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Description
RELATED APPLICATIONS

[0001] This application claims priority to U.S. Patent
Application No. 12/980,144, filed on December 28, 2010.

BACKGROUND OF THE INVENTION

[0002] Optical coherence analysis relies on the use of
the interference phenomena between a reference wave
and an experimental wave or between two parts of an
experimental wave to measure distances and thickness-
es, and calculate indices of refraction of a sample. Optical
Coherence Tomography (OCT) is one example technol-
ogy that is used to perform usually high-resolution cross
sectional imaging. Itis often applied to imaging biological
tissue structures, for example, on microscopic scales in
real time. Optical waves are reflected from an object or
sample and a computer produces images of cross sec-
tions of the object by using information on how the waves
are changed upon reflection.

[0003] The original OCT imaging technique was time-
domain OCT (TD-OCT), which used a movable reference
mirror in a Michelson interferometer arrangement. In or-
der to increase performance, variants of this technique
have been developed using two wavelengths in so-called
dual band OCT systems.

[0004] In parallel Fourier domain OCT (FD-OCT) tech-
niques have been developed. One example is time-en-
coded OCT, which uses a wavelength swept source and
a single detector; it is sometimes referred to as time-
encoded FD-OCT (TEFD-OCT) or swept source OCT.
Another example is spectrum encoded OCT, which uses
a broadband source and spectrally resolving detector
system and is sometimes referred to as spectrum-encod-
ed FD-OCT or SEFD-OCT.

[0005] These various OCT techniques offer different
performance characteristics. FD-OCT has advantages
over TD-OCT in speed and signal-to-noise ratio (SNR).
Of the two FD-OCT techniques, swept-source OCT has
distinct advantages over spectrum-encoded FD-OCT be-
cause of its capability of balanced and polarization diver-
sity detection; it has advantages as well for imaging in
wavelength regions where inexpensive and fast detector
arrays, which are typically required for SEFD-OCT, are
not available.

[0006] Sweptsource OCT hasadvantagesin some ad-
ditional respects. The spectral components are not en-
coded by spatial separation, butthey are encoded intime.
The spectrumiis either filtered or generated in successive
frequency steps and reconstructed before Fourier-trans-
formation. Using the frequency scanning swept source,
the optical configuration becomes less complex but the
critical performance characteristics now reside in the
source and especially its tuning speed and accuracy.
[0007] The swept sources for TEFD-OCT systems
have been typically tunable lasers. The advantages of
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tunable lasers include high spectral brightness and rel-
atively simple optical designs. The typical tunable laser
is constructed from a gain medium, such as a semicon-
ductor optical amplifier (SOA) and a tunable filter such
as a rotating grating, grating with a rotating mirror, or a
Fabry-Perot tunable filter. Currently, some of the highest
speed TEFD-OCT lasers are based on the laser designs
described in U.S. Pat. No. 7,415,049 B1, entitled Laser
with Tilted Multi Spatial Mode Resonator Tuning Ele-
ment, by D. Flanders, M. Kuznetsov and W. Atia. This
highly integrated design allows for a short laser cavity
that keeps the round-trip optical travel times within the
laser short so that the laser is fundamentally capable of
high speed tuning. Secondly, the use of micro-electro-
mechanical system (MEMS) Fabry-Perot tunable filters
combines the capability for wide spectral scan bands with
the low mass, high mechanical resonant frequency de-
flectable MEMS membranes that have the capacity for
high speed tuning.

[0008] Another class of swept sources that has the po-
tential to avoid inherent drawbacks of tunable lasers is
filtered amplified spontaneous emission (ASE) sources
that combine a broadband light source, typically a source
that generates light by ASE, with tunable filters and am-
plifiers.

[0009] Some of the highest speed devices based on
filtered ASE sources are described in U.S. Pat. No.
7,061,618 B2, entitled Integrated Spectroscopy System,
by W. Atia, D. Flanders P. Kotidis, and M. Kuznetsov,
which describes spectroscopy engines for diffuse reflect-
ance spectroscopy and other spectroscopic applications.
A number of variants of the

[0010] filtered ASE swept source are described, in-
cluding amplified versions and versions with tracking fil-
ters.

[0011] More recently Eigenwillig, et al. have proposed
a variant configuration of the filtered ASE source in an
article entitled "Wavelength swept ASE source", Confer-
ence Title: Optical Coherence Tomography and Coher-
ence Techniques IV, Munich, Germany, Proc. SPIE
7372, 737200 (July 13, 2009). The article describes an
SOA functioning both as an ASE source and first ampli-
fication stage. Two Fabry-Perot tunable filters are used
in a primary-tracking filter arrangement, which are fol-
lowed by a second SOA amplification stage. Also, U.S.
Pat. Appl. Serial No. 12/553,295, filed on September 3,
2009, entitled Filtered ASE Swept Source for OCT Med-
ical Imaging, by D. Flanders, W. Atia, and M. Kuznetsov
(U.S. Pat. Appl. Publ. No. US 2011/0051148), lays out
various integrated, high speed filtered ASE swept source
configurations. U.S. Patent Appl. Serial No. 12/776,373,
entitled ASE Swept Source with Self-Tracking Filter for
OCT Medical Imaging, filed on May 8, 2010, by the same
inventors (U.S. Pat. Appl. Publ. No. US 2011/0051143),
outlines still further configurations that rely on the use of
a self-tracking filter arrangement that can improve per-
formance both in terms of speed and linewidth, among
other things.
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[0012] US2008/0031410 A1 relates to a wave-length
tunable light generator and optical coherency tomo-
graphic device. This device comprises several tunable
light sources. The light of the tunable light sources is
combined by means of a coupler.

[0013] US2010/142567 A1 discloses a tunable distrib-
uted Bragg reflector (DBR) semi-conductor laser. This
laser comprises a branched optical wave guide within
which a plurality of differently shaped lasing cavities may
be formed.

[0014] From US2004/0064022 A1 a spectroscopic
catheter system is known comprising two light sources
with a frequency selective tunable element which is a
diffraction grating. The diffraction grating forms both a
shared reflector for the two laser cavities of the two light
sources as well as a tuning element.

[0015] US2007/0291801 A1 discloses an optically
pumped semi-conductor pumped optical parameter os-
cillator (OPS-pumped OPO) including an OPS-laser res-
onator and an OPS-resonator. An OPS-laser resonator
comprises a birefringent filter providing a wave-length
selection function.

[0016] US 7,415,049 B2 shows an external cavity laser
having a mirror-based resonant tunable filter which is em-
bodied as Fabry-Perot-tunable filter. This tunable Fabry-
Perot filter is tilted with respect to an optical axis of the
laser cavity. This Fabry-Perot filter forms one of the mir-
rors of the laser cavity.

SUMMARY OF THE INVENTION

[0017] Aspects of the present invention are directed to
swept source systems that include multiple swept sourc-
es. It further concerns optical coherence tomography
systems that incorporate and are compatible with such
swept source systems.

[0018] In general, according to one aspect, the inven-
tion features a laser system that comprises multiple laser
sources. Specifically a first laser source generates a first
tunable optical signal that is tuned over a first spectral
scan band, the first laser source having first laser cavity
defined by a first reflector and a shared reflector, the first
laser source including a first gain element for amplifying
light in the first laser cavity and a first tuning element for
dictating a wavelength of the first optical signal. A second
laser source generates a second tunable optical signal
that is tuned over a second spectral scan band, the sec-
ond laser source having a second laser cavity defined
by a second reflector and the shared reflector, the second
laser source including a second gain element for ampli-
fying light in the second laser cavity and a second tuning
element for dictating a wavelength of the second optical
signal. An intracavity combiner located between the
shared reflector and each of the first reflector and second
reflector couples light to the shared reflector and back
into the firstlaser cavity and the second laser cavity. Each
laser source comprises a lens for coupling light between
the corresponding gain element and the corresponding
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tuning element. Each of the tuning elements comprises
a Fabry-Perot tunable filter.

[0019] In embodiments, a combined optical signal in-
cluding the first optical signal and the second optical sig-
nalis extracted through the shared reflector. Also, atleast
one birefringence compensation element is preferably
provided in at least one of the first laser cavity and the
second laser cavity for controlling a polarization of light
returning to the first gain element and/or the second gain
element.

[0020] Preferably, the intracavity combiner comprises
polarization beam splitter for dividing light returning from
the shared reflector between the first gain element and
the second gain element. Here, a polarization rotation
element in one of the first laser cavity and the second
laser cavity is useful for rotating the polarization of light
received by the polarization beam splitter. However, a
polarization rotation element is provided in each of the
first laser cavity and the second laser cavity for rotating
the polarization of light received by the polarization beam
splitter, in other examples. A combined optical signal in-
cluding the first optical signal and the second optical sig-
nal can be extracted through the polarization beam split-
ter.

[0021] Inother embodiments, the intracavity combiner
comprises beam splitter for dividing light returning from
the shared reflector between the first gain element and
the second gain element. In other implementations,
WDM combiners and beam switches are used.

[0022] In the typical application, the laser system is
used in an OCT system that comprises an interferometer
for dividing a combined optical signal, including the first
tunable optical signal and the second tunable optical sig-
nal, between a reference arm leading to a reference re-
flector and a sample arm leading to a sample and a de-
tector system for detecting an interference signal gener-
ated from the combined optical signal from the reference
arm and from the sample arm.

[0023] Depending on the embodiment, the first spec-
tral scan band and the second spectral scan band are
substantially the same, non-overlapping spectral scan
bands, or contiguous spectral scan bands.

[0024] In general, according to another aspect, the in-
vention features an optical coherence analysis system
that comprises a laser system according to one of the
claims 1 to 12, wherein the first laser source forms a first
swept source that generates a first optical signal that is
tuned over a first spectral scan band, and the second
laser source forms a second swept source thatgenerates
a second optical signal that is tuned over a second spec-
tral scan band;an interferometer for dividing the com-
bined optical signal between a reference arm leading to
areference reflector and a sample arm leading to a sam-
ple; a multi channel k-clock system for receiving the com-
bined optical signal and separately detecting the first op-
tical signal to generate afirst clock and the second optical
signal to generate a second clock; and a detector system
for detecting an interference signal generated from the
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combined optical signal from the reference arm and from
the sample arm in response to the first clock and the
second clock.

[0025] Also disclosed but not forming part of the
claimed invention is an optical coherence analysis sys-
tem comprising: a first swept source that generates a first
optical signal thatis tuned over a first spectral scan band,
a second swept source that generates a second optical
signal that is tuned over a second spectral scan band, a
combiner for combining the first optical signal and the
second optical signal to form a combined optical signal,
an interferometer for dividing the combined optical signal
between areference arm leading to a reference reflector
and a sample arm leading to a sample, a coherence anal-
ysis detector system for detecting an interference signal
generated from the first optical signal, and a spectral
analysis detector for detecting the second optical signal
after interaction with the sample.

[0026] In general, according to still another aspect, the
invention features an optical coherence analysis system
according to claim 13 comprising a micro optical bench,
wherein the first swept source, the second swept source,
the combiner, the multi channel k-clock system are
mounted on the micro optical bench.

[0027] Also disclosed but not forming part of the
claimed invention is an optical coherence analysis sys-
tem comprising a first swept source that generates a first
optical signal that is tuned over a first spectral scan band,
a second swept source that generates a second optical
signal that is tuned over a second spectral scan band, a
combiner for combining the first optical signal and the
second optical signal to form a combined optical signal,
an interferometer for dividing the combined optical signal
between areference arm leading to a reference reflector
and a sample arm leading to a sample, and a coherence
analysis detector system for detecting an interference
signal generated from the first optical signal and the sec-
ond optical signal. The coherence analysis detector sys-
tem comprises WDM filters for separating the combined
optical signals from the reference arm and the sample
arm between a first detector subsystem that generates
interference signals from the first optical signal and a
second detector subsystem that generates interferences
signals from the second optical signal.

[0028] The above and other features of the invention
including various novel details of construction and com-
binations of parts, and other advantages, will now be
more particularly described with reference to the accom-
panying drawings and pointed out in the claims. It will be
understood that the particular method and device em-
bodying the invention are shown by way of illustration
and not as a limitation of the invention. The principles
andfeatures of this invention may be employed in various
and numerous embodiments without departing from the
scope of the invention as defined in the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0029] Inthe accompanying drawings, reference char-
acters refer to the same parts throughout the different
views. The drawings are not necessarily to scale; em-
phasis has instead been placed upon illustrating the prin-
ciples of the invention. Of the drawings:

Fig. 1 is a schematic view of an OCT system with a
dual swept source according to an embodiment of
the invention;

Fig. 2A is a schematic view of an OCT system with
a dual swept source according to another embodi-
ment of the invention incorporating a wavelength
and/or polarization diversity optical receiver;

Fig. 2B is a schematic view of an OCT system with
a dual swept source according to another embodi-
ment of the invention incorporating a polarization
sensitive optical receiver functioning at multiple
wavelengths;

Fig. 3 is a schematic view of an OCT system with a
dual swept source according to another embodiment
of the invention incorporating spectral analysis func-
tionality;

Fig. 4 is a block diagram of a dual filtered ASE swept
optical source;

Fig. 5 is a block diagram of a dual filtered ASE swept
optical source with an integrated k-clock system;
Fig. 6 is a schematic diagram of a dual laser swept
optical source;

Fig. 7 is a schematic diagram of a dual laser swept
optical source with a shared optical cavity according
to the present invention;

Fig. 8 is a diagram of a birefringence controller used
in the swept source optical system;

Fig. 9 is a schematic diagram of a dual laser swept
optical source with a shared optical cavity according
to another embodiment;

Fig. 10 is a schematic diagram of a dual laser swept
optical source with a shared optical cavity according
to still another embodiment;

Fig. 11 is a schematic diagram of a dual laser swept
optical source with birefringence controllers for each
individual swept source;

Fig. 12 is a top plan scale drawing of the dual laser
swept optical source;

Fig. 13 is a top plan view of a multichannel k-clock
system;

Figs. 14A-14F are plots of wavelength as a function
of time showing swept source scanning, with Fig.
14A showing conventional scanning, Fig. 14B show-
ing time multiplexed scanning over a common scan
band, Fig. 14C showing time multiplexed scanning
overacommon scan band with polarization diversity,
Fig. 14D showing time multiplexed scanning over a
different contiguous scan bands, Fig. 14E showing
time multiplexed scanning over different, non-over-
lapping scan bands with a guard band, and Fig. 14F
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showing simultaneous scanning over a different
scan bands;

Fig. 15 is a block diagram showing an OCT system
with a four swept sources;

Figs. 16A and 16B are plots of wavelength as a func-
tion of time showing swept source scanning, simul-
taneously over two and four different scan bands,
respectively; and

Fig. 17 is plot of wavelength as a function of time
showing swept source scanning, simultaneously
over two different scan bands with different scan
rates.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0030] Fig. 1 shows an optical coherence analysis sys-
tem 300 using the integrated dual swept source 100,
which has been constructed according to the principles
of the present invention.

[0031] The integrated dual swept source system 100
generates a combined optical signal on optical fiber 320
that is transmitted to interferometer 50. In the preferred
embodiment, this combined optical signal is a tunable
optical signal that scans over a combined scanband with
a narrowband emission.

[0032] The integrated dual swept source system 100
comprises at least a first swept source 100-1 and a sec-
ond swept source 100-2. Each of these individual swept
sources generates respective tunable optical signals, a
first optical signal and a second optical signal. The first
optical signal and the second optical signal are combined
into the combined optical signal by a combiner 200 and
coupled onto the optical fiber 320.

[0033] Inoneembodiment, the first sweptsource 100-1
and a second swept source 100-2 of the integrated dual
swept source system 100 are operated in a time-multi-
plexed "ping-pong" fashion. At any given instant, the
combined optical signal on optical fiber 320 is derived
from only one of the swept sources 100-1, 100-2.
[0034] Preferably, the integrated dual swept source
system 100 also further comprises a k-clock module 250.
The k-clock module generates a clocking signal at equal-
ly spaced optical frequency increments as the combined
tunable optical signal is tuned over the combined scan
band.

[0035] In the current embodiment, a Mach-Zehnder-
type interferometer 50 is used to analyze the optical sig-
nals from the sample 340. The combined tunable signal
from the swept source module 100 is transmitted on fiber
320to a90/10 optical coupler 322. The combined tunable
signal is divided by the coupler 322 between a reference
arm 326 and a sample arm 324 of the system.

[0036] The optical fiber of the reference arm 326 ter-
minates at the fiber endface 328. The light exiting from
the reference arm fiber endface 328 is collimated by a
lens 330 and then reflected by a mirror 332 to return back,
in some exemplary implementations.
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[0037] The external mirror 332 has an adjustable fiber
to mirror distance (see arrow 334), in one example. This
distance determines the depth range being imaged, i.e.
the position in the sample 340 of the zero path length
difference between the reference arm 326 and the sam-
ple arm 324. The distance is adjusted for different sam-
pling probes and/orimaged samples. Lightreturning from
the reference mirror 332 is returned to a reference arm
circulator 342 and directed to a 50/50 fiber coupler 346.
[0038] The fiber on the sample arm 324 terminates at
the sample arm probe 336. The exiting light is focused
by the probe 336 onto the sample 340. Light returning
from the sample 340 is returned to a sample arm circu-
lator 341 and directed to the 50/50 fiber coupler 346. The
reference arm signal and the sample arm signal are com-
bined in the fiber coupler 346 to generate an interference
signal. The interference signal is detected by a balanced
receiver, comprising two detectors 348, at each of the
outputs of the fiber coupler 346. The electronic interfer-
ence signal from the balanced receiver 348 is amplified
by amplifier 350.

[0039] Inone mode of operation, the first swept source
100-1 and a second swept source 100-2 are operated in
a time-multiplexed "ping-pong" fashion. Only, a single
channel receiver is required to detect the interference
signal.

[0040] An analog to digital converter system 315 is
used to sample the interference signal output from the
amplifier 350. Frequency clock and sweep trigger signals
derived from the k-clock module 250 of the dual swept
source 100 are used by the analog to digital converter
system 315 to synchronize system data acquisition with
the frequency tuning of the swept source system 100.
[0041] Once a complete data set has been collected
from the sample 340 by spatially raster scanning the fo-
cused probe beam point over the sample, in a Cartesian
geometry, x-y, fashion or a cylindrical geometry theta-z
fashion, and the spectral response at each one of these
points is generated from the frequency tuning of the dual
swept source 100, the digital signal processor 380 per-
forms a Fourier transform on the data in order to recon-
struct the image and perform a 2D or 3D tomographic
reconstruction of the sample 340. This information gen-
erated by the digital signal processor 380 can then be
displayed on a video monitor.

[0042] Inoneapplication, the probe 336 is inserted into
blood vessels and used to scan the inner wall of arteries
and veins. In other examples, other analysis modalities
are included in the probe such as intravascular ultra-
sound (IVUS), forward looking IVUS (FLIVUS), high-in-
tensity focused ultrasound (HIFU), pressure sensing
wires and image guided therapeutic devices.

[0043] Fig. 2A shows an optical coherence analysis
system 300 that provides for polarization sensitive co-
herence analysis.

[0044] In this second embodiment, the dual swept
source 100 and specifically the first swept source 100-1
and the second swept source 100-2 are preferably op-
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erated in a time multiplexed fashion.

[0045] The detector system has the capacity to sepa-
rate the interference signal into two orthogonal polariza-
tions. Polarization beam splitters 362 and 364 separate
the polarizations which are then detected by two bal-
anced detectors 348-1 and 348-2. Separate amplifiers
350-1 and 350-2 are provided, and the analog to digital
conversion board 315 includes two channels to enable
simultaneous detection of the output of amplifiers 350-1
and 350-2.

[0046] Fig. 2B shows an optical coherence analysis
system 300 that provides for polarization sensitive de-
tection at two wavelengths simultaneously.

[0047] Here, the dual sweptsource 100 and specifical-
ly the first swept source 100-1 and the second swept
source 100-2 are not necessarily operated in a time mul-
tiplexed fashion. At least, it is not a requirement of the
architecture that they are operated in this fashion. In-
stead, the first tunable optical signal from the first swept
source 100-1 and the second tunable optical signal from
the second swept source 100-2 are separated in wave-
length. As aresult, the combined optical signal on optical
fiber 320 in one implementation of this embodiment is at
anyinstanta combination of the first tunable optical signal
and the second tunable optical signal, which are tunable
over different spectral bands.

[0048] The detector system has the capacity to sepa-
rate the reference and sample arms signals into portions
derived from first tunable optical signal and the second
tunable optical signal priorto detection. Afirst wavelength
division multiplexing (WDM) splitter 384 and a second
WDM splitter 386 are used to separate the spectral com-
ponents of the signals from the circulators 341, 342. The
separate spectral components are sent to two separate
detector subsystems 388, 390. In this implementation, it
is not a requirement of the architecture that the first swept
source 100-1 and the second swept source 100-2 are
operated in this fashion. Instead, the first tunable optical
signal from the first swept source 100-1 and the second
tunable optical signal from the second swept source
100-2 are separated in wavelength. The two separate
detector subsystems 388, 390 are used to separately
detect the interference signals that result from the first
tunable optical signal from the first swept source 100-1
and the second tunable optical signal that is generated
by the second swept source 100-2.

[0049] In more detail, each of the first detector subsys-
tem 388 and the second detector subsystem 390 has a
fiber coupler 346 for generating interference signals. Po-
larization beam splitters 362 and 364 then separate the
interference signals into the separate orthogonal polari-
zations to enable polarization sensitive detection. Two
balanced detectors 348-1 and 348-2 in each the detector
subsystems 388, 390 separately detect the interference
signals thatresult from the first tunable optical signal from
the first swept source 100-1 and the second tunable op-
tical signal that is generated by the second swept source
100-2. Separate amplifiers 350-1 and 350-2 are provid-
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ed, and the analog to digital conversion board 315 in-
cludes four channels to enable simultaneous detection
of the output of amplifiers 350-1 and 350-2 from each the
detector subsystems 388, 390.

[0050] It should be noted that while the illustrated em-
bodiment is shown with two swept-sources and two de-
tection channels, more than two swept sources and more
than two corresponding detection channels are used in
still further embodiments. In such implementations, a
WDM combiner 200 is used to combine multiple swept
sources 100-1 to 100-n, such as n=4 or 6 or more sourc-
es. WDM splitters 384, 386 are then used to separate
out the signals associated with the different swept sourc-
es for detection at multiple detector subsystems 388,
390.

[0051] Fig. 3 shows an optical coherence analysis sys-
tem 300 that has been constructed according to a third
embodiment of the present invention.

[0052] This third embodiment includes the capability
to perform spectroscopic analysis on the sample 340.
[0053] Inmore detall, in the preferred embodiment, two
optical fibers are provided to the probe 336. Optical fiber
350 transmits the combined signal including first tunable
optical signal and the second tunable optical signal to
the probe 336, which directs the signals to the sample
340. Light returning from the sample 340 that is used for
optical coherence analysis returns on optical fiber 350 to
circulator 341. This returning light is processed as de-
scribed in the previous embodiments to generate an op-
tical coherence analysis of the sample 340.

[0054] In contrast, light that is used for spectral analy-
sis of the sample 340 is coupled from the probe on optical
fiber 352. This spectral analysis light is detected by spec-
tral analysis detector 356. In one implementation, a filter
and collimator element 354 is used to direct the light onto
the spectral analysis detector 356 and also possibly re-
move any spectral components of the signal that are re-
lated to the optical coherence analysis of the sample 340.
[0055] In one implementation, the first swept source
100-1 is used for optical coherence analysis. The second
swept source 100-2 is used for spectral analysis of the
sample 340. Typically, these two swept sources will op-
erate with different spectral scan bands. In this imple-
mentation, the filter and collimator element 354 isa WDM
filter that transmits only the scanband generated by the
second swept source 100-2.

[0056] In still a further implementation, the spectral
analysis of the sample 340 is performed at the same
spectral regions as the optical coherence analysis. In this
case the filter and collimator element 354 passes the
spectral components associated with both the first swept
source 100-1 and the second swept source 100-2 and
the detector 356 detects the spectral response of the
sample 340 in a time multiplexed fashion. Alternatively,
when the first swept source 100-1 in the second swept
source 100-2 operate in different spectral scan bands,
then the filter and collimator element 354 allows the light
from only one of these scan bands to reach the detector
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356 when they cannot be separated in time.

[0057] Fig. 4 shows a dual swept optical source 100.
[0058] The first and the second swept sources 100-1
and 100-2 are each filtered amplified spontaneous emis-
sion sources. In the current embodiments these ASE
swept sources 100-1 and 100-2 are any one of ASE
swept sources described in U.S. Pat. Appl. Serial No.
12/553,295, entitled Filtered ASE Swept Source for OCT
Medical Imaging, filed on September 3, 2009 by Flan-
ders, et al. orin U.S. Patent Appl. Serial No. 12/776,373,
entitled ASE Swept Source with Self-Tracking Filter for
OCT Medical Imaging, filed on May 8, 2010. Additionally,
other amplified ASE swept sources could be used in still
further examples. Nevertheless, the following example
is provided based on one of the swept source configura-
tions of these documents.

[0059] In more detail, the swept sources 100-1, 100-2
each comprise a broadband source 112-1, 112-2 that
generates a broadband optical signal. In general, the
broadband signal is characterized by a continuous spec-
trum that extends in wavelength over at least 40 nanom-
eters (nm) of bandwidth, full width half maximum
(FWHM). Typically, the continuous spectrum extends
over atleast 70 nm and preferably over 100 nm or greater.
[0060] In the preferred embodiment, the broadband
sources 112-1, 112-2 are electrically pumped semicon-
ductor chip gain media that are bonded or attached to a
common bench B. Examples of the sources 112-1, 112-2
include superluminescent light emitting diodes (SLED)
and semiconductor optical amplifiers (SOA). The mate-
rial systems of the chips are selected based on the de-
sired spectral operating range for each of the first and
the second swept sources 100-1 and 100-2. Common
material systems are based on IllI-V semiconductor ma-
terials, including binary materials, such as GaN, GaAs,
InP, GaSb, InAs, as well as ternary, quaternary, and pen-
tenary alloys, such as InGaN, InAlGaN, InGaP, AlGaAs,
InGaAs, GalnNAs, GalnNAsSb, AlinGaAs, InGaAsP, Al-
GaAsSb, AlGalnAsSb, AlAsSb, InGaSb, InAsSb, and In-
GaAsSb. Collectively, these material systems support
operating wavelengths from about 400 nm to 2000 nm,
including longer wavelength ranges extending into mul-
tiple micrometer wavelengths.

[0061] Semiconductor quantum well and quantum dot
gain regions are typically used to obtain especially wide
gain and spectral emission bandwidths. Currently, edge-
emitting chips are used although vertical cavity surface
emitting laser (VCSEL) chips are used in different imple-
mentations.

[0062] The use of semiconductor chip gain media for
the first and the second swept sources 100-1 and 100-2
has advantages in terms of system integration since
these semiconductor chips can be bonded to submounts
that in turn are directly bonded to the common bench B.
Other possible gain media can be used in other imple-
mentations, however. In these examples, the broadband
signalis typically transmitted via optical fiber to the bench
B. Such examples include solid state gain media, such
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as rare-earth (e.g., Yb, Er, Tm) doped bulk glass,
waveguides or optical fiber.

[0063] Inthese examples,the outputfacets of the chips
or gain waveguides/fibers are antireflection coated, and
possibly angled, so that the gain media do not lase but
instead generate broadband light via amplified sponta-
neous emission (ASE).

[0064] In some embodiments, the broadband sources
112-1, 112-2 have different operating or spectral emis-
sions to form separate non-overlapping spectral bands.
In other examples, the spectral bands of the broadband
sources 112-1, 112-2 are contiguous or potentially over-
lapping. As aresult, the broadband sources 112-1, 112-2
are in some examples chips made out of different material
systems.

[0065] The use of sources with complementary spec-
tral bands enables the dual swept source system 100 to
generate a combined tunable optical signal that covers
a wider wavelength scanning range. This translates into
ahigher spatial (depth) resolution for the imaging system.
Alternatively, the two different spectral bands can provide
complementary information about the sample, such as
different penetration depths into the sample and different
sample image contrast. In still other embodiments, spec-
tral bands are selected for the best optical coherence
analysis and different spectral bands are selected for the
spectral analysis of the sample.

[0066] The use of two swept sources with substantially
the same spectral band but multiplexed in alternating
time slots in a "ping pong" fashion allows higher duty
cycle for data acquisition and better frequency tuning lin-
earity of each of the two sources. This "ping pong" dual
laser approach can be used advantageously instead of
the standard optical buffering approach in high speed
OCT, where two copies of the optical signal from a single
swept source are time multiplexed after time delaying
one of the signal copies in a long length of optical fiber.
The advantage of the dual source approach is that, unlike
the case with optical buffering, it does not require a long
length of fiber with its possible strong dispersion that
strongly degrades imaging resolution.

[0067] Another major benefit of the ping-pong ap-
proach is the 2X higher attainable duty cycle, which re-
laxes the maximum data acquisition frequency require-
ments for a given scan range and scan speed by a factor
of 2, allowing for lower cost data acquisition components
or faster scan speeds.

[0068] In other examples, the broadband sources
112-1, 112-2 generate broadband signals that have dif-
ferent polarizations, such as orthogonal polarizations.
The advantage here is that the optical signals from the
separate broadband sources provide polarization diver-
sity sample illumination and signal detection such as to
eliminate polarization sensitivity of the imaging system
and eliminate polarization artifacts in the image. Alterna-
tively, the two orthogonal polarizations can be used for
polarization sensitive imaging that can enhance imaging
contrast of specific regions of interest in the sample.
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[0069] The bench B is termed a micro-optical bench
and is preferably less than 20 millimeters (mm) in width
and about 50 mm in length or less. This size enables the
bench to be installed in a standard, or near standard-
sized, butterfly or DIP (dual inline pin) hermetic package.
In one implementation, the bench B is fabricated from
aluminum nitride. A thermoelectric cooler is disposed be-
tween the bench B and the package (attached/solder
bonded both to the backside of the bench and inner bot-
tom panel of the package) to control the temperature of
the bench B.

[0070] The broadband optical signals from the broad-
band sources 112-1, 112-2 are coupled to respective iso-
lators 114-1, 114-2, which are preferably also bonded or
attached to the bench B. These isolators 114-1, 114-2
prevent feedback into the broadband sources 112-1,
112-2 that might cause them to lase or otherwise change,
e.g. produce ripple in, the emission spectrum of the
broadband optical signal from the broadband sources.
[0071] First-stage tunable filters 116-1, 116-2 function
as tunable bandpass filters to convert the broadband sig-
nals to narrow band tunable signals, the first and second
tunable signals. In a current embodiment, the passband
of the first stage tunable filters have a full width half max-
imum (FWHM) bandwidths of less than 20 or 10 Giga-
Hertz (GHz), and are preferably 5 GHz or less. For spec-
troscopy this relatively narrow passband yields high
spectral resolution. For optical coherence tomography,
this high spectral resolution implies long coherence
length of the source and therefore enables imaging deep-
er into samples, for example deeper than 5 mm. In lower
performance applications, for example OCT imaging less
than 1 mm deep into samples, broader FWHM pass-
bands are sometimes appropriate, such as passbands
of about 200 GHz or less.

[0072] The first-stage tunable filters 116-1, 116-2 are
scanned over a first spectral scan band and a second
spectral scan band, respectively. In some implementa-
tions, first spectral scan band and the second spectral
scan bands are non-overlapping, contiguous, overlap-
ping, or the same scan bands. Generally, the scan bands
of first-stage tunable filters 116-1, 116-2 are matched to
the corresponding emission spectralbands ofthe respec-
tive broadband sources 112-1, 112-2.

[0073] In the current embodiment, the first stage tun-
able filters 116-1, 116-2 are Fabry-Perot tunable filters
that are fabricated using micro-electro-mechanical sys-
tems (MEMS) technology and are attached, such as di-
rectly solder bonded, to the bench B. Currently, the filters
116-1, 116-2 are manufactured as described in U.S. Pat.
Nos. 6,608,711 or 6,373,632. A curved-flat resonator
structure is used in which a generally flat mirror and an
opposed curved mirror define a filter optical cavity, the
optical length of which is modulated by electrostatic de-
flection of at least one of the mirrors.

[0074] The tunable optical signals that are produced
by the passband of the first stage tunable filters 116-1,
116-2 are amplified in first stage optical amplifiers 120-1,
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120-2 of a first amplification stage. Preferably the first
stage optical amplifiers are SOA’s with antireflection
coated and angled front and rear facets, enabling inte-
gration onto the bench B by attachment, typically via a
submount.

[0075] Secondisolators 118-1, 118-2 between the first
stage tunable filters 116-1, 116-2 and the first amplifiers
120-1, 120-2 prevent back reflections between the front
facets of the first amplifiers 120-1, 120-2 and the first
stage tunable filters 116-1, 116-2 from causing lasing or
other spectral ripple due to parasitic reflections between
these two elements. The second isolators 118-1, 118-2
are preferably also bonded or otherwise attached to the
bench B.

[0076] The amplified tunable signals from the first
stage amplifiers 120-1, 120-2 are again passband filtered
by second stage tunable filters 122-1, 122-2. These sec-
ond stage filters 122-1, 122-2 are preferably tunable
MEMS Fabry-Perot filters as described previously and
are preferably also similarly solder-bonded or otherwise
attached to the bench B. In some implementations, the
only difference between the first stage tunable filters
116-1, 116-2 and the second stage tunable filters 122-1,
122-2 are that the second stage tunable filters 122-1,
122-2 have slightly broader passbands than the first
stage tunable filters 116-1, 116-2, such as between 2
and 20 times broader in frequency. These second stage
filters 122-1, 122-2 are termed tracking filters because
they are controlled to scan synchronously with the first
stage tunable filters 116-1, 116-2 and thus track tuning
of the first stage filters. The tracking filters function pri-
marily to remove ASE noise introduced by the first stage
amplifiers 120-1, 120-2 and further spectrally shape and
narrow the tunable signal.

[0077] The synchronous tracking of the second stage
tunable filters 122-1, 122-2 with the first stage tunable
filters 116-1. 116-2 is controlled by a tuning controller
125 that drives both filters of both stages and swept
sources. Preferably, the tuning controller 125 spectrally
centers the passbands of the tracking tunable filters
122-1, 122-2 on passbands of the first stage tunable fil-
ters 116-1, 116-2 and then tunes the two passbands to-
gether over the scanband extending over the gain bands
of the respective broadband sources 112-1, 112-2 and
amplifiers 120-1, 120-2, 126-1, 126-2.

[0078] Third isolators 121-1, 121-2 between the first
stage amplifiers 120-1, 120-2 and the second stage tun-
able filters 122-1, 122-2 prevent back reflections between
the back facets of the first stage amplifiers 120-1, 120-2
and the second stage tunable filters 122-1, 122-2 from
causing lasing or other spectral ripple due to parasitic
reflections between these two elements and any other
intervening elements such as lenses, not shown in this
view. The third isolators 121-1, 121-2 are preferably also
bonded or otherwise attached to the bench B.

[0079] The amplified tunable optical signals that are
produced from the first stage optical amplifiers 120-1,
120-2 and filtered by the tracking filters 122-1, 122-2 are
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again amplified in second amplifiers 126-1, 126-2 of a
second amplification stage. Preferably the second stage
optical amplifiers 126-1, 126-2 are also SOA’s with antire-
flection coated and angled front and rear facets, enabling
integration onto the bench B by attachment to it. In terms
of control, the second stage optical amplifiers 126-1,
126-2 are usually operated in saturation with a lower input
saturation power to minimize broadband ASE contribu-
tion from this last gain stage.

[0080] Fourth isolators 124-1, 124-2 between the front
facets of the second stage amplifiers 126-1, 126-2 and
the second stage tunable filters 122-1, 122-2 prevent
back reflections between the front facet of the second
amplifiers 126-1, 126-2 and the second tunable filters
122-1, 122-2 from causing lasing or other spectral ripple
due to parasitic reflections between these elements. The
fourth isolators 124-1, 124-2 are preferably also bonded
or otherwise attached to the bench B.

[0081] Ifrequired, still further gain stages can be used.
In one example third SOAs, a third amplification stage,
are added. For other applications having still higher pow-
er requirements, a rare-earth doped fiber gain stage is
added after the second SOAs 126-1, 126-2.

[0082] The outputs of each second stage amplifiers
126-1, 126-2 are a first tunable optical signal 128-1 and
a second tunable optical signal 128-2. These optical sig-
nals are combined in a combiner stage 200 to form a
combined optical signal 256 on optical fiber 320. In the
preferred embodiment, the elements of the combiner
stage 200 are implemented on and secured to the optical
bench B.

[0083] In one example, the combiner 200 forms the
combined optical signal 256 using a WDM filter. In this
implementation, a first spectral scan band and the sec-
ond spectral scan band are non-overlapping spectral
scan bands. A fold mirror 254 directs the second tunable
optical signal 128-2 to a beam combining element 252,
which is a WDM filter that reflects light in the second
spectral scan band and transmits light in the first spectral
scan band.

[0084] In another example, the first tunable optical sig-
nal 128-1 and the second tunable optical signal 128-2
have orthogonal polarizations. The signals are combined
in the combined signal using a polarization beam com-
biner as the beam combining element 252. Since this
example relies on polarization diversity, it works when
the first spectral scan band and the second spectral scan
band are the same, overlapping, contiguous, and non-
overlapping. In order to produce the orthogonal polariza-
tions a quarterwave plate 262 is typically added to the
optical path of one of the sources.

[0085] In still another example, the first tunable optical
signal 128-1 and the second tunable optical signal 128-2
are time multiplexed. Here, the signals are combined in
the combined signal using a beam switch as the beam
combining element 252 by alternately passing either the
first tunable optical signal 128-1 or the second tunable
optical signal 128-2 as the combined signal 256.
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[0086] In still another example, the beam combining
element 252 is a 50/50 beamsplitter/combiner, where the
second optical output of such combiner is used in the
input 260 to the K-clock module 250, which generates
the k-clock signal for triggering analog-to-digital data ac-
quisition electronics module 315.

[0087] Fig. 5 shows another dual swept optical source
100 that has an integrated k-clock.

[0088] Particularly, the k-clock system 250 is integrat-
ed on the bench B along with the dual swept optical
source 100. Preferably, the k-clock system 250 and the
components of the dual swept optical source 100 are
further integrated together within a common hermetic
package 500.

[0089] The description presented above with respect
to Fig. 4 generally applies Fig. 5. However, this embod-
iment differs in that it includes the integrated k-clock sys-
tem 250.

[0090] In more detail, input beam 260 is the combined
beam from the beam combiner 252. It is reflected by a
fold mirror 291. The light then passes through a beam
splitter 290, which is preferably a 50/50 splitter to a clock
etalon 292. Any light reflected by the splitter 290 is di-
rected to a beam dump component 294 that absorbs the
light and prevents parasitic reflections in the hermetic
package 500.

[0091] The clock etalon 292 functions as a spectral fil-
ter. Its spectral features are periodic in frequency and
spaced spectrally by a frequency increment related to
the length and refractive index of the constituent material
of the clock etalon 292, which is fused silica in one ex-
ample. The physical length of etalon 292 is L. The etalon
can alternatively be made of other high-index and trans-
missive materials such as silicon for compactness, but
the optical dispersion of the material may need to be com-
pensated for with additional processing. Also, air-gap
etalons, which are nearly dispersionless, are another al-
ternative. Still a further alternative is a free-space inter-
ferometer (e.g. aMichelson), which alsois dispersionless
and is adjusted by moving the relative positions of the
mirrors.

[0092] The contrast of the spectral features of the
etalon 292 is determined by the reflectivity of its opposed
endfaces. In one example, reflectivity at the etalon end-
faces is provided by the index of refraction discontinuity
between the constituent material of the etalon and the
surrounding air, gas or vacuum. In other examples, the
opposed endfaces are coated with metal or preferably
dielectric stack mirrors to provide higher reflectivity and
thus contrast to the periodic spectral features.

[0093] Intheillustrated example, the clock etalon 292
is operated in reflection. The light returning from the clock
etalon 292 and reflected by beamsplitter 290 is detected
by detector 298. The light detected by detector 298 is
characterized by drops andrises in power as the frequen-
cy of the combined tunable optical signal scans through
the reflective troughs/reflective peaks provided by the
clock etalon 298. Light transmitted by the etalon 292 is
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collected by beam dump 295.

[0094] The implementation of the k-clock system 250
on the bench B provides advantages in that a thermo
electric cooler 299, that is also installed within the pack-
age 500, is used both to control the temperature of the
swept source system 100 and temperature stabilize the
k-clock system 250. Additional advantages are the small
overall size of the system along with robustness against
shock since all of the components are installed on acom-
mon rigid bench B.

[0095] Fig. 6 shows another dual swept optical source
100.

[0096] The first and the second laser swept sources
100-1 and 100-2 are each preferably lasers as described
in U.S. Pat. No. 7,415,049 B1.

[0097] In more detail, each of the tunable lasers sourc-
es 100-1, 100-2 comprises a semiconductor gain chip
410-1, 410-2 that is paired with a micro-electro-mechan-
ical (MEMS) angled reflective Fabry-Perot tunable filter
412-1,412-2 to create external cavity tunable laser (ECL)
on a common micro-optical bench B.

[0098] The semiconductor optical amplifier (SOA)
chips 410-1, 410-2 are located within a laser cavity. In
the current embodiment, input facets of the SOA chips
410-1, 410-2 are angled and anti-reflection (AR) coated,
providing parallel beams from the two facets. The output
facets are coated to define one end of the laser cavities,
in one example.

[0099] Each facet of the SOAs 410-1, 410-2 has asso-
ciated lenses 414-1, 414-2, 416-1, 416-2 that are used
to couple the light exiting from either facet of the SOAs
410-1, 410-2. The first lenses 414-1, 414-2 couple the
light between the front facets of the SOAs 410-1, 410-2
and the respective reflective Fabry-Perot tunable filter
412-1, 412-2. Light exiting out the output or front facets
of the SOAs 410-1, 410-2 is coupled by second lenses
416-1, 416-2 to a combiner stage 200.

[0100] The angled reflective Fabry-Perot filters 412-1,
412-2 are amulti-spatial-mode tunable filters that provide
angular dependent reflective spectral response back into
the respective laser cavities. This phenomenon is dis-
cussed in more detail in U.S. Pat. No. 7,415,049 B1.
[0101] In one implementation, extender elements
415-1, 415-2 are added to the laser cavities. These are
transparent high refractive index material, such as fused
silica or silicon or other transmissive material having a
refractive index of about 1.5 or higher. Currently silicon
is preferred. Both endfaces of the extender elements
415-1, 415-2 are antireflection coated. Further, the ele-
ments are preferably angled by between 1 and 10 de-
grees relative to the optical axis of the cavities to further
spoil any reflections from the endfaces from entering into
the laser beam optical axis. These extender elements
415-1,415-2 are used to change the optical distance be-
tween the laser intracavity spurious reflectors and thus
change the depth position of the spurious peak in the
image while not necessarily necessitating a change in
the physical distance between the elements.
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[0102] The combiner stage 200 forms a combined op-
tical signal 256 from the first tunable optical signal 128-1
and the second tunable optical signal 128-2 generated
by the tunable lasers 100-1, 100-2. In the preferred em-
bodiment, the elements of the combiner stage 200 are
implemented on and secured to the optical bench B. The
combined optical signalis coupled by lens 264 into optical
fiber 320 for transmission to the interferometer ofthe OCT
system.

[0103] In one example, the combiner 200 forms the
combined optical signal 256 using a WDM filter. In this
implementation, a first spectral scan band of first tunable
laser 100-1 and the second spectral scan band of second
tunable laser 100-2 are non-overlapping spectral scan
bands. A fold mirror 254 directs the second tunable op-
tical signal 128-2 to a beam combining element 252,
which is a WDM filter that reflects light in the second
spectral scan band and transmits light in the first spectral
scan band.

[0104] Inanotherexample, the first tunable optical sig-
nal 128-1 and the second tunable optical signal 128-2
have orthogonal polarizations. A quarter wave plate 262
is used to rotate the polarization of the second tunable
optical signal 128-2 from the second tunable laser 100-2.
In other examples, the SOA chips produce optical signals
of orthogonal polarizations. The signals are combined in
the combined optical signal 256 using a polarization
beam combiner as the beam combining element 252.
Since this example relies on polarization diversity, it
works when the first spectral scan band and the second
spectral scan band are the same, overlapping, contigu-
ous, and non-overlapping.

[0105] Instillanother example, the first tunable optical
signal 128-1 and the second tunable optical signal 128-2
are time multiplexed. Here, the signals are combined in
the combined signal 256 using a beam switch as the
beam combining element 252 by alternately passing ei-
ther the first tunable optical signal 128-1 or the second
tunable optical signal 128-2 as the combined signal 256.
[0106] In still another example, the beam combining
element 252 is a 50/50 beamsplitter/combiner, where the
second optical output 260 of such combiner 252 is used
in the K-clock module 250 for generating the k-clock sig-
nal for triggering analog-to-digital data acquisition elec-
tronics module 315.

[0107] Fig. 7 shows another embodiment of the dual
swept optical source 100, using laser sources, according
to the principles of the present invention.

[0108] In the embodiment of Fig. 6, the laser cavities
are relatively short, extending between the tunable filters
412-1, 412-2 and the output facets of the SOAs 410-1,
410-2. The embodiment of Fig. 7 provides for longer tun-
able filter cavities by implementing a shared cavity ar-
rangement in which tunable laser swept sources 100-1,
100-2 have a portion of the laser cavity that is shared
between them.

[0109] In more detail, in this embodiment, both facets
of the SOAs 410-1, 410-2 are antireflection coated. The
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optical cavities of each of the tunable laser swept sources
100-1, 100-2 extend from their respective tunable filters
412-1,412-2 through the combiner stage 200 to a shared
reflector 270. This shared reflector 270 is a common re-
flector that defines an end of the laser cavity for both of
the tunable laser swept sources 100-1, 100-2.

[0110] Inoneimplementation, the shared reflector 270
is a partially reflecting mirror formed on the end of a fiber
pigtail 268 that is optically coupled to the bench B. Light
from both laser cavities of tunable laser swept sources
100-1, 100-2 is coupled into fiber pigtail 268 via the com-
biner 200 and lens 264.

[0111] As described previously, there are a number of
potential implementations of the combiner stage 200. In
one example, the combiner 200 combines the light from
the tunable lasers using a WDM filter. In this implemen-
tation, a first spectral scan band of first tunable laser
100-1 and the second spectral scan band of second tun-
able laser 100-2 are non-overlapping spectral scan
bands. The fold mirror 254 directs the light to a beam
combining element252, which is a WDM filter that reflects
lightin the second spectral scan band and transmits light
in the first spectral scan band.

[0112] In another example, the first tunable optical sig-
nal 128-1 and the second tunable optical signal 128-2
have orthogonal polarizations. A quarter wave plate 262
is used to rotate the polarization of the second tunable
optical signal 128-2 from the second tunable laser 100-2
if required. In other examples, the SOA chips produce
optical signals of orthogonal polarizations. The signals
are combined in the combined optical signal 256 using
a polarization beam combiner as the beam combining
element 252. Since this example relies on polarization
diversity, it works when the first spectral scan band and
the second spectral scan band are the same, overlap-
ping, contiguous, and non-overlapping.

[0113] Instill another example, the first tunable optical
signal 128-1 and the second tunable optical signal 128-2
are time multiplexed. Here, the light from the two cavities
is combined using a beam switch, in one implementation,
as the beam combining element 252 by alternately pass-
ing either the first tunable optical signal 128-1 or the sec-
ond tunable optical signal 128-2 as the combined signal
256.

[0114] In still another example, the beam combining
element 252 is a 50/50 beamsplitter/combiner. In this ex-
ample, however, the beam splitter 252 is an intra-cavity
element. Thus, the loss associated with the element is
higher than in the previous embodiments.

[0115] One advantage of using the shared reflector
270 along with the fiber pigtail 268 is that it enables great-
er latitude in adjusting the lengths of the optical cavities
of the tunable laser swept sources 100-1, 100-2. Gener-
ally, shorter laser cavities translate to higher potential
tuning speeds. The round-trip travel time for the light in
the laser cavities is kept low so that lasers can tune at
very high speed. Short laser cavities, however, create
problems in terms of the spacing of the longitudinal cavity

10

15

20

25

30

35

40

45

50

55

1"

modes. That is, lasers can only produce light at integer
multiples of the cavity length since the light must oscillate
within the cavities. Shorter cavities result in fewer and
more widely spaced modes. Fewer cavity modes result
in greater mode hopping noise as the laser is tuned over
these cavity modes.

[0116] Inthe currentembodiment, the optical length of
each of the laser cavities for the tunable laser swept
sources 100-1, 100-2 is adjustable by controlling the
length of the fiber pigtail 268. In the current embodiment,
thefiber pigtail is between 3 and 9 centimeters, preferably
60 millimeters (mm), long for lasers generating light with
a center wavelength of 1310 and 1060 nanometers in
length. This results in a good trade-off between the tuning
speed of the tunable laser swept sources 100-1, 100-2
while yielding acceptable mode hopping noise as the la-
sers are tuned over the their spectral scan bands.
[0117] In the preferred embodiment, an intracavity bi-
refringence control element 565 is further provided. This
element further functions as a splicing device that cou-
ples the pigtail 270 to optical fiber 320.

[0118] Typically, the SOA has gain in only one prefer-
ential polarization direction. As described previously,
light reflected from the fiber mirror coating 270 in the con-
trolelement 565 serves as one mirror of the laser cavities.
However, single-mode fiber (non polarization-maintain-
ing), which is often preferred for OCT applications. Po-
larization maintaining (PM) fiber can cause ghostimages
due to some light coupling into the undesired fiber axis
and experiencing a longer time delay. Single mode fiber,
however can arbitrarily rotate the polarization state of the
light (called birefringence) and thus degrade laser feed-
back overthe tuningrange. Further, stress from soldering
the fiber to the bench B or to any fiber feed through 502
in package 500 further induces birefringence. In the
worst-case instance, it can prevent lasing if the reflected
light’s direction of polarization ends up orthogonal to the
preferred polarization state of the SOAs 410-1, 410-2.
[0119] Inserting a birefringence control element 565 in
the laser cavities of tunable laser swept sources 100-1,
100-2 compensates by properly aligning the polarization
state of the reflected light.

[0120] Fig. 8 shows one implementation of the birefrin-
gence control element 565 that can provide a relatively
short fiber cavity (from 3 to 8 cm) and allows for polari-
zation alignment and fiber stability in a compact fixture,
which is a mechanical fiber splicing device.

[0121] The fiber stub 268 is held by two points in the
mechanical fiber splicing device. 1) solder at point 418
that connects fiber 268 to tube 420, which is the coupler’s
ferrule; and 2) by the mechanical splice between fiber
268 and fiber 320 at the optical coating/combined reflec-
tor 270.

[0122] One commercially available example of me-
chanicalfiber splicing device is the 3M™ Fibrlok™ [l Uni-
versal Optical Fiber Splice, which is mechanical splice
device that allows the coupling the reflective (HR) coated
fiber 270 to the output fiber 320. In other examples, a
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fusion splice with an HR coating is used to couple fiber
268 to fiber 320.

[0123] This mechanical splice is fixed within the body
422 typically by an epoxy bond. A cylindrical holder 424
is fixed to the body 422 and has an inner bore into which
the tube 420 is inserted. A set screw 426 enables the
tube 420 to be rotated relative to the cylindrical holder
424 and then be fixed to the holder 424 when the set
screw 426 is tightened down. This allows a mechanical
stress to be imparted to fiber 268 in its length between
solder 418 and the region of the shared reflector 270 that
is secured to body 422. This stress affects the birefrin-
gence of the fiber 268 and thus affects the polarization
state of the light within the laser cavities of the tunable
laser swept sources 100-1, 100-2.

[0124] In operation and typically in a manufactur-
ing/calibration stage, with the set screw 426 loosened,
an operator twists the fiber 268 by rotating the body 422
about the stainless steel tube 420. The output of the dual
swept source 100 is monitored by a detector connected
to a high speed oscilloscope. Twisting of the fiber stub
268 induces polarization changes. When optimal opera-
tion is observed, characterized by a maximum power out-
put from the lasers and smooth tuning, i.e., reduced
changes in power as a function of frequency during tuning
and the change in frequency as a function of time is linear
ornear linear during tuning, over the desired tuning range
without any polarization fading, the set screw 426 is tight-
ened to fix the stress applied to the fiber 268. The stain-
less steel tube 420 prevents any subsequent fiber move-
ment and thus maintains polarization stability. Inthis way,
the mechanical fiber splicing device functions as a bire-
fringence control element 565 thatis used to compensate
for other birefringence. This enables polarization match-
ing to occur over the whole wavelength tuning range of
the dual swept source 100 with any residual birefringence
of the SMF fiber being small.

[0125] Fig. 9 shows another embodiment of the dual
swept optical source 100, using laser sources, according
to the principles of the present invention.

[0126] It is similar to the embodiment shown in Fig. 7.
Itincorporates the birefringence control element 565 and
the fiber pigtail 268 that forms a portion of the shared
optical cavity for the tunable laser swept sources 100-1,
100-2. In this embodiment, the shared reflector 270 is
preferably a 100% reflecting mirror. Light is instead ex-
tracted from the tunable laser swept sources 100-1,
100-2 via the combiner 200.

[0127] In more detail, the combining element 252 in
this embodiment is a beam splitter. As a result, a portion
of the light from both of the tunable laser swept sources
100-1, 100-2 is transmitted to the shared reflector 270.
The light that is not reflected by the beam splitter 252
from the second tunable laser swept source 100-2 and
the light that is reflected by the beam splitter 252 from
the first tunable laser swept source 100-1 is collimated
by output lens 272 and coupled into output optical fiber
320 for transmission to the OCT interferometer.
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[0128] Fig. 10 shows another embodiment of the dual
swept optical source 100, using laser sources, according
to the principles of the present invention.

[0129] This embodiment is similar to the embodiment
discussed with respect to Fig. 9. It differs in that the com-
bining element 252 is a polarization beam splitter. Fur-
ther, two adjustable quarter wave plates are added in the
laser cavities of the tunable laser swept sources 100-1,
100-2. These adjustable quarter wave plates 274, 276
are located between the combiner 200 and the SOAs
410-1, 410-1.

[0130] During manufacture, the adjustable quarter
wave plates 274, 276, are rotated to adjust the polariza-
tion of the light transmitted to the combiner 252. Changing
their polarizations changes the degree to which they are
reflected or transmitted by the polarization beam splitter
element 252. This has the effect of providing control over
the light that is coupled from the optical cavities of the
tunable laser swept sources 100-1, 100-2 to output lens
272 and into the optical fiber 320 that transmits the com-
bined tunable optical signal to the OCT interferometer.
[0131] In the preferred embodiment, the adjustable
quarter wave plates 274, 276 are adjusted such that ap-
proximately 50-99 percent of the light is coupled out of
the respective optical cavities and into the optical fiber
320.
[0132]
100.
[0133] Thisdual sweptoptical source differsfromsome
of the previous embodiments in that it has no shared
optical cavities between the two tunable laser swept
sources 100-1, 100-2.

[0134] Separate lenses 416-1, 416-2 couple light from
the laser cavities into separate fiber pigtails 268-1, 268-2
to separate birefringence compensators 565-1, 565-2
and separate with partial reflectors 270-1, 270-2. The
first tunable optical signal 128-1 and the second tunable
optical signal 128-2 are combined in a fiber coupler that
functions as the combiner 200. One of the output ports
of this combiner 200 is then coupled to the optical fiber
320 that transmits the combined optical signal to the OCT
interferometer. Preferably, the other port of the combiner
200 is coupled to the k-clock 250.

[0135] This embodiment has the advantage that the
separate birefringence compensators 565-1, 565-2 are
individually adjustable in order to compensate for bire-
fringence for each of the tunable laser swept sources
100-1, 100-2 separately. Further, the use of the separate
optical cavities and in particular the separate fiber pigtails
268-1, 268-2 allows for the individual adjustment of the
cavity lengths of the tunable laser swept sources 100-1,
100-2.

[0136] Fig. 12 showsanotherdual sweptoptical source
100, using laser sources, and including an integrated la-
ser clock system 250.

[0137] Generally the integrated dual laser clock sys-
tem 100 comprises a two tunable laser subsystems,
which generates a wavelength or frequency tunable first

Fig. 11 shows another dual swept optical source
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and second optical signals, and a clock subsystem 250,
which generates clock signals at equally spaced frequen-
cy increments as the tunable signals or emissions of the
laser 100 are spectrally tuned over a spectral scan
band(s). The clock signals are used to trigger sampling
of the analog to digital converter subsystem 315.
[0138] Thetunable dual laser subsystem 100, combin-
er 200, and clock subsystem 250 of the integrated laser
system 100 are integrated together on a common optical
bench B. This bench B is termed a micro-optical bench
and is preferably less than 20 millimeters (mm) by 30-50
mm in size so thatit fits within a standard or near standard
butterfly or DIP (dual inline pin) hermetic package 500.
In one implementation, the bench B is fabricated from
aluminum nitride. A thermoelectric cooler is disposed be-
tween the bench B and the package 500 (attached/solder
bonded both to the backside of the bench B and inner
bottom panel of the package 500) to control the temper-
ature of the bench B.

[0139] In the current implementation, the tunable la-
sers each comprise a semiconductor gain chip 410-1,
410-2 that is paired with a micro-electro-mechanical
(MEMS) angled reflective Fabry-Perot tunable filter
412-1, 412-2 to create external cavity laser (ECL) with
the tunable filters being an intracavity tuning element and
forming one end, or back reflector, of laser cavities.
[0140] The semiconductor optical amplifier (SOA)
chips 410-1, 410-2 are located within their respective la-
ser cavities. Both facets of the SOA chip 410-1, 410-2
are angled relative to a ridge waveguide. The SOA chips
410 are mounted on submounts S that, in turn, are mount-
ed on the top side of the optical bench B, typically by
solder bonding.

[0141] To collect and collimate the light exiting from
each end facet of the SOAs 410-1, 410-2, lens structures
414-1,414-2and 416-1,416-2 are used. Each lens struc-
ture comprises a LIGA mounting structure M, which is
deformable to enable post installation alignment, and a
transmissive substrate U on which the lens is formed.
The transmissive substrate U is typically solder or ther-
mocompression bonded to the mounting structure M,
which in turn is solder bonded to the optical bench B.
[0142] The first lens components 414-1, 414-2 couple
the lightbetween the input facet of the SOAs 410-1,410-2
and the tunable filters 412-1, 412-2. Light exiting out the
output facets of the SOAs 410-1, 410-2 are coupled by
lens component 416-1, 416-2 to optical fiber 320 via its
front facet. The optical fiber pigtail 268 that leads to the
birefringence compensator and external cavity reflector
270is also preferably solder attached to the optical bench
B via a mounting structure 330.

[0143] Inmore detail, fold mirror 254 directs the second
optical signal to combiner 252, which is configured ac-
cording to one of the previous described options, through
a halfwave plate 262, if required. The combined beam is
then coupled into optical fiber 268 by lens 261 to the
optical fiber facet that is held by mounting structure 330.
[0144] Thelighttransmitted by the tunable filters 412-1,
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412-2 is coupled out of the laser cavities and into the
clock subsystem 250 to be collimated by a third lens com-
ponent 280-1, 280-2 and fourth lens components 282-1,
282-2 for each tunable laser, which are solder bonded
to the optical bench B.

[0145] Fold mirror 286 and beam combiner 288 com-
bine the beams from each tunable laser into a common
beam. The light then passes through a beam splitter 290,
which is preferably a 50/50 splitter to a clock etalon 292.
Any lightreflected by the splitter 290 is directed to abeam
dump component 294 that absorbs the lightand prevents
parasitic reflections in the hermetic package 500 and into
the laser cavities.

[0146] The clock etalon 292 functions as a spectral fil-
ter. Its spectral features are periodic in frequency and
spaced spectrally by a frequency increment related to
the length and refractive index of the constituent material
of the clock etalon 292, which is fused silica in one ex-
ample. The physical length of etalon 292 is L. The etalon
can alternatively be made of other high-index and trans-
missive materials such as silicon for compactness, but
the optical dispersion of the material may need to be com-
pensated for with additional processing inside the DSP.
Also, air-gap etalons, which are nearly dispersionless,
are another alternative. Still a further alternative is a free-
space interferometer (e.g. a Michelson), which also is
dispersionless and is adjusted by simply moving the rel-
ative positions of the mirrors.

[0147] The contrast of the spectral features of the
etalon is determined by the reflectivity of its opposed end-
faces. In one example, reflectivity at the etalon endfaces
is provided by the index of refraction discontinuity be-
tween the constituent material of the etalon and the sur-
rounding gas or vacuum. In other examples, the opposed
endfaces are coated with metal or preferably dielectric
stack mirrors to provide higher reflectivity and thus con-
trast to the periodic spectral features.

[0148] In the illustrated example, the clock etalon 292
is operated in reflection. The light returning from the clock
etalon 292 and reflected by beamsplitter 290 is detected
by detector 298. The light detected by detector 298 is
characterized by drops andrises in power as the frequen-
cy of the tunable signal scans through the reflective
troughs/reflective peaks provided by the clock etalon
298. Light transmitted by the etalon 292 is collected by
beam dump 295.

[0149] Fig. 13 shows another implementation of the k-
clock 250 that allows for the simultaneous monitoring of
both the first tunable optical signal and the second tun-
able optical signal from the swept sources.

[0150] In more detail, input beam 260 from the beam
combiner 200 is reflected by a fold mirror 291. The light
then passes through a beam splitter 290, which is pref-
erably a 50/50 splitter to a clock etalon 292. Any light
reflected by the splitter 290 is directed to a beam dump
component 294 that absorbs the light and prevents par-
asitic reflections in the hermetic package 500 and into
the laser cavities.
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[0151] As described previously, the clock etalon 292
functions as a spectral filter. Its spectral features are pe-
riodic in frequency and spaced spectrally by a frequency
increment related to the length and refractive index of
the constituent material of the clock etalon 292, which is
fused silica in one example.

[0152] In the illustrated example, the clock etalon 292
is operated in reflection. The light returning from the clock
etalon 292 and reflected by beamsplitter 290 is received
by a splitter element 299. In a situation where the first
tunable optical signal and the second tunable optical sig-
nal operate in different spectral scan bands, the splitter
elementis a WDM filter that transmits the light associated
with the first tunable optical signal to a first detector 298-1
and reflects light associated with the second tunable op-
tical signal to a second detector 298-2. In this way, the
detectors 298-1, 298-2 are used to generate separate k-
clock signals simultaneously for each of the first tunable
optical signal and the second tunable optical signal.
[0153] Fig. 14A illustrates the scanning of a conven-
tional swept source. The source sequentially tunes
through the wavelength scan band S. This is repeated in
serial scans. The problem is that the scans cannot be
performed with close time spacing without going to a dif-
ferent system configuration such as ring laser cavities
with polygon filters. Instead there is a gap between suc-
cessive scans S associated with the retrace period R.
While it is possible to scan in both directions, this is typ-
ically not feasible since semiconductor gain elements
preferably only scan in one direction due to the Bogatov
effect. In addition, the mechanical inertia of the MEMS
filter prevents a quick resweep at high tuning speeds.
[0154] Fig. 14B illustrates the scanning of dual swept
source according to one example under control of the
tuning controller 125. Here, a first optical signal is
scanned as illustrated by scan S1. Then, a second tun-
able optical signal is scanned as illustrated scan S2. The
process is then repeated for subsequent scans. In this
embodiment, the scans for each of the two of optical sig-
nals occur over the same wavelength scan bands. The
duty cycle is in effect doubled. In this example, a com-
biner 200 that implements a beam switch can be used
due to the time multiplexed nature of the tunable optical
signal scans S1, S2. Alternatively, the first swept source
and the second swept source are alternately energized
such that only one is emitting at any given time. As such,
a partially reflecting element or mirror is used as the com-
bining element 252, in the simplest implementation.
[0155] This scanning configuration also enables
speckle averaging with two consecutive A-lines (polari-
zation diversity or not). The speckle pattern is different
for different scan times of biological samples.

[0156] Fig. 14C illustrates the scanning of the dual
swept source according to still another example. Here
each of the scans S1, S2 have different polarizations as
indicated by the inset arrows. Thus while in this example
a beam switch combiner 200 could be used, in the pre-
ferred embodiment, the combiner 200 utilizes a polariza-
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tion beam combiner.

[0157] Fig. 14D illustrates still another example in
which these successive scans S1, S2 associated with
the first tunable optical signal and the second tunable
optical signal occur over contiguous scan bands. Specif-
ically scan S1 occurs at a shorter wavelengths whereas
scan S2 occurs over a range of longer wavelengths.
[0158] Fig. 14E illustrates still another example in
which these successive scans S1, S2 associated with
the first tunable optical signal and the second tunable
optical signal occur over non-overlapping scan bands.
Specifically scan S1 occurs at a shorter wavelengths
whereas scan S2 occurs over a range of longer wave-
lengths that are separated from the scan band of S1 by
a guard band. G.

[0159] Fig. 14F illustrates still another example in
which these successive scans S1, S2 associated with
the first tunable optical signal and the second tunable
optical signal occur over non-overlapping scan bands,
and simultaneously in time. Specifically scan S1 occurs
at shorter wavelengths whereas scan S2 occurs over a
range of longer wavelengths that are separated from the
scan band of S1 by a guard band. G. The scans occur
simultaneously with each other using a combination of a
WDM combiner 200 and WDM separation at detection.
[0160] Fig. 15 shows an optical coherence analysis
system 300 using the integrated multiple swept source
system 100, which has been constructed according to
the principles of the present invention.

[0161] The previous examples focused on dual swept
source systems. However, in alternative examples, more
than two swept sources are included in the integrated
swept source system 100. This embodiment illustrates a
source system 100 with four swept sources: a first swept
source 100-1, asecond swept source 100-2, athird swept
source 100-3, and a fourth swept source 100-4. Each of
these individual swept sources generates respective tun-
able optical signals, a first optical signal, a second optical
signal, a third optical signal, a fourth optical signal, which
are combined into the combined optical signal by a com-
biner 200 and coupled onto the optical fiber 320.

[0162] Using four sources has the advantages of high-
er speed, higher resolution, and 100% duty cycle when
using a two detectors system set up as shown in Fig. 2,
one foreach band. Further, higher speed and polarization
sensitivity with four sources using two sources with one
polarization and two with another is possibility.

[0163] Fig. 16A illustrates the scans S1, S2, S3, S4
associated with the first tunable optical signal, the second
tunable optical signal, the third tunable optical signal, the
fourth tunable optical signals generated by a first swept
source 100-1, asecond swept source 100-2, athird swept
source 100-3, and a fourth swept source 100-4, respec-
tively. In this example, the scans S1, S2 take place over
a first scan band with 100%, or near 100% duty cycle.
Likewise scans S3, S4 take place over a second scan
band with 100%, or near 100% duty cycle.

[0164] Fig. 16B illustrates the successive scans S1,
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S2, 83, S4 associated with the first tunable optical signal,
the second tunable optical signal, the third tunable optical
signal, the fourth tunable optical signals generated by a
first swept source 100-1, a second swept source 100-2,
a third swept source 100-3, and a fourth swept source
100-4, respectively. In this example, the scans S1, S2,
S3, S4 occur over non-overlapping scan bands, and si-
multaneously in time.

[0165] Figure 17 illustrates an alternative scanning re-
gime. Here the S1 scans from the first optical signal is at
a higher scan rate than the scans S2 of the second tun-
able optical signal. In particular, the scans S1 associated
with the first tunable optical signal are relatively fast, twice
as fast in the illustration, than the spectral scans of the
second tunable optical signal S2. This embodiment is
useful when different pathlengths are being investigated
by the separate tunable optical signals in the sample. In
other examples, the slower scan is associated with the
spectral analysis of the sample where is the higher rate
scan is associated with the OCT analysis of the sample.
This dual modality analysis is used for example in the
hybrid spectral/OCT analysis system of Fig. 3.

[0166] While this invention has been particularly
shown and described with references to preferred em-
bodiments thereof, it will be understood by those skilled
in the art that various changes in form and details may
be made therein without departing from the scope of the
invention encompassed by the appended claims. For ex-
ample, although the invention has been described in con-
nection with an OCT or spectroscopic analysis, the in-
vention could also be applied along with IVUS, FLIVUS,
HIFU, pressure sensing wires and image guided thera-
peutic devices.

Claims
1. Alaser system comprising:

a first laser source that generates a first tunable
optical signal that is tuned over a first spectral
scan band, the first laser source having a first
laser cavity defined by a first reflector and a
shared reflector (270), the first laser source in-
cluding afirstgain element (410-1) for amplifying
light in the first laser cavity and a first tuning el-
ement (414-1) for dictating a wavelength of the
first optical signal;

a second laser source that generates a second
tunable optical signal that is tuned over a second
spectral scan band, the second laser source
having a second laser cavity defined by a sec-
ond reflector and the shared reflector, the sec-
ond laser source including a second gain ele-
ment (410-2) for amplifying light in the second
laser cavity and a second tuning element (414-2)
for dictating a wavelength of the second optical
signal; and
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an intracavity combiner (200) located between
the shared reflector (270) and each of the first
reflector and the second reflector for coupling
light to the shared reflector (270) and back into
the first laser cavity and the second laser cavity,
characterized in that

each laser source comprises a lens (414-1,
414-2) for coupling light between the corre-
sponding gain element (410-1, 410-2) and the
corresponding tuning element (412-1, 412-2),
wherein each of the tuning elements comprises
a Fabry-Perot tunable filter.

Alaser system as claimed in claim 1, wherein a com-
bined optical signal including the first optical signal
and the second optical signal is extracted through
the shared reflector.

A laser system as claimed in claim 1 or 2, further
comprising at least one birefringence compensation
element in at least one of the first laser cavity and
the second laser cavity for controlling a polarization
of light returning to the first gain element and/or the
second gain element or comprising a birefringence
compensation element located between the intrac-
avity combiner and the shared reflector for control-
ling a polarization of light returning to the first gain
element and the second gain element.

A laser system as claimed in any of the claims 1 to
3, wherein the intracavity combiner comprises a po-
larization beam splitter for dividing light returning
from the shared reflector between the first gain ele-
ment and the second gain element..

A laser system as claimed in claim 4, further com-
prising a polarization rotation element in one of the
first laser cavity and the second laser cavity for ro-
tating the polarization of light received by the polar-
ization beam splitter or further comprising a polari-
zation rotation element in each of the first laser cavity
and the second laser cavity for rotating the polariza-
tion of light received by the polarization beam splitter,
wherein a combined optical signal including the first
optical signal and the second optical signal is ex-
tracted through the polarization beam splitter.

A laser system as claimed in any one of the claims
1 to 5, wherein the intracavity combiner comprises
beam splitter for dividing light returning from the
shared reflector between the first gain element and
the second gain element.

A laser system as claimed in any of the claims 1 to
6, further comprising:

an interferometerfor dividing a combined optical
signal, including the first tunable optical signal
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and the second tunable optical signal, between
a reference arm leading to a reference reflector
and a sample arm leading to a sample; and

a detector system for detecting an interference
signal generated from the combined optical sig-
nal from the reference arm and from the sample
arm.

A laser system as claimed in any of the claims 1 to
7, wherein each of the first gain element and the
second gain element comprises a semiconductor
gain medium in the laser cavity.

A laser system as claimed in any of the claims 1 to
5, wherein the intracavity combiner comprises a
WDM combiner or a beam switch.

A laser system as claimed in any of the claims 1 to
9, wherein the first spectral scan band and the sec-
ond spectral scan band are substantially the same
or wherein the first spectral scan band and the sec-
ond spectral scan band are non-overlapping spectral
scan bands or wherein the first spectral scan band
and the second spectral scan band are contiguous
spectral scan bands.

A laser system as claimed in any of the claims 1 to
10, wherein the first optical signal and the second
optical signal have orthogonal polarizations with re-
spect to each other.

A laser system as claimed in any of the claims 1 to
11, further comprising a tuning controller for control-
ling the tuning of the first tunable optical signal over
the first spectral scan band by the first laser source
and the tuning of the second tunable optical signal
over the second spectral scan band by the second
laser source, wherein the tuning controller controls
the first laser source to tune the first tunable optical
signal over the first spectral scan band and the sec-
ond laser source to tune the second tunable optical
signal over the second spectral scan band in a time
interleaved fashion, or wherein the tuning controller
controls the first laser source to tune the first tunable
optical signal over the first spectral scan band and
the second laser source to tune the second tunable
optical signal over the second spectral scan band
simultaneously in time.

An optical coherence analysis system comprising:

a laser system according to one of the claims 1
to 12, wherein the first laser source forms a first
swept source that generates a first optical signal
thatis tuned over a first spectral scan band, and
the second laser source forms a second swept
source that generates a second optical signal
that is tuned over a second spectral scan band;
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an interferometer for dividing the combined op-
tical signal between a reference arm leading to
a reference reflector and a sample arm leading
to a sample;

a multi channel k-clock system for receiving the
combined optical signal and separately detect-
ing the first optical signal to generate a first clock
and the second optical signal to generate a sec-
ond clock; and

a detector system for detecting an interference
signal generated from the combined optical sig-
nal from the reference arm and from the sample
arm in response to the first clock and the second
clock.

14. An optical coherence analysis system according to

claim 13 comprising:

amicro optical bench, wherein the first swept source,
the second swept source, the combiner, the multi
channel k-clock system are mounted on the micro
optical bench.

Patentanspriiche

Lasersystem, umfassend:

eine erste Laserquelle, die ein erstes abstimm-
bares optisches Signal erzeugt, das Uber ein
erstes Spektralabtastband abgestimmt ist, wo-
bei die erste Laserquelle einen ersten Laserre-
sonator aufweist, der durch einen ersten Reflek-
tor und einen gemeinsamen Reflektor (270) de-
finiert ist, wobei die erste Laserquelle ein erstes
Verstarkungselement (410-1) zum Verstarken
von Licht in dem ersten Laserresonator und ein
erstes Abstimmelement (414-1) zum Diktieren
einer Wellenlange des ersten optischen Signals
aufweist;

eine zweite Laserquelle, die ein zweites ab-
stimmbares optisches Signal erzeugt, das Uber
ein zweites Spektralabtastband abgestimmt ist,
wobei die zweite Laserquelle einen zweiten La-
serresonator aufweist, der durch einen zweiten
Reflektor und den gemeinsamen Reflektor de-
finiert ist, wobei die zweite Laserquelle ein zwei-
tes Verstarkungselement (410-2) zum Verstar-
ken von Licht in dem zweiten Laserresonator
und ein zweites Abstimmelement (414-2) zum
Diktieren einer Wellenlange des zweiten opti-
schen Signals aufweist; und

einen Intrakavitats-Kombinierer (200), der zwi-
schen dem gemeinsamen Reflektor (270) und
jedem des ersten Reflektors und des zweiten
Reflektors angeordnet ist, um Licht zu dem ge-
meinsamen Reflektor (270) und zuriick in den
ersten Laserresonator und den zweiten Laser-
resonator zu koppeln,
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dadurch gekennzeichnet, dass

jede Laserquelle eine Linse (414-1, 414-2) zum
Koppeln von Licht zwischen dem entsprechen-
den Verstarkungselement (410-1, 410-2) und
dem entsprechenden Abstimmelement (412-1,
412-2) aufweist, wobei jedes der Abstimmele-
mente ein abstimmbares Fabry-Perot-Filter auf-
weist.

Lasersystem nach Anspruch 1, wobei ein kombinier-
tes optisches Signal, das das erste optische Signal
und das zweite optische Signal enthalt, durch den
gemeinsamen Reflektor extrahiert wird.

Lasersystem nach Anspruch 1 oder 2, ferner umfas-
send mindestens ein Doppelbrechungskompensati-
onselement in wenigstens einem des ersten Laser-
resonators und des zweiten Laserresonators zum
Steuern einer Polarisierung von Licht, das zu dem
ersten Verstarkungselement und/oder dem zweiten
Verstarkungselement zurtickkehrt, oder umfassend
ein Doppelbrechungskompensationselement, das
zwischen dem Intrakavitats-Kombinierer und dem
gemeinsamen Reflektor angeordnetist, um eine Po-
larisierung von Licht zu steuern, das zum ersten Ver-
starkungselement und zum zweiten Verstarkungse-
lement zurlickkehrt.

Lasersystem nach einem der Anspriiche 1 bis 3, wo-
bei der Intrakavitats-Kombinierer einen Polarisati-
onsstrahlteiler zum Teilen des von dem gemeinsa-
men Reflektor zurlickkehrenden Lichts zwischen
dem ersten Verstarkungselement und dem zweiten
Verstarkungselement aufweist.

Lasersystem nach Anspruch 4, ferner umfassend
ein Polarisationsdrehelement in einem des ersten
Laserresonators und des zweiten Laserresonators
zum Drehen der Polarisierung von durch den Pola-
risationsstrahlteiler empfangenem Licht,

oder ferner umfassend ein Polarisationsdrehele-
ment in jedem des ersten Laserresonators und des
zweiten Laserresonators zum Drehen der Polarisie-
rung von durch den Polarisationsstrahlteiler empfan-
genem Licht, wobei ein kombiniertes optisches Sig-
nal, das das erste optische Signal und das zweite
optische Signal enthalt, durch den Polarisations-
strahlteiler extrahiert wird.

Lasersystem nach einem der Anspriiche 1 bis 5, wo-
bei der Intrakavitats-Kombinierer einen Strahlteiler
zum Teilen von von dem gemeinsamen Reflektor
zurlickkehrendem Licht zwischen dem ersten Ver-
starkungselement und dem zweiten Verstarkungse-
lement aufweist.

Lasersystem nach einem der Anspriiche 1 bis 6,
ferner umfassend:
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32

ein Interferometer zum Aufteilen eines kombi-
nierten optischen Signals, das das erste ab-
stimmbare optische Signal und das zweite ab-
stimmbare optische Signal enthalt,

zwischen einem Referenzarm, der zu einem Re-
ferenzreflektor fihrt, und einem Probenarm, der
zu einer Probe flihrt; und

ein Detektorsystem zum Detektieren eines In-
terferenzsignals, das aus dem kombinierten op-
tischen Signal von dem Referenzarm und von
dem Probenarm erzeugt wird.

Lasersystem nach einem der Anspriiche 1 bis 7, wo-
bei sowohl das erste Verstarkungselement als auch
das zweite Verstarkungselement ein Halbleiterver-
starkungsmedium in dem Laserresonator umfassen.

Lasersystem nach einem der Anspriiche 1 bis 5, wo-
bei der Intrakavitats-Kombinierer einen WDM-Kom-
binierer oder eine Strahlweiche umfasst.

Lasersystem nach einem der Anspriiche 1 bis 9, wo-
bei das erste Spektralabtastband und das zweite
Spektralabtastband im Wesentlichen gleich sind
oder wobei das erste Spektralabtastband und das
zweite Spektralabtastband nicht (berlappende
Spektralabtastbander sind oder wobei das erste
Spektralabtastband und das zweite Spektralabtast-
band zusammenhangende Spektralabtastbander
sind.

Lasersystem nach einem der Anspriiche 1 bis 10,
wobei das erste optische Signal und das zweite op-
tische Signal zueinander orthogonale Polarisierun-
gen aufweisen.

Lasersystem nach einem der Anspriiche 1 bis 11,
ferner umfassend eine Abstimmsteuerung zum
Steuern der Abstimmung des ersten abstimmbaren
optischen Signals Uber das erste Spektralabtast-
band durch der erste Laserquelle und der Abstim-
mung des zweiten abstimmbaren optischen Signals
Uber das zweite Spektralabtastband durch die zwei-
te Laserquelle,

wobei die Abstimmsteuerung auf eine zeitlich ver-
schachtelte Weise die erste Laserquelle steuert, um
das erste abstimmbare optische Signal Giber das ers-
te Spektralabtastband abzustimmen, und die zweite
Laserquelle steuert, um das zweite abstimmbare op-
tische Signal lber das zweite Spektralabtastband
abzustimmen,

oder wobei die Abstimmsteuerung zeitlich simultan
die erste Laserquelle steuert, um das erste abstimm-
bare optische Signal liber das erste Spektralabtast-
band abzustimmen, und die zweite Laserquelle steu-
ert,umdas zweite abstimmbare optische Signal Giber
das zweite Spektralabtastband abzustimmen.
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13. Optisches Kohdrenzanalysesystem, umfassend:

ein Lasersystem nach einem der Anspriiche 1
bis 12, wobei die erste Laserquelle eine erste
Wobbelquelle, die ein erstes optisches Signal
erzeugt, das Uiber ein erstes Spektralabtastband

abgestimmt ist, ausbildet

und die zweite Laserquelle eine zweite Wobbel-
quelle, die ein zweites optisches Signal erzeugt,
das uber ein zweites Spektralabtastband abge-

stimmt ist, ausbildet;

ein Interferometer zum Aufteilen des kombinier-
ten optischen Signals zwischen einem Referen-
zarm, der zu einem Referenzreflektor fihrt, und

einem Probenarm, der zu einer Probe flihrt;

ein Mehrkanal-k-Taktsystem zum Empfangen
des kombinierten optischen Signals und zum
separaten Detektieren des ersten optischen Si-
gnals, um einen ersten Takt zu erzeugen, und
des zweiten optischen Signals, um einen zwei-

ten Takt zu erzeugen; und

ein Detektorsystem zum Detektieren eines In-
terferenzsignals, das aus dem kombinierten op-
tischen Signal von dem Referenzarm und von
dem Abtastarm als Reaktion auf den ersten Takt

und den zweiten Takt erzeugt wird.

14. Optisches Kohdrenzanalysesystem nach Anspruch

13, umfassend:

eine mikrooptische Bank, wobei die erste Wobbel-
quelle, die zweite Wobbelquelle, der Kombinierer
und das Mehrkanal-k-Taktsystem auf der mikroop-

tischen Bank montiert sind.

Revendications

1. Systéme laser comprenant :

une premiére source laser qui génére un pre-
mier signal optique accordable qui est accordé
sur une premiére bande de balayage spectrale,
la premiére source laser ayant une premiére ca-
vité laser définie par un premier réflecteur et un
réflecteur partageé (270), la premiere source la-
ser incluant un premier élément de gain (410-1)
pour amplifier une lumiére dans la premiére ca-
vité laser etun premier élémentd’accord (414-1)
pour dicter une longueur d’'onde du premier si-

gnal optique ;

une deuxiéme source laser qui génere un
deuxiéme signal optique accordable qui est ac-
cordé sur une deuxiéme bande de balayage
spectrale, la deuxieme source laser ayant une
deuxiéme cavité laser définie par un deuxiéme
réflecteur et le réflecteur partagé, la deuxieme
source laser incluant un deuxieme élément de
gain (410-2) pour amplifier une lumiére dans la
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deuxieme cavité laser et un deuxieme élément
d’accord (414-2) pour dicter une longueur d’on-
de du deuxieme signal optique ; et

un coupleur intracavitaire (200) situé entre le ré-
flecteur partagé (270) et un chacun du premier
réflecteur et du deuxiéme réflecteur pour cou-
pler une lumiere au réflecteur partagé (270) et
la réfléchir dans la premiere cavité laser et dans
la deuxiéme cavité laser,

caractérisé en ce que

chaque source laser comprend une lentille
(414-1, 414-2) pour coupler une lumiere entre
I’élément de gain correspondant (410-1, 410-2)
et I'élément d’accord correspondant (412-1,
412-2), dans lequel chacun des éléments d’ac-
cord comprend un filtre d’accord Fabry-Perot.

Systéme laser selon la revendication 1, dans lequel
un signal optique combiné incluant le premier signal
optique et le deuxieme signal optique est extrait au
moyen du réflecteur partagé.

Systéme laser selon la revendication 1 ou 2, com-
prenant en outre au moins un élément de compen-
sation biréfringent dans au moins une cavité parmi
la premiére cavité laser et la deuxiéme qualité laser
pour commander une polarisation de lumiére réflé-
chie vers le premier élément de gain et/ou le deuxié-
me élément de gain, ou comprenant un élément de
compensation biréfringent situé entre le coupleur in-
tracavitaire et le réflecteur partagé pour commander
une polarisation de lumiére réfléchie vers le premier
élément de gain et le deuxiéme élément de gain.

Systéme laser selon I'une quelconque des revendi-
cations 1 a 3, dans lequel le coupleur intracavitaire
comprend un diviseur de faisceau de polarisation
pour diviser une lumiere réfléchie par le réflecteur
partagé entre le premier élémentde gain etle deuxie-
me élément de gain.

Systéme laser selon la revendication 4, comprenant
en outre un élément de rotation de polarisation dans
une cavité parmila premiére cavité laser etladeuxie-
me cavité laser pour mettre enrotation la polarisation
de lumiére regue par le diviseur de faisceau de po-
larisation, ou comprenant en outre un élément de
rotation de polarisation dans chacune de la premiére
cavité laser et de la deuxiéme cavité laser pour met-
tre en rotation la polarisation de lumiére regue par
le diviseur de faisceau de polarisation, dans lequel
un signal optique combiné incluant le premier signal
optique et le deuxieme signal optique est extrait au
moyen du diviseur de faisceau de polarisation.

Systéme laser selon I'une quelconque des revendi-
cations 1 a 5, dans lequel le coupleur intracavitaire
comprend un diviseur de faisceau pour diviser une
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lumiere réfléchie par le réflecteur partagé entre le
premier élément de gain et le deuxieme élément de
gain.

Systeme laser selon I'une quelconque des revendi-
cations 1 a 6, comprenant en outre :

un interféromeétre pour diviser un signal optique
combiné, incluant le premier signal optique d’ac-
cord et le deuxiéme signal optique d’accord, en-
tre un bras de référence menant a un réflecteur
de référence et un bras a échantillon menant a
un échantillon ; et

un systeme détecteur pour détecter un signal
d’interférence généré a partir du signal optique
combiné depuis le bras de référence et depuis
le du bras a échantillon.

Systeme laser selon I'une quelconque des revendi-
cations 1a7,danslequelchacun du premier élément
de gain et du deuxiéme élément de gain comprend
un milieu de gain semi-conducteur dans la cavité
laser.

Systeme laser selon I'une quelconque des revendi-
cations 1 a 5, dans lequel le coupleur intracavitaire
comprend un coupleur WDM ou un commutateur de
faisceau.

Systeme laser selon I'une quelconque des revendi-
cations 1 a 9, dans lequel la premiére bande de ba-
layage spectrale et la deuxiéme bande de balayage
spectrale sont sensiblement les mémes ou dans le-
quel la premiere bande de balayage spectrale et la
deuxiéme bande de balayage spectrale sont des
bandes de balayage spectrales non recouvrantes ou
danslequella premiére bande de balayage spectrale
et la deuxieme bande de balayage spectrale sont
des bandes de balayage spectrales contigués.

Systeme laser selon I'une quelconque des revendi-
cations 1 a 10, dans lequel le premier signal optique
et le deuxieme signal optique ont des polarisations
orthogonales I'un par rapport a I'autre.

Systeme laser selon 'une des revendications 1a 11,
comprenant en outre un contréleur d’accord pour
commander I'accord du premier signal optique ac-
cordable sur la premiére bande de balayage spec-
trale par la premiére source laser et I'accord du
deuxiéme signal optique accordable surla deuxiéme
bande de balayage spectrale parla deuxieme source
laser, dans lequel le contréleur d’accord commande
la premiére source laser pour accorder le premier
signal optique accordable sur la premiéere bande de
balayage spectrale etla deuxiéme source laser pour
accorder le deuxiéme signal optique accordable sur
la deuxieme bande de balayage spectrale de ma-
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niére entrelacée dans le temps,
ou dans lequel le contréleur d’accord commande la
premiére source laser pour accorder le premier si-
gnal optique accordable sur la premiére bande de
balayage spectrale et la deuxieme source laser pour
accorder le deuxiéme signal optique accordable sur
la deuxiéeme bande de balayage spectrale de ma-
niére simultanée dans le temps.

de cohérence

Systéme d’analyse optique

comprenant :

un systéme laser selon 'une des revendications
1a12, dans lequel la premiére source laser for-
me une premiére source balayée qui génére un
premier signal optique qui est accordé sur une
premiére bande de balayage spectrale, et la
deuxieme source laser forme une deuxiéme
source balayée qui génére un deuxiéme signal
optique quiestaccordé surune deuxieéme bande
de balayage spectrale ;

un interférométre pour diviser le signal optique
combiné entre un bras de référence menant a
un réflecteur de référence et un bras a échan-
tillon menant a un échantillon ;

un systeme d’horloge k multicanal destiné a re-
cevoir le signal optique combiné et a détecter
séparément le premier signal optique pour gé-
nérer une premiére horloge et le deuxiéme si-
gnal optique pour générer une deuxiéme
horloge ; et

un systeme détecteur pour détecter un signal
d’interférence généré a partir du signal optique
combiné provenant du bras de référence et pro-
venant du bras a échantillon en réponse a la
premiére horloge et a la deuxiéme horloge.

Systéme d’analyse de cohérence optique selon la
revendication 13, comprenant :

un banc micro-optique, dans lequel la premiére sour-
ce balayée, la deuxiéme source balayée, le cou-
pleur, le systéme d’horloge k multicanal sont montés
sur le banc micro-optique.
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