiation field impinges on the detector unit 24 which comprises
a two-dimensional array of detector cells. In this way, a two-dimensional cross-
section image of the sample is mapped on the two-dimensional detector unit. One
dimension of the detector unit maps the imaged sample line (lateral position), and the

perpendicular dimension maps the depth of the image (axial position).

The decomposing into radiation of different frequencies can better be seen in Fig. 2,
which shows a part of the detection arm 4 in a view perpendicular to the view shown
in Fig. 1. The path of radiation of two different frequencies — illustrated by dashed

and dash-dotted lines, respectively — are schematically shown.
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The slit 20, the fifth lens 21, the diffraction grating 22, the sixth lens 23 and the
detector unit 24 may be viewed as together forming an imaging spectrometer. Of
course, other implementations of spectrometers than the shown embodiment may be
used, provided radiation portions originating from different places of the sample are

distinguished, here by being directed onto different places on the detector unit.

The pattern of detector cells may be adapted to the geometry of the optical system.
For example, the spectrometer of the shown embodiment may be designed in such a
way that in the plane defined by the sample radiation iine, the radiation field portions
from one lateral position on the sample and its corresponding reference radiation
field, from one radiation source, are focused onto one column of the two-dimensional
detector cell array. In other words, to each radiation source corresponds a transverse
position illuminated on the sample and a column (“vertical” line) of the detector cell
array. If the grating lines are exactly parallel to the plane defined by the sample
radiation line, in this plane the diffraction grating DG has no effect on the beams. In
the plane perpendicular thereto (“the vertical plane”), the spectrometer is designed so
that for each radiation source the radiation is spectrally dispersed by the diffraction
grating DG, and is focused onto the rows of the photosensor array, at its

corresponding column.

The transverse range of the sample investigated, along the sample line, is set by the
radiation influencing means, here including the lenses 15, 19, 21, 23, and the detector
unit dimension in the plane parallel to the radiation line source. Of course the
radiation influencing means in the illuminating arm 1 should be chosen in such a way
that the radiation source line illuminates the area of the sample investigated. The

axial (depth) scan range z is directly related to the central wavelength of the radiation

2
sources Ay and to the resolution of the spectrometer 64, by: z= 42;/1. The

spectrometer resolution is usually set by the entrance slit 20 width in the plane
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perpendicular to the radiation line source, the radiation influencing means in the
spectrometer (here especially lenses 21, 23) , the dispersive power of the diffraction
grating 22, and the pixel pitch of the detector unit (i.e. the distance between two
detector cell centers). In order to set the lateral and axial scan ranges independently,
the lenses within the spectrometer 21, 23 may both be a set of two cylindrical lenses,

or a combination of symmetric lenses with cylindrical lenses.

The transverse (lateral) resolution is set by the radiation influencing means 15, 19,
21, 23, and the size of the detector cell in the plane parallel to the sample line. The
entrance slit 20 of the spectrometer may either be a slit or an array of pinholes (i.e.
one pinhole associated to one radiation source), this latter giving better results for the

transverse resolution.

In this configuration, due to the principles underlying FD-OCT, a two-dimensional
cross-sectional image of the sample is mapped onto the area of the photosensor array.
At each transverse position on the sample corresponds one column of the
photosensor array, and the depth (axijal) information of the sample at this transverse
position is obtained by detecting the radiation spectrally dispersed on the rows. The
depth information is retrieved by Fourier transformation of these data. The image is
acquired at the detector unit data readout rate, which can be very high with today

available photosensors (several tens of frames per second).

The system may further comprise a scanner for changing the relative position of the
sample radiation line and the sample with respect to each other, especially in
directions different from (for example perpendicular to) the sample radiation line
direction. Such a scanner may include radiation directing means, a sample moving
means, a means for displacing the entire optical system (including multichannel

radiation source and detector), or a combination of these, etc. In Fig. 1, a means for
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displacing the sample 16 perpendicular to the drawing plane is illustrated very

schematically by a double arrow 14.

By the additional means of the scanner, one may obtain a plurality of two-
dimensional cross-sectional images adjacent to each other and thus ultimately three-

dimensional images of the sample.

Whereas in the shown embodiment, the beamsplitter also serves for recombining the
radiation portions from the sample with the reference radiation field portions, this
need not be the case. Rather, different physical means may be used for splitting and

recombining the radiation fields.

Fig. 3 depicts a variant of the detection arm 4, wherein the diffraction grating 22 of
the transmission type of Figs. 1 and 2 is replaced by a diffraction grating 32 of the
reflection type. Otherwise, the functionality is unchanged compared to the above-

described embodiment.

Other means for spectrally dispersing the measurement radiation field may be used,
such as a prism, a bundle of different optical fibers, etc. As an alternative, yet other
means for decomposing the measurement field into its spectral components may be

used, such as all solid-state spectrometers.

The embodiment shown in Fig. 4 is distinct from the above-described embodiments
in that it comprises a multichannel radiation source that includes a two-dimensional
arrangement 31 of individual radiation sources, such as individual SLEDs, SLED-
arrays, or VCSEL arrays . The two-dimensional arrangement is depicted in Fig. 4

only very schematically. The optical system that in the shown embodiment is made
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up of the lenses 12, 15, 17, 19, 21, 23, the slit 20, the beamsplitter 13 and the re-
direction means 38 is capable of imaging the radiation source area defined by the
two-dimensional arrangement of radiation sources onto the sample to yield an
(illuminated) sample radiation area. It is also capable of imaging the sample radiation
area onto the detector unit 24 and of superposing, via the reference arm 3, the image
of the radiation source area in a manner that radiation portions originating from one
particular radiation source (SLED) thrown back by the sample 16 and the radiation
re-directing means, respectively are brought together and may interfere in the

detection arm 4 and may be detected by a pixel of the detector unit.

- Due to this construction, the system according to Fig. 4 yields a two-dimensional

image of the irradiated area of the sample at a particular depth. The depth depends on
the exact relationship between the optical path lengths in the sample arm 2 and in the
reference arm 3. By scanning the optical path length on the reference arm and/or the
sample arm, one may obtain a plurality of two-dimensional images representing two-
dimensional images taken at different depths in the sample and thus ultimately also

three-dimensional images of the sample structure.

In Fig. 4, the radiation re-directing means is shown as a movable mirror 38. By
moving the movable mirror 38, one may vary the optical path length in the reference
arm to slightly deviate from the optical path length in the sample arm and thus to

perform the depth scan.

The forth, fifth, and sixth lens 19, 21, 23 together with the (optional) slit 20 and the
detector unit together may be viewed as forming a camera for recording an image of
the interference pattern formed by the superposed (via the beamsplitter 13) sample
radiation area with the reference radiation area. The skilled person will know a lot of

other embodiments of cameras or devices having a similar functionality, i.e. imaging
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a two-dimensional image onto a sensor unit and recording the image for further

processing.

As yet another variant, the relationship between the optical path lengths on sample
arm 2 and on the reference arm 3 may be kept constant, and to each of the pixels of
the camera — thus the detector cells — a spectrometer is attributed. This may for
example be done by an array of fibers (one fiber corresponding to each pixel), each
re-directing a radiation portion to a spectrometer, or by a detector unit where each
detector cell includes a means for resolving the spectrurh of incident radiation, such

as a voltage-tunable wavelength-selective photodetector cell.

The system illustrated in Fig. 5 and Fig. 6 is similar in its functionality to the system
illustrated in Fig. 1 and Fig. 2. However, in contrast thereto system, the radiation
influencing means are of a different kind. The first, second, third, forth and fifth
lenses12, 15, 17, 19, and 21 of the system of Figs. 1 and 2 are replaced by linear
arrays of microlenses 12°.15°, 17°, 197, and 21°. After the grating 22, cylindrical lens
27 is arranged, which only has an effect in the, according to the above definition,
“vertical” plane (for beams that are spread by the grating). Thereafter, radiation
reaches the detector unit 24 through an array of cylindrical microlenses 23’ that only

has an effect in the “horizontal” plane.

The number and arrangement of the microlenses may be adapted to the array of
radiation sources and/or to the detector cells. For example, each microlens in the
arrays of microlenses 12°.15°, 17°, 19°, and 21°, and the array of cylindrical

microlenses 23” may correspond to one radiation source.



WO 2008/148237 PCT/CH2008/000250

-21-

The slit 20, in this embodiment, only has an effect in the vertical plane, i.e.
influences the resolution of the spectrometer (axial scan range). A linear array of

pinholes can be used instead of the slit, with one hole per light source.

The invention also concerns a Fourier-domain optical coherence tomography (FD-
5 OCT) apparatus yielding an extended depth scan range. Indeed, standard FD-OCT
systems have a depth scan range limited by the spectrometer resolution. By means
of the principle of the invention, it is also possible to overcome this limitation by
replacing the reference mirror by an echelon mirror as shown schematically in Fig.
7. The system is similar to the one presented in Figure 4, with the following

10 modifications:

- A reference radiation field separated in a multitude of reference fields with
different path lengths. This can be realized for example by replacing the
reference mirror by an echelon mirror 58 that contains a multitude of mirrors

located at different depths, related to the optical axis.

15 - The mirrors of the echelon are irradiated by radiation portions originating from
different radiation sources. For example each radiation source illuminates one
mirror of the echelon, or groups of radiation sources illuminate different mirrors

of the echelon.

- Every radiation source illuminates the sample on the same area, i.e. the light
20 portions from different radiation sources are directed to places on the sample
that are very close to each other (and can for example overlap). This can be
realized by choosing a focal length of lens L2 much shorter than the focal length
of lens L3.

- In this configuration, each vertical column of the photosensor detects the

25 radiation field from one reference path length and from the sample field,
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corresponding to one (dimensional) depth profile in the sample at a distance set

by the related reference path length.

- If the difference path lengths between the echelons are chosen equal to the depth
scan range limited by the spectrometer resolution, the total depth scan range of

the system is multiplied by the number of steps.

Fig. 8 shows a vertical view of the detection arm, in analogy to Figures 2 and 6.

It has to be noted that in the embodiment of Figs. 7 and 8 the extended depth scan
range is realized at the cost of the lost of the second dimension of the image. In case
also a transversal resolution is desired, a scan unit 14 of the system may therefore
cause a relative movement of the reference arm and the sample (or a deflection of the
beam or other means causing the spot of incidence on the sample to be systematically
varied) in two spatial directions, thereby yielding a three-dimensionally resolved
image with an enhanced depth resolution, where the lateral/transverse resolution,

however, is somewhat influenced by the optical system:

The transverse resolution of this system, noted Ax in Fig. 7, is given by the area of
the sample illuminated by the multitude of radiation sources. In the ideal case, every
radiation sources should illuminates the same position of the sample and the
resolution would only be limited by the spot size of the radiation field. In the
practical case, the resolution is strongly dependent of the focal length of the lens 15
(or lens system) focussing the incident radiation onto the sample 16. The shorter this

focal length, the better the transverse resolution.
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In the case the difference path lengths between the multitudes of reference fields is in
the range of a fraction of the radiation field wavelength, a phase sensitive system can

be realized.

It is also possible to add some transversal resolution to the variant with the enhanced
depth resolution, at least in one dimension, with parallel measurement of the
different lateral positions. One possibility of doing so is illustrated in Fig. 9. The
echelon mirror 68 of this embodiment is distinct from the one of Figure 7 in that it
contains a plurality of “staircases” (i.e. stepped sections 68.1 each containing a
plurality of mirrors at different depths). Each stepped section 68.1 of the echelon
reference mirror corresponds to a small area Ax on the sample which is depth
resolved by the combination of the steps and the spectral decomposition, as taught
referring to Fig. 7. The number of (transversally resolved) depth scans corresponds to

the number of stepped sections.

The system may further optionally comprise a scan unit 14 to transversally scan in

one or two lateral directions.

Other variants of combinations of the concept of Fig. 7 with a transversal resolution

are conceivable.

In all embodiments including an echelon, the stepping does not necessarily need to
be monotonous; in principle the different mirrors at different depths could be
arranged in arbitrary sequence. The software calculating a depth resolution just has to

contain the information on the stepping.
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In all embodiments including an echelon, the combination with a transversal
resolution (be it parallel or sequential by scanning or both) is advantageous in
systems where the transversal resolution may be limited or where the sample varies
only comparably slowly in the transversal direction. This is often the case in reality,
5 as the variation perpendicular to the body surface is often much stronger as the

variation parallel thereto.

Various other embodiments may be envisaged without departing from the scope and

spirit of the invention.
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WHAT IS CLAIMED IS:
1. A system for optical coherence tomography, the system comprising

10

15

a plurality of radiation sources;

an optical system configured to split radiation emitted by the radiation
sources into a sample radiation field and a reference radiation field, to direct
the sample radiation field on a sample, and to recombine radiation field
portions from the sample with radiation field portions of the reference

radiation field to yield a measurement radiation field;

wherein the optical system is configured to direct radiation fields originating
from at least two of said plurality of radiation sources onto different places

on the sample;
and a detector unit for receiving the measurement radiation field;

wherein the optical system is configured to direct measurement radiation
field portions that include radiation field portions from different places of

the sample onto different places of said detector umt.

2. The system according to claim 1 wherein the plurality of radiation sources is a

plurality of superluminescent light emitting diodes.

3. The system according to claim 2, wherein said superluminescent light emitting

diodes have a same frequency characteristics.
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The system according to any one of the previous claims, wherein the plurality
of radiation sources is a one-dimensional or two-dimensional array of radiation
sources, and wherein the optical system is configured to direct radiation fields
originating any two of said plurality of radiation sources onto different places

on the sample.

The system according to any one of the previous claims, wherein the detector

unit includes a plurality of detector cells arranged in a two dimensional pattern.

The system according to any one of the previous claims, wherein the optical
system comprises a radiation decomposer for decomposing the measurement
radiation field into portions of different frequencies before it impinges on the

detector unit.

The system according to claim 6 wherein the radiation decomposer includes a

radiation disperser.

The system according to claim 7, wherein the radiation disperser comprises a

diffraction grating.

The system according to claim 8, wherein the diffraction grating comprises a
plurality of parallel diffraction grating lines, wherein the plurality of radiation
sources is arranged in a linear array defining a radiation source line, and
wherein the optical system is capable of imaging the radiation source line onto
the diffraction grating so that the radiation source line is parallel to the grating

lines.
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The system according to claim 5, wherein each detector cell of the detector unit

includes a spectrometer.

The system according to any one of the previous claims further comprising a
scan unit for causing a region of incidence of the sample radiation field on the

sample to be varied.

The system according to any one of the previous claims, wherein the optical
system is configured to simultaneously direct reference radiation field portions
originating from at least two of said plurality of radiation sources along beam

paths of different optical beam path lengths.

A Fourier-domain optical coherence tomography apparatus comprising
- a linear array of superluminescent light emitting diodes;
- an interferometer including

- an optical system comprising a plurality of lenses, at least one beam
splitter and at least one mirror, the beam splitter being configured to split
radiation emitted by the superluminescent light emitting diodes into a
sample radiation field and a reference radiation field, the optical system
directing the sample radiation field on a sample, and recombining radiation
field portions from the sample with radiation field portions of the reference
radiation field and causing them to interfere to yield a measurement

radiation field;
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wherein the optical system is configured to direct radiation fields originating
from different ones of said plurality of superluminescent radiation emitting

diodes onto different places on the sample;

the optical system further comprising a radiation decomposer decomposing
the measurement radiation field into portions of different frequencies to

yield a decomposed measurement radiation field;

the interferometer further including a detector unit that comprises a two-
dimensional array of detector cells for receiving the decomposed

measurement radiation field;

wherein the optical system is configured to direct portions of the
decomposed measurement radiation field that include radiation field
portions from different places of the sample onto places of said detector unit

which are distanced with respect to each other in a first direction;

and wherein the optical system is further configured to direct measurement
radiation field portions of different frequencies that include radiation field
portions from a same place of the sample onto places of said detector unit
which are distanced with respect to each other in a second direction

different from the first direction.

14. A system for optical coherence tomography, the system comprising

20 -

a plurality of uncorrelated radiation sources;

an optical system configured to split radiation emitted by the radiation
sources into a sample radiation field and a reference radiation field, to direct

the sample radiation field on a sample, and to recombine radiation field
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portions from the sample with radiation field portions of the reference

radiation field to yield a measurement radiation field;

- and a detector unit including a two-dimensionally resolvable detection area

arranged so as to receive the measurement field.

The system according to claim 14, wherein the optical system is configured to
direct radiation fields originating from at least two of said plurality of radiation
sources onto different places on the sample, and wherein the optical system is
configured to direct measurement radiation field portions that include radiation
field portions from different places of the sample onto different places of said

detector unit.

The system according to claim 14 or 15, wherein the optical system is configured
to direct reference radiation field portions originating from at least two of said
plurality of radiation sources along beam paths of different optical beam path

lengths.

The system according to claim 16, wherein the optical system includes a
reference beam mirror, and wherein said reference beam mirror is an echelon

mirror.

The system according to claim 16 or 17, wherein the plurality of radiation

sources are arranged in a one-dimensional array of radiation sources.

A Fourier domain optical coherence tomography system comprising
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a plurality of uncorrelated radiation sources;

an optical system configured to split radiation emitted by the radiation
sources into a sample radiation field and a reference radiation field, to direct
the sample radiation field on a sample, and to recombine radiation field
portions from the sample with radiation field portions of the reference

radiation field to yield a measurement radiation field;

wherein the optical system is configured to direct reference radiation field
portions originating from at least two of said plurality of radiation sources
along beam paths of different optical beam path lengths, and to direct sample
radiation field portions originating from said at least two radiation sources

onto neighboring locations on the sample;

A radiation decomposer for decomposing the measurement radiation field
into portions of different frequencies to yield a decomposed measurement

radiation field;

and detector unit including a two-dimensionally resolvable detection area

arranged so as to receive the decomposed measurement field.
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