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EP 1 639 330 B1
Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority from U.S. Patent Application Serial No. 60/476,600 filed on June 6, 2003, the
entire disclosure of which is incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates generally to optical systems and more particularly to a source arrangement
comprising an optical wavelength filter system for wavelength tuning.

BACKGROUND OF THE INVENTION

[0003] Considerable effort has been devoted for developing rapidly and widely tunable wavelength laser sources for
optical reflectometry, biomedical imaging, sensor interrogation, and tests and measurements. A narrow line width, wide-
range and rapid tuning have been obtained by the use of an intra-cavity narrow band wavelength scanning filter. Mode-
hopping-free, single-frequency operation has been demonstrated in an extended-cavity semiconductor laser by using
adiffraction grating filter design. Obtaining single-frequency laser operation and ensuring mode-hop-free tuning, however,
may use a complicated mechanical apparatus and limit the maximum tuning speed. One of the fastest tuning speeds
demonstrated so far has been limited less than 1000nm/s. In certain applications such as biomedical imaging, multiple-
longitudinal mode operation, corresponding to an instantaneous line width as large or great than 10 GHz, may be
sufficientl. Such width may provide a ranging depth of a few millimeters in tissues in optical coherence tomography and
a micrometer-level transverse resolution in spectrally-encoded confocal microscopy.

[0004] A line width on the order of 10 GHz is readily achievable with the use of an intra-cavity tuning element (such
as an acousto-optic filter, Fabry-Perot filter, and galvanometer-driven diffraction grating filter). However, the sweep
frequency previously demonstrated has been less than 1 kHz limited by finite tuning speeds of the filters. Higher-speed
tuning with a repetition rate greater than 15 kHz may be needed for video-rate (>30 frames/s), high-resolution optical
imaging in biomedical applications.

[0005] Accordingly, there is a need to overcome the above-described deficiencies.

SUMMARY OF THE INVENTION

[0006] The invention provides a source arrangement for providing an electromagnetic radiation as claimed in claim
1. According to the exemplary concepts of the present invention, the source comprises an optical wavelength filter which
may be tuned with a repetition rate of greater than 15 kHz over a wide spectral range. In addition, a wavelength tuning
source comprising such optical filter in combination with a laser gain medium may be provided. The tuning source maybe
useful in video-rate optical imaging applications, such as the optical coherence tomography and spectrally encoded
confocal microscope.

[0007] In general, the optical filter according to one exemplary embodiment of the present invention may include a
diffraction grating, a rotating polygon scanner, and a telescope. Such optical filter can be operated at a tuning speed
more than an order of magnitude higher than the conventional filters. The wavelength tunable light source may be
implemented by employing the filter, e.g., in combination with a laser gain medium. The filter and gain medium may
further, be incorporated into a laser cavity. For example, a laser can emit a narrow band spectrum with its center
wavelength being swept over a broad wavelength range at a high repetition rate.

[0008] In one exemplary embodiment of the present invention, a source arrangement for emitting an electromagnetic
radiation is provided that has a spectrum whose mean frequency changes substantially continuously over time. Such
radiation is may be associated with a tuning speed that is greater than 100 terahertz per millisecond. The mean frequency
can change repeatedly at a repetition rate that is greater than 5 kilohertz or over a range greater than 10 terahertz. The
spectrum may have a tuning range covering a portion of the visible, near-infrared or infrared wavelengths. Exemplary
spectra may be centered at approximately at 850 nm, 1300 nm or 1700 nm wavelengths. Further, the spectrum may
have an instantaneous line width that is smaller than 100 gigahertz. The source may also be used with a laser cavity
with a roundtrip length shorter than 5 m. The source may also have a polygon scanner arrangement which may be
adapted to receive at least a portion of the emitted electromagnetic radiation and reflect or deflect the portion to a further
location. In addition, a beam separating arrangement can be provided which selectively receives components of the
electromagnetic radiation.

[0009] According to the presentinvention the source includes at least one spectral separating arrangement configured
to physically separate one or more components of the electromagnetic radiation based on a frequency of the electro-
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magnetic radiation. The apparatus also includes at least one angularly deflecting optical arrangement which may include
at least one continuously rotating optical arrangement that is configured to receive the physically separated components
and selectively direct individual components to a beam selecting arrangement.

[0010] In one exemplary variation of the present invention, the spectral separating arrangement includes a diffraction
grating, a prism, a grism, an acousto-optic beam deflector, a virtual phased array, and/or an arrayed waveguide grating.
The continuously rotating optical arrangement may be a polygon mirror, a diffractive element, a substantially opaque
disk having an array of substantially transparent regions, and/or a substantially transparent disk having an array of
substantially reflective regions. The spectral separating arrangement may also include a holographic grating mounted
on a substrate comprising a continuously rotating optical arrangement.

[0011] The beam selecting arrangement may be an optical fiber, an optical waveguide, a pinhole aperture, a combi-
nation of a lens with an optical fiber, waveguide or pinhole, and/or a spatial filter. The beam selecting arrangement can
include a plurality of beam selecting elements, and the electromagnetic radiation which is transmitted by the plurality of
beam selecting elements may be combined. The signal may be reflected multiple times from the continuously rotating
optical arrangement before being received by the selecting arrangement.

[0012] Further, the source includes at least one optical imaging arrangement configured to directly receive the com-
ponents of the electromagnetic radiation and generate an image of one or more dispersive elements associated with
the components toward the deflecting. The position of the pivot point of the angularly deflecting optical arrangement
may be provided in proximity to a real or virtual image of at least one of the dispersive elements.

[0013] Inone exemplary variant, a deflection point of the angularly deflecting optical element may substantially overlap
with a real image of at least one of the dispersive elements. At least one reflector which is configured to receive at least
one signal from the at least one angularly deflecting optical arrangement may also be provided. One or more of the
dispersive elements may be a diffraction grating, a prism, a grism, an acousto-optic beam deflector, a virtual phased
array, and/or an arrayed waveguide grating. The angularly deflecting optical element may be a polygon mirror scanner,
a galvanometer mirror scanner, or a piezo-electric mirror scanner.

[0014] According to still another exemplary variant, an apparatus is provided for filtering an electromagnetic radiation.
The apparatus includes at least one dispersive arrangement configured to angularly separate components, of the elec-
tromagnetic radiation based on a frequency of the electromagnetic radiation, and generate frequency-separated com-
ponents. The apparatus may also include at least one angularly deflecting optical element having a pivot point of an
angular deflection. The pivot point can substantially overlap a location where substantially all of the frequency-separated
components overlap.

[0015] The emitter can be a laser gain medium, a semiconductor optical amplifier, a laser diode, a super-luminescent
diode, a doped optical fiber, a doped laser crystal, a doped laser glass, and/or a laser dye.

[0016] In avariant of the present invention, more than one laser gain medium providing electromagnetic radiation and
at least one spectral separating arrangement configured to physically separate one or more components of the electro-
magnetic radiation based on a frequency of the electromagnetic radiation can be provided. In this variant, the selected
components of electromagnetic radiation from each laser gain medium are synchronized, and can be used separately
or combined.

[0017] In one further exemplary embodiment of the present invention, a highspeed tuning of an extended-cavity
semiconductor laser may be provided. The laser resonator may include a unidirectional fiber-optic ring, a semiconductor
optical amplifier as the gain medium, and a scanning filter based on a polygon scanner. Variable tuning rates of up to
1,150 nm/ms.(15.7 kHz repetition frequency) can be obtained over a 70 nm wavelength span centered at 1.32 um. Such
tuning rate can be more than an order of magnitude faster than is conventionally know, and may be facilitated in part
by self frequency shifting in the semiconductor optical amplifier. The instantaneous line width of the source may be <
0.1 nm for 9-mW cw output power, and a low spontaneous-emission background of 80 dB can be obtained.

[0018] Other features and advantages of the present invention will become apparent upon reading the following
detailed description of embodiments of the invention, when taken in conjunction with the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Further objects, features and advantages of the invention will become apparent from the following detailed
description taken in conjunction with the accompanying figures showing illustrative embodiments of the invention, in
which:

Fig. 1A is a block diagram of a first exemplary embodiment of an optical wavelength filter according to the present
invention;

Fig. 1B is a block diagram of a second exemplary embodiment of the optical wavelength filter according to the
present invention;

Fig. 1C is a block diagram of a third exemplary embodiment of the optical wavelength filter according to the present
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invention;

Fig. 1D is a block diagram of a fourth exemplary embodiment of the optical wavelength filter according to the present
invention;

Fig. 1E is a block diagram of a fifth exemplary embodiment of the optical wavelength filter according to the present
invention;

Fig. 1F is a block diagram of a sixth exemplary embodiment of the optical wavelength filter according to the present
invention;

Fig. 2 is a graph of exemplary characteristics of the optical wavelength filter according to the present invention;
Fig. 3 is an exemplary embodiment of the wavelength tuning laser source according to the present invention;

Fig. 4A is a graph of exemplary first output characteristics (laser spectrum vs. wavelength) of the laser source
according to the present invention;

Fig. 4B is a graph of exemplary second output characteristics (output power vs. time) of the laser source according
to the present invention;

Fig. 5is a graph of exemplary output power provided as a function of sweep speed according to the present invention;
Fig. 6 is an exemplary embodiment of a free-space extended-cavity semiconductor tunable laser arrangement
according to the present invention;

Fig. 7 is an illustration of an optical wavelength filter;

Fig. 8 is a schematic diagram of an exemplary embodiment of a spectrally-encoded confocal microscope that utilizes
the tunable laser source according to the present invention;

Fig. 9 is a schematic diagram of an exemplary embodiment of a frequency-domain optical coherence tomography
arrangement that utilizes the tunable laser source according to the present invention;

Fig. 10A is a top view of an eighth exemplary variant of a wavelength filter; and

Fig. 10B is a perspective plan view of the wavelength filter shown in Fig. 10A.

DETAILED DESCRIPTION

[0020] Fig. 1A shows a block diagram of a first exemplary embodiment of an optical wavelength filter 1 in accordance
the present invention. In this first exemplary embodiment, the optical wavelength filter 1 can be used in a variety of
different applications, general examples of which are described below. In this example, the filter 1 may be coupled to
one or more applications 3 via a light source 2. It should be understood that in certain exemplary applications, the filter
1 can be used with or connected to an application (e.g., one or more of the applications 3) via a device other than a light
source (e.g. a passive or active optical element). In the first exemplary embodiment shown in Fig. 1A, a broad spectrum
light source and/or controller 2 (hereinafter referred to as "light controller"), may be coupled to a wavelength dispersing
element 4. The light controller 2 can be further coupled to one or more of the applications 3 that are adapted to perform
one or more tasks with or for, including but not limited to, optical imaging processes and optical imaging systems, laser
machining processes and systems, photolithography and photolithographic systems, laser topography systems, tele-
communications processes and systems, etc.. The wavelength dispersing element 4 can be coupled to a lens system
6, which is further coupled to a beam deflection device 8.

[0021] The light controller 2 can be one or more of various systems and/or arrangements that are configured to transmit
a beam of light having a broad frequency (f) spectrum. In one exemplary embodiment, the beam of light may be a
collimated beam of light The beam of light can include a plurality of wavelengths A...An, within the visible light spectrum
(e.g., red, blue, green). Similarly, the beam of light provided by the light controller 2 can also include a plurality of
wavelengths A...An that may be defined outside of the visible spectrum (e.g., ultraviolet, near infrared or infrared). In one
exemplary embodiment of the present invention, the light controller 2 can include a unidirectional light transmission ring,
which shall be described in further detail below in connection with Fig. 3 which shows an exemplary embodiment of a
wavelength tuning laser source. Further, in another exemplary embodiment of the present invention, the light controller
2 can include a linear resonator system, which shall be described in further detail below in connection with Fig. 6.
[0022] The wavelength dispersing element 4 of the optical wavelength filter 1 can include one or more elements that
are specifically adapted to receive the beam of light from the light controller 2, and to conventionally separate the beam
of light into a plurality of wavelengths of light having a number of directions. The wavelength dispersing element 4 is
further operative to direct portions of light having different wavelengths in equal angular directions or displacements with
respect to an optical axis 38. In one exemplary embodiment of the present invention, the wavelength dispersing element
4 can include a light dispersion element, which may include but not limited to, a reflection grating, a transmission grating,
a prism, a diffraction grating, an acousto-optic diffraction cell or combinations of one or more of these elements.
[0023] The lens system 6 of the optical wavelength filter 1 can include one or more optical elements adapted to receive
the separated wavelengths of light from the wavelength dispersing element. Light at each wavelength propagates along
a path which is at an angle with respect to the optical axis 38. The angle is determined by the wavelength dispersing
element 4. Furthermore, the lens system 6 is adapted to direct or steer and/or focus the wavelengths of light to a
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predetermined position located on a beam deflection device 8.

[0024] The beam deflection device 8 can be controlled to receive and selectively redirect one or more discrete wave-
lengths of light back along the optical axis 38 through the lens system 6 to the wavelength dispersing element 4 and
back to the light controller 2. Thereafter, the light controller 2 can selectively direct the received discrete wavelengths
of light to any one or more of the applications. The beam deflecting device 8 can be provided in many different ways.
For example, the beam deflecting device 8 can be provided from elements including, but not limited to, a polygonal
mirror, a planar mirror disposed on a rotating shaft, a mirror disposed on a galvonmeter, or an acousto-optic modulator.
[0025] Fig. 1B shows a schematic diagram of a second exemplary embodiment of the optical wavelength filter 1’. The
exemplary optical wavelength filter 1° can be configured as a reflection-type filter which may have substantially identical
input and output ports. An input/output optical fiber 10 and a collimating lens 12 can provide an input from a light controller
2’ (which may be substantially similar to the light controller 2 described above with reference to Fig. 1A) to the optical
wavelength filter 1’. The optical wavelength filter 1’ includes a diffraction grating 16, optical telescoping elements 6’
(hereinafter referred to as "telescope 6" and may possibly be similar to the lens system 6 of Fig. 1A), and a polygon
mirror scanner 24. The telescope 6’ can include two lenses, e.g., first and second lenses 20, 22 with 4-f configuration.
[0026] In the second exemplary embodiment of the optical wavelength filter 1° shown in Fig. 1B, the telescope 6’
includes the first and second lenses 20, 22, which are each substantially centered along the optical axis 38. The first
lens 20 may be located at a first distance from the wavelength dispersing element 4’ (e.g., diffraction grating 16), which
can approximately be equal to the focal length F1 of the first lens 20. The second lens 22 may be located at a second
distance from the first lens 20, which can be approximately equal to the sum of the focal length F1 of the first lens 20
and the focal length F2 of the second lens 22. Using such arrangement, the first lens 20 can receive one or more
collimated discrete wavelengths of light from the wavelength dispersing element 4’, and can effectively perform a Fourier
Transform on each one of the collimated one or more discrete wavelengths of light to provide one or more approximately
equal converging beams that are projected onto an image plane IP.

[0027] Theimage plane IP is preferably located between the first lens 20 and the second lens 22 and at a predetermined
distance from the first lens 20. According to one exemplary variation of the present invention, such predetermined
distance may be defmed by the focal length F1 of the first lens 20. After such one or more converging beams are
propagated through the image plane IP, these one or more converging beams form equal or corresponding one or more
diverging beams that are received by the second lens 22. The second lens 22 is adapted to receive the diverging beams
and provide approximately an equal number of collimated beams having predetermined angular displacements with
respect to the optical axis 38. Thus, the second lens 22 can direct or steer the collimated beams to predefined portions
of the beam deflection device 8'.

[0028] The telescope 6’ according to the second exemplary embodiment of the presentinvention is operative to provide
one or more features as described above, as well as to convert a diverging angular dispersion from the grating into
converging angular dispersion after the second lens 22. Such result may be advantageous for a proper operation of the
filter. In addition, the telescope 6’ may provide adjustable parameters which control the tuning range and linewidth and
reduce the beam size at the polygon mirror to avoid beam clipping. As is illustrated in the exemplary embodiment of Fig.
1B, a beam deflection device 6’ (e.g., which may include a polygon mirror or arrangement 24) is adapted to preferably
reflect back only the spectral component within a narrow passband as a function of the angle of the front mirror facet of
the polygon arrangement 24 with respect to the optic axis 38. The reflected narrow band light is diffracted and received
by the optical fiber 10. The orientation of the incident beam 30 with respect to the optic axis and a rotation direction 40
of the polygon arrangement 24 can be used to determine the direction of wavelength tuning, e.g., a wavelength up
(positive) scan or a wavelength down (negative) scan. The exemplary arrangement shown in Fig. 1B can generate a
positive wavelength sweep. It should be understood that although the polygon arrangement 24 is shown in Fig. 1B as
having twelve facets, polygon arrangements which have fewer than twelve facets or greater than twelve facets can also
be used. While generally not considering practical mechanical limits, based upon conventional manufacturing techniques,
a particular number of facets of the polygon arrangement 24 to use in any application may depend on a desired scanning
rate and a scanning range for a particular application.

[0029] Furthermore, the size of the polygon arrangement 24 may be selected based on preferences of a particular
application, and preferably taking into account certain factors including, but not limited to, manufacturability and weight
of the polygon arrangement 24. It should also be understood that lenses 20, 22 that have different focal lengths may be
provided. For example, the lenses 20, 22 should be selected to provide a focal point at approximately the center point
24a of the polygon arrangement 24.

[0030] In one exemplary embodiment, a Gaussian beam 30 can be utilized with a broad optical spectrum incident to
the grating from the fiber collimator 12. The well-known grating equation is expressed as A = p- (sin o + sin ) where A
is the optical wavelength, p is the grating pitch, and o and B are the incident and diffracted angles of the beam with
respect to the normal axis 42 of the grating, respectively. The center wavelength of tuning range of the filter may be
defined by Ay = p - (sin a + sin By) where P is the angle between the optic axis 38 of the telescope and the grating
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normal axis. FWHM bandwidth of the filter is defined by (SA) sy / Ao = A<(pim)cos o./ W, where 4= a2/ x

for double pass, mis the diffraction order, and W is 1/e2-width of the Gaussian beam at the fiber collimator.

[0031] Tuning range of the filter may be limited by the finite numerical aperture of the first lens 20. The acceptance
angle of the first lens 20 without beam clipping may be defined by AB = (D, - W cos, B,/ cos o) / F; , where D, and F,
are the diameter and focal length of the first lens 20. Such formulation relates to the filter tuning range via AA = p cos
Bo - AB. One of exemplary design parameters of the filter, originated from the multiple facet nature of the polygon mirror,
is the free spectral range, which is described in the following. A spectral component after propagating through the first
lens 20 and the second lens 22 may have a beam propagation axis at an angle 8’ with respect to the optic axis 38, e.g.,
B’=-(B-Bp)(F;s/ F,) , where F; and F, are the focal lengths of the first lens 20 and the second lens 22, respectively.
The polygon arrangement 24 may have a facet-to-facet polar angle given by 6 = 2n/ N= L/R, where L is the facet width,
R is the radius of the polygon and Nis the number of facets. If the range of ' of incident spectrum is greater than the
facet angle, i.e. AR’ = AB- (F; / F,) >6, the polygon arrangement 24 can retro-reflect more than one spectral component
at a given time. The spacing of the multiple spectral components simultaneously reflected, or the free spectral range,
can be defined as (AL) rgg =p cos Bq (F1 / Fy). 6. In an exemplary intra-cavity scanning filter application, the free spectral
range of the filter should exceed the spectral range of the gain medium in order to avoid multiple frequency bands (in
the case of an inhomogeneously broadened gain medium) or limited tuning range (in the case of a homogeneously
broadened gain medium).

[0032] The duty cycle of laser tuning by the filter can be, for example, 100% with no excess loss caused by beam
clipping if two preferable conditions are met as follows:

<% h  aw <25% (£, - 5).6 (1)
cos B F, cos f3,

[0033] The first equation may be derived from a condition that the beam width after the second lens 22 should be
smaller than the facet width. The second equation can be derived from that the two beams at the lowest 32 and highest
wavelengths 34 of the tuning range, respectively, which should not overlap each other at the polygon arrangement 24.
Sin equation (1) denotes the distance between the second lens 22 and the front mirror of the polygon arrangement 24.
[0034] It is possible to select the optical components with the following parameters: W=2.4mm, p=1/1200mm, o=
1.2rad, Bp=0.71rad, m=1, D; =D,=25mm, F;=100mm, F,=45mm, N=24, R=25mm, L[=6.54, S=5mm, 6=26rad,
Ap=1320nm. From the parameters, the theoretical FWHM bandwidth, tuning range and free spectral range of the filter
could be calculated: (8X) gpyppe = 0.09nm, AA= 126mn and (AA)gg = 74nm. Both conditions in equation (1) may be
satisfied with particular margins.

[0035] Fig. 1C shows a diagram of a third exemplary embodiment of the wavelength tunable filter arrangement for
doubling the tuning speed with the same polygon rotation speed according to the present invention. In this exemplary
embodiment, the mirror surface of the polygon arrangement 24 is placed substantially a distance F2 from lens 22, and
the beam of light is reflected with a non-zero angle (rather than directly being reflected back to the telescope from the
polygon arrangement’s 24 mirror facet). The sweep angle of the reflected light from the polygon arrangement 24 is
double the polygon arrangement’s 24 rotation angle. When the incident angle difference 90 between A, and Ay with
respect to the polygon arrangement 24 is approximately the same as the facet-to-facet angle 92 of the polygon, e.g.,
angle 6, the sweep angle 94 of the reflected light is 20 for a rotation of the angle 6 of the polygon arrangement 24. By
placing two reflectors 100, 102, which preferably direct the reflected beam of light from the polygon arrangement 24
back to the polygon arrangement 24, and to the telescope (e.g., similar to the telescope 6’ of Fig. 1B), with the angle 6
between each other, twice wavelength scans from A, to Ay are achieved for the polygon rotation of the one facet-to-
facet angle 6.

[0036] InFig. 1D which shows a fourth exemplary embodiment of the present invention, the incident angle 90 difference
between A, and Ay to the polygon arrangement 24 is smaller than polygon facet-to facet angle 92, e.g., ¢ (= 6/K, where
K> 1). This can be achieved by reducing the grating pitch and increasing the F2/F1 ratio. In this exemplary embodiment,
the filter tuning speed may be increased by factor of 2K without increasing either the rotation speed of the polygon
arrangement 24 or the number of facets of the polygon arrangement 24.

[0037] The filter tuning speed can be further increased by having the beam of light reflected multiple times by the
polygon arrangement 24. A fifth exemplary embodiment of the present invention, depicted in Fig. 1E, is an arrangement
for increasing the tuning speed by factor of 4K, where K is the ratio of angle 92 to angle 90 (K=6/¢). The beam of light
is reflected twice (e.g., four times round trip) by the polygon arrangement 24, so that the sweep angle 94 of the reflected
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light becomes angle 46, and the tuning speed becomes 4K times faster. Such reflection can also be assisted with the
reflection of surfaces 100, 102, 104, 106 and 108. This exemplary embodiment of the filter arrangement can be used to
broaden the free spectral range ("FSR") of the filter. For example, if one of the final reflectors 102 in the embodiment
shown in Fig. 1E is removed, the FSR of the filter may become twice broader. It is likely that there is no tuning speed
enhancement in such case. Similarly, it is possible to retain only one final reflector 100 in Fig. 1E. The FSR in this
embodiment can become four times broader.

[0038] Fig. 1F shows a sixth exemplary embodiment of the present invention which provides a polygon tuning filter
accommodating two light inputs and outputs. For example, in order to support two or more inputs and outputs of this
filter, two or more sets of optical arrangements, each respective set including an input/output fiber 10, 10’, a collimating
lens 12, 12’, a diffraction grating 16, 16’, and a telescope, may share the same polygon arrangement 24. Because the
scanning mirror of the polygon arrangement 24 is structurally isotropic about the rotation axis, certain optical arrangements
that can deliver the beams of light to the polygon arrangement 24 can be accommodated from any directions. Since
both sets of optical arrangement in the embodiment of Fig. 1F utilize the same polygon scanner, their respective scanning
optical transmission spectra are synchronized. It should be understood that the exemplary embodiment of Fig. 1F can
be extended to include multiple (greater than 2) optical arrangements each having its own input and output optical channel.
[0039] One exemplary application of the above-described polygon tuning filter according to the sixth embodiment of
the presentinvention may be a wide band wavelength scanning light source. In Fig. 1G which shows a seventh exemplary
embodiment of the presentinvention, a first broadband light source 60 provides a light signal which may have a wavelength
A4 to A;, and a second broadband light source 600 provides another light signal having a wavelength A, j to Ay. When
the two optical arrangements supporting the wavelengths A, to A; and the wavelengths ki_j to Ay, respectively, are
synchronized to output approximately the same wavelength at the same instance, such exemplary arrangement may
become a wide band wavelength scanning light source with linear scan rate from A4 to Ay. Since the FSR of the polygon
scanning filter can be adjusted to be 200 nm or wider without any optical performance degradation, two or more broadband
light sources with different center wavelengths can be combined with this filter to provide linear scanning light source
over 200 nm tuning bandwidth. It should be understood that the embodiment of Fig. 1G can be extended to include
multiple (e.g., greater than 2) optical arrangements and multiple (e.g., greater than 2) broadband light sources.

[0040] The exemplary embodiment illustrated in Fig. 1G can also be configured so that the wavelength tuning bands
of each optical arrangement and broadband light source are discontinuous. In such a configuration, the tuning bands
can be swept in a continuous or discontinuous sequential manner or be swept simultaneously.

[0041] Fig. 2 shows anexemplary graph of measured characteristics of the filter according to an exemplary embodiment
of the present invention. The normalized reflection spectrum of the filter, e.g., a curve 48, may be measured by using
broadband amplifier spontaneous emission light from a semiconductor optical amplifier (SOA) and an optical spectrum
analyzer. The optical spectrum analyzer can obtain or record a normalized throughput (reflected) spectrum in peak-hold
mode while the polygon arrangement 24 spins at its maximum speed of 15.7 kHz. The measured tuning range may be
90 nm which is substantially smaller than the theoretical value of 126 nm. It is possible to have a discrepancy which
may be due to an aberration of the telescope 6’, primarily field curvature, associated with relatively large angular diver-
gence of the beam from the grating. Such aberration can be corrected using optimized lens designs well known in the
art. A curve 46 shown in Fig. 2 illustrates the throughput spectrum when the polygon arrangement is static at a particular
position. The observed free spectral range is 73.5 nm, in agreement with a theoretical calculation. The FWHM bandwidth
of curve 46 was measured to be 0.12 nm. The discrepancy between the measured FWHM and the theoretical limit of
0.09 nm is reasonable considering the aberration and imperfection of the optical elements.

[0042] Fig. 3 shows anexemplary embodiment of the wavelength tuning laser source according to the presentinvention.
For example, the polygon-based filter can be incorporated into an extended-cavity semiconductor laser via a Faraday
circulator 50. Intra-cavity elements may be connected by single-mode optical fibers 10. The gain medium may be a
semiconductor optical amplifier 52 (e.g., SOA, Philips, CQF 882/e). Laser output 72 may be obtained via the 90% port
of a fiber-optic fused coupler 70. Two polarization controllers 64, 62 can be used to align the polarization states of the
intra-cavity light to the axes of maximum efficiency of the grating 16, and of the maximum gain of the SOA 50. A current
source 54 may provide an injection current to the SOA 50. The polygon arrangement 24 may be driven and controlled
by a motor driver 97. To generate a sync signal useful for potential applications, approximately 5% of the laser output
may be directed to a photodetector 82 through a variable wavelength filter 80 with bandwidth of 0.12 nm. In this exemplary
implementation, the center wavelength of the filter was fixed at 1290 nm. The detector signal can generate short pulses
when the output wavelength of the laser is swept through the narrow passband of the fixed-wavelength filter. The timing
of the sync pulse may be controlled by changing the center wavelength of the filter.

[0043] Fig. 4A shows a graph of exemplary first output characteristics (laser spectrum vs. wavelength) of the laser
source according to the present invention, and Fig. 4B is a graph of exemplary second output characteristics (output
power vs. time) of the laser source according to the present invention. Turning to Fig. 4A, curve 110 represents the
output spectrum of the laser measured by the optical spectrum analyzer in peak-hold mode, e.g., when the polygon
arrangement spins at 15.7 kHz. The edge-to-edge sweep range was observed to be from 1282 nm to 1355 nm, equal
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to the free-spectral range of the filter. The Gaussian-like profile of the measured spectrum, rather than a square profile,
can be mainly due to the polarization-dependent cavity loss caused by polarization sensitivity of the filter and the bire-
fringence in the cavity. It may be preferable to adjust the polarization controllers to obtain the maximum sweep range
and output power. In Fig. 4B, curve 114 is the output of the exemplary laser in the time domain. The upper trace 112 is
the sync signal which may be obtained through the fixed-wavelength filter. The amplitude of power variation from facet
to facet was less than 3.5 %. The peak and average output power was 9mW and 6mW, respectively. The y-axis scale
of the curve 110 of Fig. 4A can be calibrated from the time-domain measurement, because the optical spectrum analyzer
records a time-averaged spectrum due to the laser tuning speed being much faster than the sweep speed of the spectrum
analyzer.

[0044] A frequency downshiftin the optical spectrum of the intra-cavity laser light may arise as the light passes through
the SOA gain medium, as a result of an intraband four-wave mixing phenomenon. In the presence of the frequency
downshift, greater output power can be generated by operating the wavelength scanning filter in the positive wavelength
sweep direction. Figure 5 shows an exemplary illustration of a normalized peak power of the laser output measured as
a function of the tuning speed. The negative tuning speed can be obtained by flipping the position of the collimator and
the orientation of the grating with respect to the optic axis 38 of the exemplary embodiment of the arrangement according
to the present invention. It is preferable to make the physical parameters of the filter identical in both tuning directions.
The result shows that the combined action of self-frequency shift and positive tuning allows higher output to be obtained
and enables the laser to be operated at higher tuning speed as is demonstrated in the curve 120. Therefore, the positive
wavelength scan may be the preferable operation. The output power can be decreased with an increasing tuning speed.
A short cavity length may be desired to reduce the sensitivity of the output power to the tuning speed. In such case, a
free-space laser cavity may be preferred.

[0045] Anexemplary embodimentofa free-space extended-cavity semiconductortunable laser arrangementaccording
to the present invention is depicted in Fig. 6. A semiconductor waveguide 162 made on a substrate chip 160 can be
coupled to the polygon scanning filter via a collimating lens 180. The front facet 164 thereof may be anti-reflection coated,
and the output facet 166 may be cleaved or preferably coated with dielectrics to have an optimal reflectivity. The laser
output 190 may be obtained through the output coupling lens 182. The sync output may be taken by using a lens 140,
a pinhole 142, and a photodetector 144 positioned on the 0-th order diffraction path for the light which is on retro-reflection
from the polygon scanner 24. The photodetector 144 can generate a short pulse when the focus of the optical beam of
a particular wavelength sweeps through the pinhole 142. Other types of gain medium include but are not limited to rare-
earth-ion doped fiber, Ti:Al,O3, and Cr3*:forsterite. The first and second lenses 20, 22 can be preferably achromats with
low aberration particularly in field curvature and coma. The collimating lenses 180, 182 are preferably aspheric lenses.
[0046] Fig. 7 shows another example of a wavelength tunable filter which includes an input collimating lens 12, dif-
fraction grating 16, focusing lens 200, and a spinning disk 210, as shown in Fig. 7. The diffraction grating 16 preferably
has a concave curvature that has a focal length and may thus eliminate the need for the use of the focusing lens 200.
The diffraction grating may be replaced by other angular dispersive elements such as a prism. Preferably more than
one reflector 212 can be deposited on the surface of the spinning disk 210. Preferably, the reflectors 212 may include
multiple narrow stripes periodically and radially patterned. The material for the reflectors is preferably gold. The disk 210
can be made of a lightweight plastic or silicon substrate. Instead of the reflectors deposited on the top surface of the
disk, the disk can have a series of through holes followed by a single reflector attached to the back surface of the disk
or supported independently from the disk. Incident from the optical fiber 10, the optical beams of different wavelengths
are illuminated on the surface of the disk into a line after being diffracted by the grating 16 and focused by the lens 200.
The beam that hits the reflectors of the spinning disk may be retro-reflected and received by the optical fiber 10. For
example, a mirror 202 may be used to facilitate the access of the beam onto the disk.

[0047] The distance from the lens 200 to the reflectors of the disk 210 may be approximately equal to the focal length,
F, of the lens 200. The tuning range of the filter may be given by AA=pcosf(D/F), where D denotes the distance between

the stripes. The width of the strip, w, can preferably be substantially equal to the beam spot size, w;, at the surface of

the disk: W, =W%S£°--‘/I+Lf/—/z; » Where z= 7zwf / A . Such formulation may lead to a FWHM filter bandwidth given

by (OM) pyym ! Ao = A- (p/ m)cos oo/ Wwhere 4= /4 1n 2 / 7z . For w> w;, the filter bandwidth may become greater,

and for w < v, the efficiency (reflectivity) of the filter can be decreased by beam clipping. The orientation of the incident
beam 30 with respect to the optic axis of the lens 200 and the spinning direction 220 may determine the sense of
wavelength tuning. The positive wavelength scan may be preferable, which is the case of the example shown in Fig. 7.
[0048] Two exemplary applications of the exemplary embodiments of the present invention are described as follows.
Fig. 8 shows a block diagram of an exemplary embodiment of the spectrally encoded confocal microscope ("SECM")
that uses the aforementioned tunable laser source 300. The basic principle of SECM has been described in detail in
U.S. Patent No. 6,341,036, the disclosure of which is incorporated herein by reference in its entirety. An exemplary
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probe 310 includes a transmission grating 312 provided between two silicon prisms 314, 316, a collimator 318, and a
microscope objective lens 320. The probe is equipped with a micro actuator 322 to scan the beam onto a different
location of the sample 330. The actuator 322 may be driven by an actuator driver 324 at substantially slower speed than
the tuning speed of the laser source. The probe motion is preferably rotary or translational and is synchronized to the
sync output of the laser source. In one example, the wavelength sweep frequency may be 15.7 kHz, and the probe scan
frequency can be 30Hz, which allows 30 frames of image to be obtained in 1 second. The objective lens 320 has a nigh
numerical aperture to provide a transverse resolution of an order of micrometers and a confocal parameter of a few
micrometers. The focus of the optical beam may be continuously scanned in time over the sample 330 by the swept
output wavelength of the optical source and the scanning motion of the probe. The optical power returned from the
sample is proportional to the reflectivity of the sample within a small section where the beam was focused down to a
narrow waist at a given time. Two dimensional en-face image of the sample is constructed by a signal processor 344.
The detector 340 is preferably an avalanche photodiode ("APD") followed by a transimpedance amplifier 342. The
reflected power may be received through a Faraday circulator 350 or a fiber-optic coupler.

[0049] Another exemplary application of the exemplary embodiments of the present invention is for optical coherence
tomography ("OCT") the details of which are described in U.S. Patent No. 5,956,355, the disclosure of which is incor-
porated herein by reference in its entirety. In one exemplary configuration, depicted in Fig. 9, an output of a tunable
source 300 may be directed to a sample 330 through a fiber-optic coupler 410. An objective lens 412 in the probe may
typically provide a focus near the surface or within the sample 330. The reference mirror 420 can be placed in a reference
arm 120 at a position where an optical path length between two arms of the Michelson interferometer is substantially
matched. Alternatively, the reference path can be configured in a transmissive, non-reflective configuration. The detector
430 may be a PIN photodiode followed by a transimpedance amplifier 432 with finite frequency bandwidth. The detector
may preferably incorporate polarization diverse and dual balanced detection. The detector signal can be processed in
the processor 434 through a fast Fourier transform to construct the depth image of the sample. The probe may be
scanned by an actuator 414 and an actuator driver 416 to allow a 3-dimensional image of the sample to be obtained.
[0050] Figs. 10A and 10B show a top and perspective view of another example of a wavelength tunable filter. An
angularly deflecting optical element 700 of this example can be a rotating polygon arrangement 24 where the facets of
the polygon are on the inner diameter of a hollow cylinder. A dispersing element 702 such as a diffraction grating can
be placed at the center of the polygon arrangement 24. Light can be delivered to the grating through an optical fiber and
collimated onto the grating so that each frequency component of the light is diffracted through a different angle (©). Only
one narrow range of frequencies may be substantially orthogonal to one facet of the polygon arrangement 24, and
therefore such frequency range may be reflected back to the diffraction grating and collected by the optical fiber 704/706.
When the cylinder rotates, a surface normal direction for the illuminated polygon arrangement’s facet may align with a
new narrow frequency range. By rotating the cylinder, frequency tuning can thereby be achieved. When the cylinder
rotation angle becomes large, an adjacent facet of the polygon arrangement 24 can become aligned with the light
diffracted from the grating and the filter will repeat another frequency tuning cycle. The free spectral range and finesse
can be controlled by appropriate choice of the polygon diameter, number of facets, collimated beam diameter and
diffraction grating groove density.

[0051] The foregoing merely illustrates the principles of the invention. Various modifications and alterations to the
described embodiments will be apparent to those skilled in the art in view of the teachings herein. For example, the
invention described herein is usable with the exemplary methods, systems and apparatus described in U.S. Patent
Application No. 60/514,769.

Claims
1. A source arrangement for providing an electromagnetic radiation, comprising:

at least one emitter of the electromagnetic radiation (2);

at least one spectral separating arrangement (4) configured to angularly separate one or more components of
the electromagnetic radiation based on a frequency of the electromagnetic radiation;

at least one angularly deflecting optical arrangement (24) that includes a pivot point, and configured to receive
the one or more components of the electromagnetic radiation to generate at least one signal associated with
the one or more components; and

at least one optical imaging arrangement (20, 22) configured to directly receive from the spectral separating
arrangement the one or more components of the electromagnetic radiation, and generate an image of one or
more dispersive elements of the at least one spectral separating arrangement associated with the one or more
components toward the deflecting optical arrangement.
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2. The source arrangement according to claim 1, further comprising at least one laser cavity receiving the electromag-
netic radiation.

3. The source arrangement according to claim 2, wherein the laser cavity is a ring laser cavity.

4. The source arrangement according to claim 1, 2 or 3, wherein the electromagnetic radiation has a frequency sweep
that sweeps continuously in a positive wavelength direction.

5. The source arrangement according to any of claims 1 to 4, further comprising an optical circulator.

6. The source arrangement according to any preceding claim, wherein wavelength ranges of the at least one laser
gain media are not identical to one another.

7. The source arrangement according to any preceding claim, wherein the at least one emitter is capable of modifying
a mean frequency of a spectrum of the electromagnetic radiation substantially continuously over time at a tuning
speed that is greater than 100 terahertz per millisecond.

8. The source arrangement according to claim 7, wherein the mean frequency changes repeatedly at a repetition rate
that is greater than 5 kilohertz.

9. The source arrangement according to claim 7 or 8, wherein the mean frequency changes over arange that is greater
than 10 terahertz.

10. The source arrangement according to claim 9, wherein the spectrum has a tuning range whose center is approxi-
mately centered at 1300 nm.

11. The source arrangement according to claim 9, wherein the spectrum has a tuning range whose center is approxi-
mately centered at 850 nm.

12. The source arrangement according to claim 9, wherein the spectrum has a tuning range whose center is approxi-
mately centered at 1700 nm.

13. The source arrangement according to any of claims 7 to 12, wherein the spectrum has an instantaneous line width
that is smaller than 100 gigahertz.

14. The source arrangement according to any of claims 7 to 13, further comprising a laser cavity with a roundtrip length
shorter than 5 m which receives the electron-magnetic radiation.

15. The source arrangement according to any of claims 7 to 14, further comprising a polygon arrangement which is
adapted to receive at least one signal that is associated with the emitted electromagnetic radiation, and at least one
of reflect and deflect the at least one signal to a further location.

16. The source arrangement according to claim 1, wherein the at least one angularly deflecting optical element is at
least one of a polygon mirror scanner, a galvanometer mirror scanner, and a piezo-electric mirror scanner.

Patentanspriiche

1. Quellenanordnung zum Bereitstellen einer elektromagnetischen Strahlung mit:

mindestens einem Sender der elektromagnetischen Strahlung (2) ;

mindestens einer Spektralseparationsanordnung (4), die dazu konfiguriert ist, ein oder mehrere Komponenten
der elektromagnetischen Strahlung basierend auf einer Frequenz der elektromagnetischen Strahlung winklig
ZU separieren;

mindestens einer winklig ablenkenden optischen Anordnung (24), die einen Drehpunkt umfasst, und dazu
konfiguriert ist, die eine oder mehreren Komponenten der elektromagnetischen Strahlung zu empfangen, um
mindestens ein Signal zu erzeugen, das mit der einen oder mehreren Komponente assoziiert ist; und
mindestens einer optischen Abbildungsanordnung (20, 22), die dazu konfiguriert ist, von der Spektralseparati-
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onsanordnung die mindestens eine oder mehrere Komponenten der elektromagnetischen Strahlung direkt zu
empfangen und ein Bild von einem oder mehreren dispersiven Elementen der mindestens einen Spektralse-
parationsanordnung, die mit der einen oder den mehreren Komponenten assoziiert sind, gegen bzw. in Richtung
der ablenkenden optischen Anordnung zu generieren.

Quellenanordnung nach Anspruch 1, ferner umfassend mindestens eine Laserkavitat, die die elektromagnetische
Strahlung empfangt.

Quellenanordnung gemaf Anspruch 2, wobei die Laserkavitat eine Ringlaserkavitat ist.

Quellenanordnung nach einem der Anspriiche 1, 2 oder 3, bei der die elektromagnetische Strahlung einen Fre-
quenzhub der Modulation hat, der kontinuierlich in eine positive Wellenlangenrichtung schweift.

Quellenanordnung nach einem der Anspriiche 1 bis 4, ferner umfassend einen optischen zirkulator.

Quellenanordnung nach einem der voranstehenden Anspriiche, wobei die Wellenlangenbereiche des mindestens
einen Laserempfangsmediums nicht identisch zueinander sind.

Quellenanordnung nach einem der voranstehenden Anspriiche, wobei der mindestens eine Emitter in der Lage ist,
eine mittlere Frequenz eines Spektrums der elektromagnetischen Strahlung im Wesentlichen kontinuierlich im zeit-
ablauf mit einer Tuning- bzw Abstimmgeschwindigkeit, die gréRer ist als 100 Terahertz pro Millisekunde, zu modi-
fizieren.

Quellenanordnung nach Anspruch 7, wobei die mittlere Frequenz mit einer Wiederholungsrate, die gréer als 5
Kilohertz ist, wiederholt wechselt.

Quellenanordnung nach Anspruch 7 oder 8, wobei die mittlere Frequenz UGber einen Bereich, der gréRer ist als 10
Terahertz, wechselt.

Quellenanordnung nach Anspruch 9, wobei das Spektrum einen Tuning- zw. Abstimmbereich besitzt, dessen Zen-
trum ndherungsweise bei 1300 nm zentriert ist.

Quellenanordnung nach Anspruch 9, wobei das Spektrum einen Tuning- bzw. Abstimmbereich besitzt, dessen
Zentrum im Wesentlichen bei 850 nm zentriert ist.

Quellenanordnung nach Anspruch 9, wobei das Spektrum einen Tuning- bzw. Abstimmbereich besitzt, dessen
Zentrum im Wesentlichen bei 1700 nm zentriert ist.

Quellenanordnung nach einem der Anspriiche 7 bis 12, wobei das Spektrum eine unmittelbare Linienbreite hat, die
schméler als 100 Gigahertz ist.

Quellenanordnung nach einem der Anspriche 7 bis 13, ferner umfassend eine Laserkavitdt mit einer Hin- und
Rucklange, die kirzer als 5 m ist, welche die elektromagnetische Strahlung empfangt.

Quellenanordnung nach einem der Anspriiche 7 bis 14, ferner umfassend eine Polygonanordnung, die dazu ange-
passt ist, mindestens ein Signal zu empfangen, das mit der emittierten elektromagnetischen Strahlung assoziiert
ist, und mindestens entweder das mindestens eine Signal zu reflektieren oder zu einer anderen Stelle abzulenken.

Quellenanordnung nach Anspruch 1, wobei das mindestens eine winklig ablenkende optische Element mindestens
eines ist von einem Polygonspiegelscanner, einem Galvanometerspiegelscanner und einem piezoelektrischen Spie-
gelscanner.

Revendications

1.

Agencement de source fournissant un rayonnement électromagnétique, comprenant :

au moins un émetteur du rayonnement électromagnétique (2) ;

11
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au moins un agencement de séparation spectrale (4) configuré pour séparer angulairement une ou plusieurs
composantes du rayonnement électromagnétique sur la base d'une fréquence du rayonnement
électromagnétique ;

au moins un agencement optique de déviation angulaire (24) qui comprend un point de pivotement, et qui est
configuré pour recevoir la composante ou plusieurs des composantes du rayonnement électromagnétique de
maniére a générer au moins un signal associé a la composante ou a plusieurs des composantes ; et

au moins un agencement d’imagerie optique (20, 22) configuré de maniéere a recevoir directement, en prove-
nance de 'agencement de séparation spectrale, la composante ou plusieurs des composantes du rayonnement
électromagnétique, et a générer une image d’un ou de plusieurs éléments dispersifs de I'au moins un agence-
ment de séparation spectrale associé a la composante ou a plusieurs des composantes vers I'agencement
optique de déviation.

Agencement de source selon la revendication 1, comprenant en outre au moins une cavité laser qui regoit le
rayonnement électromagnétique.

Agencement de source selon la revendication 2, dans lequel la cavité laser est une cavité laser en anneau.

Agencement de source selon la revendication 1, 2 ou 3, dans lequel le rayonnement électromagnétique présente
un balayage en fréquence qui balaye de maniéere continue dans une direction de longueur d’'onde positive.

Agencement de source selon I'une quelconque des revendications 1 a 4, comprenant en outre un circulateur optique.

Agencement de source selon I'une quelconque des revendications précédentes, dans lequel les plages de longueurs
d’'onde de I'au moins un milieu de gain laser ne sont pas identiques les unes aux autres.

Agencement de source selon I'une quelconque des revendications précédentes, dans lequel I'au moins un émetteur
est capable de modifier une fréquence moyenne d’un spectre du rayonnement électromagnétique de maniére
sensiblement continue avec le temps a une vitesse d’accord qui est supérieure a 100 térahertz par milliseconde.

Agencement de source selon la revendication 7, dans lequel la fréquence moyenne change a plusieurs reprises a
une fréquence de répétition qui est supérieure a 5 kilohertz.

Agencement de source selon la revendication 7 ou 8, dans lequel la fréquence moyenne change sur une plage qui
est supérieure a 10 térahertz.

Agencement de source selon la revendication 9, dans lequel le spectre présente une plage d’accord dont le centre
est approximativement centré a 1300 nm.

Agencement de source selon la revendication 9, dans lequel le spectre présente une plage d’accord dont le centre
est approximativement centré a 850 nm.

Agencement de source selon la revendication 9, dans lequel le spectre présente une plage d’accord dont le centre
est approximativement centré a 1700 nm.

Agencement de source selon I'une quelconque des revendications 7 a 12, dans lequel le spectre présente une
largeur de ligne instantanée qui est inférieure a 100 gigahertz.

Agencement de source selon I'une quelconque des revendications 7 a 13, comprenant en outre une cavité laser
ayant une longueur de tour inférieure a 5 m qui recoit le rayonnement électromagnétique.

Agencement de source selon 'une quelconque des revendications 7 a 14, comprenant en outre un agencement
polygonal qui est agencé pour recevoir au moins un signal qui est associé au rayonnement électromagnétique émis,
et pour au moins réfléchir et dévier 'au moins un signal vers un autre endroit.

Agencement de source selon la revendication 1, dans lequel I'au moins un élément optique de déviation angulaire

est au moins 'un d’un scanner a miroir polygonal, d’'un scanner a miroir galvanométrique et d’'un scanner a miroir
piézoélectrique.

12
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