(43) International Publication Date

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/140229 A2

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

18 October 2012 (18.10.2012) WIPOIPCT
International Patent Classification: (81)
GO01B 9/02 (2006.01)
International Application Number:

PCT/EP2012/056831

International Filing Date:
13 April 2012 (13.04.2012)

Filing Language: English
Publication Language: English
Priority Data:

61/476,211 15 April 2011 (15.04.2011) US

Applicant (for all designated States except US): CARL
7ZEISS MEDITEC AG [DE/DE]; Goschwitzer Str. 51 -
52, 07745 Jena (DE).

Inventors; and

Inventors/Applicants (for US only): YU, Lingfeng
[CN/US]; Residing at 2555 Main Street, APT 2046, Irvine,
92614 (US). TUMLINSON, Alexandre R. [US/US];
Residing at, 16469 Severn Road, San Leandro, 94578
(US). SHARMA, Utkarsh [IN/US]; 80 Cedar Pointe Loop
Unit #1416, San Ramon, 94583 (US). EVERETT, Mat-
thew J. [US/US]; 2566 Regent Road, Livermore, 94550
US).

Agent: BECK, Bernard; Carl Zeiss AG, Patentabteilung,
Carl-Zeiss-Promenade 10, 07745 Jena (DE).

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

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

Declarations under Rule 4.17:

of inventorship (Rule 4.17(iv))

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

2012140229 A2 I 000 00O

(54) Title: SYSTEMS AND METHODS FOR SWEPT-SOURCE OPTICAL COHERENCE TOMOGRAPHY

FI1G4

mirror 1

M1

half waveplate

HWP2
|::|/

o]

PBS1 SOATl
Filter ? L1 L2
RS

|

L

half waveplate ! U U
HWPIN\ o~

A — 0
N T
mirror2  [,3 L4

SOA?2

partial
2 reflector
L5 PR
PBS 2

(57) Abstract: Systems and methods for increasing the duty cycle and/or producing interleaved pulses of alternating polarization
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unique polarization properties of the source configurations have advantages in speckle reduction, polarization-sensitive measure -
g ments, polarization state dependent phase shifts, spatial shifts, and temporal shitts in OCT measurements.
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SYSTEMS AND METHODS FOR SWEPT-SOURCE
OPTICAL COHERENCE TOMOGRAPHY

PRIORITY
This application claims priority to U.S. Provisional Application Serial No. 61/476,211 filed
April 15, 2011, hereby incorporated by reference.

TECHNICAL FIELD

One or more embodiments of the present invention relate to the field of swept-source Optical
Coherence Tomography (SS-OCT). In particular, the invention described herein provides
systems and methods relating to high duty cycle swept-sources including embodiments to
obtain interleaved sweeps of different polarizations. Several applications enabled by the

invention are described.

BACKGROUND

Optical coherence tomography (OCT) is a cross-sectional, non-invasive imaging modality,
that has application in diverse areas of medical imaging. In ophthalmology, OCT has been
widely used for imaging the retina, choroid and anterior segment. Functional imaging of the
blood velocity and vessel microvasculature is also possible. Fourier—domain OCT (FD-OCT)
has recently attracted more attention because of its high sensitivity and imaging speed
compared to time-domain OCT (TD-OCT) embodiment, which uses an optical delay line for
mechanical depth scanning with a relatively slow imaging speed. The spectral information
discrimination in FD-OCT is accomplished either by using a dispersive spectrometer in the
detection arm (spectral domain or SD-OCT) or rapidly scanning a swept laser source (swept-

source OCT or SS-OCT).

Compared to spectrometer-based FD-OCT, swept-source OCT (SS-OCT) has many
advantages, including its robustness to motion artifacts and fringe washout, lower sensitivity
roll-off and higher detection efficiency, etc. (see for example Choma et al. "Sensitivity
Advantage of Swept Source and Fourier Domain Optical Coherence Tomography." Opfics
Express 2003 11(18): 2183-2189). Many different approaches have been implemented to
develop high-speed swept sources, including semiconductor optical amplifier (SOA) based
ring laser designs (see for example Yun et al “High-speed optical frequency-domain

imaging” Opt. Express 11:2953 2003 and Huber et al "Buffered Fourier domain mode
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locking: unidirectional swept laser sources for optical coherence tomography imaging at
370,000 lines/s," Opt. Express 13, 3513 2005), and short cavity lasers (see for example
Kuznetsov et al “Compact Ultrafast Reflective Fabry-Perot Tunable Lasers For OCT Imaging
Applications,” Proc. SPIE 7554:75541F 2010) among others. SOA based ring laser designs
have been practically limited to positive wavelength sweeps (increasing wavelength) because
of the significant power loss that occurred in negative tuning. This has been attributed to
four-wave mixing (FWM) in SOAs causing a negative frequency shift in intracavity light as it
propagates through the SOA (Bilenca et al "Numerical study of wavelength-swept
semiconductor ring lasers: the role of refractive-index nonlinearities in semiconductor optical
amplifiers and implications for biomedical imaging applications," Opt. Lett. 31: 760-762
2006)

A commercially available short cavity laser (Axsun Technologies Billerica, MA) in excess of
100 kHz has been reported (see for example Kuznetsov et al “Compact Ultrafast Reflective
Fabry-Perot Tunable Lasers for OCT Imaging Applications,” Proc. SPIE 7554: 75541F
2010). Short cavity lasers enable a significant increase in sweep speeds over conventional
swept laser technology because the time needed to build up lasing from spontaneous emission
noise to saturate the gain medium is greatly shortened (R. Huber et al "Buffered Fourier
domain mode locking: unidirectional swept laser sources for optical coherence tomography
imaging at 370,000 lines/s," Opt. Express 13: 3513 2005). However, the eftective duty cycle
of the bidirectional sweeping short cavity laser was limited to less than 50% because of the

FWM effects mentioned above. The effective repetition rate of the laser is thus limited.

Several methods have been proposed to increase the effective repetition rates of SS-OCT
systems including sweep buffering with a delay line, and multiplexing of multiple sources,
thereby increasing the duty cycle of the laser. The method used to multiplex these sweeps
together may include components that introduce orthogonal polarizations to the sweeps
originating from different optical paths. Combining diverse polarizations at a polarization

beamsplitter is a very light efficient way of transmitting the light to a single beam path.

Goldberg et al. demonstrated a ping-pong laser configuration for high-speed SS-OCT system
that achieves a doubling of the effective A-line rate by interleaving sweeps of orthogonal
polarization in the same cavity (see Goldberg et al “200kHz A-line rate swept-source optical

coherence tomography with a novel laser configuration” Proceedings of SPIE v.7889 paper

2-
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552011). This design is illustrated in FIG.1. The paths from two semiconductor optical
amplifiers SOAs were combined by a polarizing beam splitter (PBS) to generate light of
orthogonal polarization states and are controlled precisely in time to double the effective duty
cycle of the overall laser output. Each path has its own frequency selecting filter (101 and
102) for creating the swept sources. One path has a half waveplate to flip the polarization
state of one path relative to the other. The output light is linearly polarized and only two-
polarization states (horizontal and vertical as indicated by arrow 104 and circle 105) were
demonstrated. The increased speed was used to acquire neighboring scans more quickly, with
similar density to scans that would be acquired with a comparable speed had polarization

diversity not been introduced.

Potsaid et al. demonstrated another method to double the effective repetition rate of a swept
source laser by buffering and multiplexing the sweep of a single laser source (see Potsaid et
al “Ultrahigh speed 1050 nm swept source/ Fourier domain OCT retinal and anterior segment
imaging at 100,000 to 400,000 axial scans per second” Opt. Express 18: 20029-20048 2010),
as shown in FIG. 2. The laser sweep was split by a 60:40 fiber coupler and the original sweep
from the 40 percent output side was directed to the 50:50 fiber coupler for multiplexing. A
“lkm length of fiber is used to delay the sweep from the 60 percent output by one half of the
sweep period such that a “copy” of the sweep can be combined with the original sweep
during the time period when the laser is off. Polarization controls are used to match the
polarization states of the two sweeps. This doubles the repetition rate of the sweep at the
outputs labeled 2 and 3 in FIG. 2. However, the long fiber spool will cause a significant
birefringence to the laser output. While the understanding of these particular methods to
enhance speed of OCT acquisition has been appreciated, the use of these systems to provide

enhancements to various types of OCT measurements has not.

It is an object of the present invention to provide improved systems capable of generating
pulses of multiple polarization states at a high repetition rate. In addition it is an object of the
present invention to make use of the unique polarization properties of these sources to

improve several types of OCT measurements.

-3-
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SUMMARY

The invention described herein provides systems and methods for improving swept-source
OCT by increasing the duty cycle of the laser system and/or by generating pairs of
interleaved pulses of orthogonal polarizations, arbitrary polarizations and dual-band, multi-
band and wide-band sources. Further aspects of the invention include several enhancements
to OCT measurements that are made possible using swept-source systems capable of
generating interleaved pulses of different polarizations. These include speckle reduction,
spatial and/or temporal separation between scanning beams, introduction of phase shifts, and

polarization-sensitive measurements.

Three ways of increasing the duty cycle of the swept source system and or creating
interleaved pulses of differing polarizations will be described in detail below. They include:
1. An improved buffering method to double the effective repetition rate of a swept
source laser that minimizes birefringence compared to the long-fiber based buffering
method previously described.

2. Laser cavity designs sharing a single filter between two (or more) SOAs.

3. Use of an intra-cavity optical switch in a laser cavity with a single semiconductor

optical amplifier (SOA) and two wavelength scanning filters.

We can further extend the ideas of the invention to achieve swept sources with interleaved
sweeps of two or multiple polarization states. Interleaved sweeps of orthogonal polarization
are generated in several of the preferred embodiments of the invention for possible
applications in polarization sensitive OCT. The initial polarization state of a laser output can
be changed by use of waveplates and/or other polarization components. The light output from
the source can be further divided into different branches with changed polarization states and
then be combined together. In one of the embodiments of the dual-polarization swept source,
fiber buffering along with the use of polarization components can be used to shift the laser
sweep by a certain delay to generate multiple polarization states in a time sequence. Multi-
polarization swept sources may be useful for polarization compounding, noise reduction or

other applications in OCT imaging.

An additional aspect of the invention is to generate wide-band/dual-band/multi-band swept
sources. By use of beam combiners/splitters, it is possible to couple multiple semiconductor

optical amplifiers (SOAs) of different wavelength bands together. The wavelength bands can

-4-
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either be adjacent, resulting in a “wide-band” swept-source, or separated, producing a “multi-
band” swept-source. Wide-band swept-source may find applications in ultra-high resolution
OCT systems. Multi-band swept source may find applications for whole-eye imaging. For
example, the operator may use the 840nm or 1050nm swept source band for retina imaging

and switch to the 1310nm band for anterior segment imaging in a real practice.

Furthermore the unique polarization properties of the source configurations described in the
invention offer several advantages when applied to OCT measurements. OCT measurements
are made with the interleaved pulses of orthogonal polarization states with detection such that
each pulse corresponds to the collection of a single a-scan. The use of sequential orthogonal
polarization states allow for the reduction of speckle noise contrast without substantially
reducing spatial resolution. It also allows for the introduction of spatial or temporal
separation between scanned beams. Interleaved pulses with orthogonal polarization states
allow for the introduction of a relative phase shift between sample and reference arms in
sequential a-scans allowing for complex conjugate free imaging or interleaved measurement

of surfaces at different distances.

Embodiments of fiber-based polarization sensitive optical coherence tomography (PS-OCT)
in the prior art used expensive polarization modulators to achieve alternating polarization
states, which was a must for an unambiguous polarization sensitive measurement. We
propose the use of a dual-polarization/multi-polarization swept source for PS-OCT. As the
polarization state of the input laser switches between two (or more) adjacent sweeps, (at
least) two sets of Stokes parameters can be obtained based on the complex depth encoded
signals. Both the intensity images and the phase retardation can be calculated by comparing
the Stokes vectors between the surface and deeper axial position. The use of a polarization
modulator is no longer necessary, thus greatly simplifying and cost reducing a PS-OCT

system design.
It is to be understood that both the foregoing general description and the following detailed

description are exemplary and explanatory only and are not restrictive of the invention, as

claimed.

-5-
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a prior art swept-source capable of generating interleaved pulses of different
polarizations at a high repetition rate.

FIG. 2 shows a prior art swept-source system using fiber buffering to increase the effective
repetition rate of the source.

FIG. 3 shows one embodiment of an improved buffering technique of the present invention.
FIG. 4 shows an embodiment of the present invention in which a single filter element is
shared between two SOAs to create interleaved pulses of differing polarization states.

FIG. 5 shows an embodiment of the present invention in which a single filter element is
shared between two SOAs to create interleaved pulses of differing polarization states and
increase the repetition rate of the source.

FIG. 6 shows an embodiment of the present invention in which an intracavity switch is used
to increase the repetition rate.

FIG. 7 shows an embodiment of an intracavity switch to achieve increased repetition rates
and interleaved pulses of differing polarizations.

FIG. 8 shows a second embodiment of an intracavity switch to achieve increased repetition
rates and interleaved pulses of differing polarizations.

FIG. 9 illustrates the effect of a variety of waveplates on the polarization states of two laser
pulses of differing initial polarizations.

FIG. 10 shows an embodiment of the present invention capable of generating interleaved
pulses of more than two differing polarization states.

FIG. 11 shows an embodiment of the present invention in which two SOAs of differing
wavelength bands are interleaved to create a dual band swept-source.

FIG. 12 shows an embodiment of the present invention in which two SOAs of differing
wavelength bands are interleaved to create a dual band swept-source using a single filter
element.

FIG. 13 shows another embodiment of two SOAs of differing wavelength bands being
interleaved to create a dual band swept-source using a single filter element.

FIG. 14 shows the basic components of an SS-OCT system.

FIG. 15 shows an SS-OCT system using a source capable of producing interleaved pulses of
varying polarizations states.

FIG. 16 shows how SS-OCT with polarization interleaved pulses can be used to reduce

speckle.

-6-
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FIG. 17 shows how a polarization sensitive element in an SS-OCT system with interleaved
pulses of varying polarization states can be used to achieve spatial or temporal separation in a
scattering sample.

FIG. 18 illustrates how phase shifts can be introduced in a SS-OCT system using interleaved
pulses of differing polarization states.

FIG. 19 shows an SS-OCT system capable of carrying out phase-sensitive measurements

using a source capable of generating interleaved pulses of differing polarizations.

DETAILED DESCRIPTION
The detailed description is divided into sections describing the various systems and

applications related to interleaved pulses of multiple polarization states.

Improved Buffering Method

This section describes several novel embodiments for increasing the repetition rate and/or
generating interleaved pulses of alternating polarization states in swept-source optical
coherence tomography systems. FIG. 3 shows a novel buffering method of a dual-
polarization swept source that doubles the repetition rate while providing interleaved pulses
of orthogonal polarization states. The light from a conventional swept source laser SS is
controlled to have a linear polarization state (assumed vertical in FIG. 3 without losing
generality). The light gets split by a beam splitter BS. One portion of the beam passes straight
through a polarizing beam splitter PBS2 and goes out. This portion of the beam has the
original (vertical) linear polarization state and is called a copy of the “original sweep”.
Another portion of the beam is reflected by the beam splitter BS, hits the mirror M1, another
polarizing beam splitter PBS1, and is finally connected to a long fiber for buffering. A
Faraday rotator mirror FRM at the end of fiber is used to rotate the input polarization state by
90 degrees. The round-trip light propagation in long fiber with an orthogonal polarization
state back cancels out the overall birefringence and generates a “buffered sweep”. This
“copy” of the sweep is then reflected by polarizing beam splitter PBS1 and combined with
the “original sweep” by polarizing beam splitter PBS2. The “buffered sweep” is combined
with the original sweep during the time period when the laser is controlled to be “off”. The
overall repetition rate of the “combined sweep” has been doubled compared to the original
sweep. The polarization states of the two sweeps are orthogonal to each other, and share the

same axis in a Poincaré sphere representation. A waveplate can be inserted into one arm to

-
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create interleaved pulses of the same polarization state while effectively doubling the

repetition rate.

A quarter waveplate can also be used to achieve left circular or right circular polarization
states for one sweep (such as the “original sweep” in FIG. 4), thus the two polarization states
are orthogonal to each other in a Poincaré sphere representation, which is preferred in a fiber-
based polarization sensitive OCT system for an unambiguous measurement, as will be
discussed in detail in a later section. When the “original sweep” and the “buffered sweep”
have different polarization states, we call the laser as a “dual-polarization swept source”. The

embodiment shown in FIG. 3 has the advantage of a single laser source.

Increased Duty-cycle or interleaved polarization states using single frequency selecting filter
with multiple sources

FIG. 4 shows an additional embodiment of a dual-polarization swept source. This is similar to
the Prior Art shown in FIG. 1 in that the light outputs from two SOAs are coupled together by
two polarizing beam splitters PBS1, PBS2. In the embodiment shown in FIG. 4, two half
waveplates HWP1, HWP2 are used to switch between vertical and horizontal (linear)
polarization states. Unlike in the prior art example of FIG. 1, here the two semiconductor
optical amplifiers SOA1, SOA2 share the same frequency selecting filter FI. This simplifies
the overall complexity of the system because both laser paths, or branches, use identically the
same filter, in essentially the same way, so that the direction of the wavelength shift is the
same. Therefore both paths experience a forward sweep with high power and low noise at the
same time, and both paths experience a reverse sweep with lower power and large noise due
to four wave mixing effects at the same time. Here the two semiconductor optical amplifiers
SOA1, SOAZ2 can be synchronized to be switched on in alternate cycles to enable interleaved
orthogonal polarization states of the resulting pulse train. Because the unusable portion of the
sweep occurs at the same time for both paths, no doubling of sweep rate is achieved in this
embodiment. As an alternative two SOAs of orthogonal (linear) polarization states can be

used to eliminate the need of the two half waveplates and further simplify the overall design.

An alternate embodiment that achieves a doubling of the duty cycle with a single frequency
selecting filter shared between two gain elements is shown in FIG. 5. In this case,
complementary wavelength sweeps in the multiple beam paths approach a reciprocating tilt

tuned filter TTF from different angles. When the filter angle (from normal incidence) is

-8-
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increasing in a first path, it is simultaneously decreasing in a second path; corresponding to
optical frequency sweeps in opposite directions. The gain sections G1, G2 are alternately
turned on when the sweep direction is favorable for power or noise characteristics. An
optional half-waveplate HWP can be introduced to rotate the polarization of one beam path

relative to the other.

The tilt tuned filter TTF may be a tilted Fabry-Perot wavelength selection filter, where more
extreme angles away from normal incidence corresponds to decreasing selected wavelengths.
It could be a grating filter where, when used in a Littrow configuration, a more extreme angle
away from normal incidence corresponds to a longer selected wavelength. Gain media may
correspond to semiconductor optical amplifiers, or any other gain media in which the gain is
rapidly controllable. The beamsplitter BS may be any beam combining device. A dielectric
polarizing beamsplitter cube as shown is only one example. Other polarization combining
devices such as Wollaston prisms may also be used. Non polarizing beamsplitter may also be
used. The device is shown with free space optics, however fiber coupled, or integrated optic
solutions are similarly applicable. The same filter may be used for complementary sweeps,
even if the two cavity paths form entirely separate laser cavities, i.e. if the beam combining

occurs after the output coupler OC in each case.

This is substantially different from prior art (Oh et al “Wide tuning range wavelength-swept
laser with two semiconductor optical amplifiers” IEEE Photonics Technology Letters 17(3):
678-680 2005) because in their case the tunable filter mechanism was inherently
unidirectional. By selectively exciting the gain in the appropriate optical path, we use both
directions of motion of the single filter to achieve pulses with unidirectional wavelength
sweeping output with high duty cycle. Thus, for example, the system can be arranged so that
the wavelength is increased during each pulse regardless of which of the two gain media are

being excited.

Higher Duty Cycle Swept Source for OCT using an Intracavity Switch

Another embodiment of the present invention uses an intra-cavity ultrafast optical switch
602, single semiconductor optical amplifier SOA, and two Fabry-Perot (FP) filters FP1, FP2
to obtain increased duty cycle (>90%) wavelength swept source for OCT medical imaging
applications. Fig. 6 shows the schematic of this embodiment. Effectively, this laser has a

dual-cavity configuration and an ultrafast optical switch 602 is used to make the switch

-9-
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between the two cavities. As shown in the input waveforms for FP filters FP1, FP2 and
optical switch 602 in the bottom of Fig. 6, the tuning of the two FP filters (180° out of phase)
and intra-cavity optical switch 602 is synchronized. Optical switching is used to switch
alternatively between dual laser cavity configurations sharing the same gain element such that
the effective laser cavity always experiences lasing in the preferential wavelength sweep
direction for the best performance with regards to linewidth, power, and noise. Hence, the

final output produces tunable wavelengths with ‘unidirectional sweep’ for the full duty cycle.

The proposed design in FIG. 6 uses a fiber pig-tailed SOA 601, and an optical switch 602. On
one end of either of the laser cavity paths, or branches, are the FP mirrors FP1, FP2. The right
angle cleaved facet of the fiber may act as the output coupler OC:SM. Lenses are used to
collimate the fiber outputs. The design of the output coupler end may be changed depending
on the requirements such as collimated output or fiber pigtailed output etc. This design can be
made compact and only requires off-the-shelf components. One of the commercially
available optical switches, Nanona (Boston Applied Technologies, Inc. Woburn, MA), which
can be used for this purpose, has a compact housing (63 x 11 x 9 mm), ultrafast switching
times (60 ns), low insertion loss, low cross-talk (< 20dB) and hence is an excellent candidate
for use in this design. One of the current high-performance commercial SS laser (Axsun)
operates at 100 kHz and 42% duty cycle. Using our design, one can double the scan rate to
200 kHz (sweep time: AT = 5 ps). The switching time of the commercially available switch is
around 50 ns, and hence ~ 1% of the time for a single sweep. In principle, switching time of
50 ns can provide up to 90% duty cycle for SS laser operations at up to 1 MHz A-line rates.
The performance of this laser can be improved further with future improvements in electro-
optic technology. Overall, this laser design has the advantages of being a compact design, has
improved performance at higher speed and higher duty cycle, and uses a single gain element

(i.e. an SOA) to reduce costs of components.

In another embodiment of the invention, the laser design can be implemented by using free-
space components instead of fiber pigtailed components. The end facets of the components
may be angle cleaved and polished to avoid Fresnel reflections. The fiber tip at the other end

of the cavity can act as an output coupler in this design.

In another embodiment of the invention, the intracavity optical switch can be replaced by a

polarization switching device to realize alternate dual-cavity configurations while using the

-10-
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same SOA to achieve higher duty cycle sweep operations as shown in FIG. 7. The output
from a typical SOA based laser is highly linearly polarized because of the inherent
polarization preference of the waveguides in SOA. Here, we replace the polarization
insensitive optical switch with a polarization switch PS or controller as shown. The
polarization controller switches the polarization of the incident light between two orthogonal
polarization states. The polarization beam splitter PBS is used to direct light of a specific
polarization (vertical or horizontal) to a given cavity path. The tuning of the two FP filters
FP1, FP2 (180° out of phase) and intra-cavity polarization switch PS is synchronized similar
to the previous scheme shown in FIG. 6. Hence polarization switching is used to switch
alternatively between dual laser cavity configurations such that the effective laser cavity
always experiences lasing in the preferential wavelength sweep direction for the best

performance.

In yet another embodiment of the invention, dual-polarization interleaved output can be
obtained as shown in Fig. 8. In this laser configuration, two effective cavities exist depending
on the polarization state of the laser. Both ends of each cavity can be high reflective mirrors
as the power is coupled out of the laser cavities using beam splitters BS. The light coming out
of the SOA is linearly polarized (i.e. horizontally polarized). The polarization controller
inside the cavity can be used to switch the light into horizontal and vertical polarizations in
alternate sweep cycles. The polarization beam splitter PBS splits the orthogonally polarized
light into two cavity paths depending on the polarization state. The tuning of the two FP
filters (FP1, FP2, 180° out of phase) and intra-cavity polarization switch PS is synchronized
similar to the previous designs shown in FIG. 6 and 7 to create a train of interleaved pulses.
Hence polarization switching is used to switch alternatively between the dual laser cavity
configurations with the difference being that the laser output light is tapped out by using
polarization insensitive (i.e. partial reflecting) beam splitters BS and the output LMPO from
the two paths are combined using a polarization beam combiner PBC for efficient coupling.
In a slightly different design, one of the ends of the SOA could act as a mirror if it is cleaved
and polished at right angle and a highly reflective coating or mirror surface can be attached to
it. In another embodiment of the invention, wavelength selection filters could act as output
couplers and the output from each filter can later be recombined by using polarization beam
combiners. Although embodiments of the present invention are discussed herein with respect
to the wavelength selection filter being a FP filter, one skilled in the art could imagine

additional embodiments of the invention that are not limited to this configuration. There are
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several advantages of using a multi-polarization interleaved output from a SS laser as will be

described in further detail below.

Advantages of the intracavity switch approach include: a) higher duty cycle >90% operation
using ‘unidirectional sweeping’ SS laser, b) a single gain element (SOA) is used compared to
two gain elements used in previous solutions resulting in cost reduction as SOAs are one of
the most costly components in a SS laser, ¢) easy to align, compact design with high
performance, and d) low intra-sweep variations because same gain element is used for either

cavity.

Multiple Polarization Swept-Sources

The dual polarization concepts described in the previous sections can be further extended to
achieve multi-polarization swept sources. As was mentioned above, the initial polarization
state can be changed by use of waveplates or other polarization components. FIG. 9 shows
how the input polarization states can be changed by the use of various types of waveplates.
Assuming the initial dual-polarization swept source has a vertical linear polarization state for
the first sweep and horizontal (perpendicular to the paper plane) for the second sweep, as
shown in FIG. 9(a). If the observer is looking from the left, the two linear polarization states
look like a “cross” 901, vertical for the first sweep and horizontal (left to right) for the second
sweep. If a half waveplate (HW) is used with its optic axis aligned 45°to both of the two
polarization states (FIG. 9b), the output polarization states changes to horizontal for the first
sweep and vertical for the second sweep. Similarly, if a quarter waveplate (QW) is used,
circular polarization states can be achieved as shown in FIGS. 9¢c-d. The direction of

circularly polarized light depends on the orientation of the waveplate.

The waveplates can be aligned with different angles to achieve other different polarization
states, such as tilted linear polarization or elliptical polarization. Also, 1/8 waveplate or any
other waveplate, attenuator, retarder, optical rotator, polarization controller, polarization

changer can also be used.

The light from the swept source can be divided into different branches with changed
polarization states and then be re-combined together. Fiber buffering can be used to shift the
laser beam on the order of a few sampling intervals to avoid coherent interference between

light of different polarization states from multiple fiber branches, or to shift the whole sweep
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(spectra) by a significant delay to generate different polarization states in a time sequence.
FIG. 10 shows a swept-source laser embodiment to generate multiple polarization states. The

components of this embodiment include:

1. The output of a single dual-polarization swept source DP-SS goes to a beam divider
BD

2. The beam divider BD separates the beam to different branches

3. Waveplate WP is used in a single branch to alter the input polarization state to a
different polarization state. (Different waveplates will affect the input light
differently, as illustrated in FIG. 9 and multiple waveplates can be combined).

4. Fiber based buffering can be used to delay the light in any branch

5. A beam combiner BC is used to combine lights from different branches

6. A third SOA (SOA 3 in FIG. 9) can be used as a booster amplifier to further amplify

the power, or to optimize the spectrum shape of the laser output.

Alternatively, two or more dual-polarization (or single-polarization) lasers of different

polarization states can be directly combined.

Wide-band, dual-band or multi-band swept source

This section describes various embodiments relating to the creation of wide-band, dual-band
or multi-band swept sources. By use of beam combiners/splitters, it is possible to couple
multiple semiconductor optical amplifiers (SOAs) of different wavelength bands together.
The wavelength bands can either be adjacent, resulting in a “wide-band” swept-source, or
separated, producing a “multi-band” swept-source. Wide-band swept-source may find
applications in ultra-high resolution OCT systems. Multi-band swept source may find
applications for whole-eye imaging. For example, the operator may use the 840nm or
1050nm swept source band for retina imaging and switch to the 1310nm band for anterior

segment imaging in a real practice.

FIG. 11 shows an embodiment for a wide-band/dual-band/multi-band swept source laser:
1. Two broadband semiconductor optical amplifiers SOA1, SOA2 have different
center wavelengths, such as one centered at 840nm and the other at 870nm, or one

at 1310nm and the other at 1050nm, etc. Different center wavelengths can be
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used/combined to address different applications. Each SOA has its own frequency
selecting filter F1, F2 respectively.

2. The dichroic beam splitter DBS transmits the wavelength band for SOA2 and
reflects the wavelength band for SOA1 and the resulting combined beam is output
at partial reflector PR.

3. More than two different wavelength bands can be coupled if additional dichroic
beam splitter(s) are used.

4. 1If the center wavelengths of the two SOAs are close, the spectra (bands) of the
two SOAs can be combined to achieve one wide-band source, where the

polarization states of the two SOAs can be the same.

FIGS. 12 and 13 show additional embodiments where two (multiple) SOAs share the same
spectral filter FI in the cavities. Two dichroic beam splitters DBS1, DBS2 are used in FIG.
12. Specifically, dichroic beam splitter DBS1 transmits wavelength band 1 for SOA1 and
reflects wavelength band 2 for SOA2. While dichroic beam splitter DBS2 transmits
wavelength band 2 for SOA2 and reflects wavelength band 1 for SOA1. The resulting
combined light is output at partial reflector PR. While FIG. 12 shows the use of a spectral
filter FI in a retro-reflection mode, FIG. 13 shows another embodiment where a spectral filter
FIis used inside the laser cavity in a transmission mode. Two mirrors M1, M2 are used at the
ends of the laser cavities and partial reflector PR is used to output the combined wavelength

pulses.

Other beam combiner/splitters can also be used to design a wide-band or multi-band swept
source. Other beam combiners/splitters include but are not limited to grating, prism, hot/cold
mirror, volume Bragg grating, holographic beam combiner, etc. Those skilled in the art can

readily devise other varied embodiments based on different beam combiners/splitters.

Applications of interleaved pulses of differing polarization states in SS-OCT

The remaining sections are focused on applications of interleaved pulses of different
polarizations for swept-source optical coherence tomography (SS-OCT). An SS-OCT
scanner, illustrated in FIG. 14 includes a swept-light source. Light from the source 1401 is
routed, typically by optical fiber 1405, to illuminate the sample 1410, a typical sample being
tissues in the human eye. The light is scanned, typically with a scanner 1407 between the

output of the fiber and the sample, so that the beam of light (dashed line 1408) is scanned
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laterally (in x and y) over the area or volume to be imaged. Light scattered from the sample is
collected, typically into the same fiber 1405 used to route the light for sample illumination.
Reference light derived from the same source 1401 travels a separate path, in this case
involving fiber 1403 and retro-reflector 1404. Those skilled in the art recognize that a
transmissive reference path can also be used. Collected sample light is combined with
reference light, typically in a fiber coupler 1402, to form light interference in a detector 1420.
The output from the detector is supplied to a processor 1421. The light detector could
comprise a single photodetector or a balanced detection scheme. The results can be stored in
the processor or displayed on display 1422. The Fourier transform of the interference light
reveals the profile of scattering intensities at different path lengths, and therefore scattering as
a function of depth (z-direction) in the sample (see for example Leitgeb et a/, “Ultrahigh
resolution Fourier domain optical coherence tomography,” Opfics Express 12(10):2156
2004). The profile of scattering as a function of depth is called an axial scan (A-scan). A set
of A-scans measured at neighboring locations in the sample produces a cross-sectional image
(tomogram or B-scan) of the sample. A collection of B-scans makes up a data cube or cube

scan.

For the discussion of speckle reduction, spatial and temporal separation and phase shifts, any
source capable of generating interleaved pulses of orthogonal linear polarization can be used
while the PS-OCT discussion is limited to interleaved pulses capable of creating orthogonal
pulses in a Poincaré sphere representation. In the most general sense, pulses of broadband
illumination with interleaved orthogonal polarization may be created by combination of two

beams with orthogonal polarization states at a passive beam combiner.

Speckle Reduction

Speckle is a phenomenon of imaging with coherent waves which results in image structure
that does not relate in a directly interpretable way to sample structure. It is caused by the
interference of scattered waves from multiple, randomly placed, elements at distances less
than the resolution of the system. The appearance of speckle is a high contrast, granular,
‘bubbly’, overlay of the information of real interest in the image. Although speckle may carry
statistical information about the sample, in medical imaging speckle is distracting as it may

be difficult for a clinician to distinguish between real tissue structures and imaging artifacts.
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Speckle reduction is typically performed by combining image data with uncorrelated speckle
patterns. Methods to reduce the speckle correlation in optical coherence tomography are
primarily one of spatial, angular, spectral, or polarization compounding. Spatial compounding
is most common in practice, and combines information from nearby locations whose distance
is greater than the correlation length, such that speckle are decorrelated — which results in
significant loss of spatial resolution. Polarization compounding involves the collection of two
tomograms produced with orthogonal polarization, such that their speckle is at least partially
uncorrelated with each other and therefore reduce the magnitude of speckle in an averaged
tomogram by a maximum of the square root of two. Because the tomograms can be directly
superimposed spatially, there is no inherent loss of spatial resolution. Polarization
compounding has not been widely implemented because the magnitude of speckle reduction
is modest, and because the methods to implement it are historically relatively expensive, such
as active components to modulate polarization or duplication of detection mechanisms to

measure orthogonally split polarizations.

According to Schmidt (Schmitt et al "Speckle in Optical Coherence Tomography", J.
Biomed. Opt. 4:95 1999), the speckle patterns created by orthogonal polarizations are at least
partially decorrelated, and in particular the components related to multiple scattering may be
highly decorrelated. A SS-OCT system, illustrated in FIG. 15, can used to probe a sample as
described in FIG. 16, to take advantage of polarization diversity for speckle reduction. FIG.
15 shows an SS-OCT apparatus consisting of broadband light source1501 producing
interleaved pulses of orthogonal polarization, an interferometer including a reference arm
1502 and a sample arm 1503 containing a scattering sample 1504, optically combined by a
non-polarizing beamsplitting device 1505. Optionally the sample arm may contain a beam
steering apparatus 1506 such as a galvanometer mirror to scan the light over the scattering

sample.

FIG. 16(a) and (b) shows the width of a beam of light that may be used to probe the volume
of a scattering sample in optical coherence tomography in two different sampling
configurations. The beams associated with three sequential samples (a-scans) may be well
separated as in FIG. 16(a), or substantially overlapping as in FIG.16(b). The degree of
speckle correlation between adjacent scans depends on the degree to which they share
common information. The scans in 16(a) do not have any overlap in their cross sections and

their speckle are uncorrelated regardless of their polarization. Averaging theses scans would
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reduce speckle, but would also reduce spatial resolution. In the case of FIG.16(b), the beams
have a significant overlap. If they share the same polarization their speckle information is
correlated. Averaging theses scans would do very little to reduce speckle, and would like
wise not reduce spatial resolution much. If they have alternating orthogonal polarizations,
directly adjacent scans would be less correlated — so averaging would reduce the speckle
contrast in the image, and introduce very little loss of spatial resolution. The spacing of the
sequential samples should not be greater than the lateral correlation length (or the
approximate speckle dimension / beam width). If the samples are spaced at a distance greater
than the lateral correlation length, the speckle will be decorrelated anyway, regardless of
polarization and therefore the polarization diversity is of no consequence. The algorithm to
produce a speckle reduced tomogram from the two polarization states may include averaging,
taking the greater of the two orthogonal values, or taking a weighted statistical estimator from

neighboring measurements of identical and orthogonal polarization states.

Spatial and Temporal Separation

Dual beam OCT, which scans a single target with multiple beams of light was described by
Fercher (see for example US Patent 5,877,856) using a Wollaston prism to achieve dual
beams of split polarization from a single linear input polarization state aligned at
approximately 45 degrees to the birefringent axis of the Wollaston prism. He disclosed a
method to measure the beams independently by passing the light through a polarization
splitter and on to a pair of detectors. A similar dual beam effect was later realized by Zotter et
al, (see for example Zotter et al “Visualization of microvasculature by dual-beam phase-
resolved Doppler optical coherence tomography” Opt Express 19(2):1217-27 2011) by nearly
complete duplication of the systems for each angle and combination with a small angle offset

at beamsplitting device.

The method described below simplifies the dual measurement methods in the prior art by
acquiring the data serially in an interleaved rather than fully parallel manner. The interleaved
measurements can use the same optical path, detectors and detection electronics while
retaining the advantages of a dual beam method. For the purpose of calculating maximum
permissible exposure, the power is split to spatially distinct locations allowing roughly a
doubling of allowable total average power incident on the sample. The time between
sequential axial scans is very short compared to the time separation between well separated

beams, which can be tens or hundreds of sample spacings away. Sequential scans can then be
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considered simultaneous for the purpose of calibrating out motion of the sample that occurs
during a full length transverse scan containing hundreds of axial scans. A constant and well
defined temporal offset is still introduced between a first scan and a second scan such as for

Doppler measurement.

The orthogonal polarization of temporally sequential a-scans may be used to introduce a
positional offset between the beams as they contact the sample. For example a passive
polarization sensitive component such as a Wollaston prism may introduce an angular
deviation that is different for beams of orthogonal linear polarization. If such a prism is
introduced in a scanning system, near a pupil of the system, the result is a lateral
displacement of the measurement beam in the sample. FIG. 17 shows an embodiment of this
aspect of the invention. Here an optical coherence tomography apparatus includes a source
1701 producing interleaved pulses of orthogonal polarization, an interferometer including a
reference arm 1702, a sample arm 1703 containing a scattering sample 1704, wherein the
reference and sample arms are optically combined by a non-polarizing beamsplitting device
1705, a beam steering device 1706 to scan the light over the scattering sample, and a passive
polarization sensitive devicel707, such as a Wollaston prism, which deflects the beams
according to their polarizations in addition to the amount of scan deflection introduced by the
beam steering device. The displacement due to polarization difference is labeled d on the
scattering sample. If the deviation because of polarization is introduced in the scanning
direction, the same position will be scanned twice; the spatial separation on the target ‘d’

translates to a temporal separation ‘t’ = d/v where v is the scan velocity across the target.

The size and direction of the lateral displacement desired depends on the application. A small
displacement may be introduced such that the displacement counteracts the displacement of a
constant velocity scan mechanism during the period between a-scans. Thus temporally
sequential a-scans occur in pairs that are substantially overlapping at the same point in space.
Another application might be to produce a wide enough separation such that the beams may
be considered independently for thermal hazard in a Maximum Permissible Exposure
calculation. Another application is to separate the beams to introduce a specific temporal
delay between the two measurements for the purpose of a change measurement over a precise
time period, such as for Doppler velocity determination. Another application of recording
beams offset in position relative to each other is to compensate the effect of sample motion

on an object. In this case, if at least one point in the scan is effectively measured twice, it is
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possible to calculate the average axial velocity of the scanned object from the displacement of

the point between the two recordings.

Phase Shifts

Methods to periodically modulate the phase of the interference between the sample and
reference have been shown. The physical length of an arm of the interferometer may be
rapidly changed by a short, relatively fixed amount, such as by placing the reflective element
on an oscillating piezoelectric mount (see for example Wang et al “Fourier domain optical
coherence tomography achieves full range complex imaging in vivo by introducing a carrier
frequency during scanning” Physics in Medicine and Biology 52(19): 5897 2007), or by
stretching a length of fiber (see for example Vergnole et al ‘Artifact removal in Fourier-
domain optical coherence tomography with a piezoelectric fiber stretcher” Optics Letters
33(7): 732-734 2008). Also the optical path length may be modulated by temporally changing
the optical index of refraction of an element in that path, such as by subjecting an electro
optic crystal to a voltage (see for example Gotzinger et al “High speed full range complex
spectral domain optical coherence tomography” Optics Express 13(2): 583-594 2005).
Multiple path length reference arms have been described by Li (see for example US
5,892,583) for the measurement of details at different depths within a scattering target.

A solution utilizing polarization diversity to achieve two different path lengths in the
interferometer avoids the need for an active component in the difference path of the
interferometer. A solution where a small, relatively fixed phase difference is added passively
by a waveplate has the advantages of being extremely stable. A solution using polarization
splitting to divide the reference into two paths of arbitrary length has the advantage over
other beamsplitting methods in that it can be very light efficient while using the same spectral
band. If both polarizations were input to the system simultaneously, they could be read
differentially by a pair of detectors each responding to a different polarization state.
Sequential polarization states in the input allow both polarizations to be read by the same
detectors in serial fashion. Using a polarization modulator after the source is potentially
costly and adds complexity to the system. The current solution of a source using passive
polarization combining of two optical paths having orthogonal polarization states is
advantageous because the two polarization states may be achieved at lower cost, and may be
available as a side effect of a source configuration designed primarily to achieve high duty

cycle and high optical efficiency.
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Sequential pulses of orthogonal polarization states are capable of introducing a periodic phase
shift between sequential a-scans. A device may be placed in the difference path of the
interferometer which causes light of one polarization to have a different path length or phase
change than light of the orthogonal polarization as shown in FIG. 18. One example is shown
in FIG. 18(a). An optical coherence tomography apparatus includes a source 1801 producing
interleaved pulses of orthogonal polarization, sample and reference arms 1803, 1802. A
waveplate 1804 with its birefringent axis aligned parallel to one of the input polarizations
introduces no polarization rotation, but does introduce a relatively fixed and precisely defined
phase shift between the orthogonal polarizations. A small amount of tuning can be achieved
by introducing a tilt to the waveplate. Materials may be chosen to control the amount of
phase change introduced across the spectrum. For some applications it will be ideal to use an
achromatic waveplate to introduce a constant phase shift across the spectrum. Alternatively
as shown in FIG. 18(b) a polarization beamsplitter 1805, such as a Wollaston prism, may split
the reference beam path 1802 into two channels 1806, 1807 which may have arbitrarily

widely adjustable phase differences.

Such a periodic phase shift may be used for the removal of complex conjugate artifact from
frequency domain OCT. Introduction of a phase shift in the interference between adjacent a-
scans provides the information necessary to remove the ambiguity between the positive and
negative sides of the Fourier reconstruction of each a-scan. A specific implementation of this
artifact removal utilizes the introduction of a 90 degree phase shift between adjacent a-scans.
Computationally, the b-scan spectrum is Hilbert transformed in the spatial direction before

calculation of the b-scan.

An arbitrarily long adjustable phase difference could be useful to simultaneously measure the
position of two surfaces L1 and L2 along the sample beam path which are separated by too
great of a distance to be simultaneously viewable with a traditional measurement. The
reference path of each respective polarization may be then set individually. The known
separation between the two reference positions may be then included in a calculation of the

distance between the two surfaces.
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Polarization Sensitive Measurements

This section describes how the dual polarized swept-source systems of this invention can be
useful in polarization-sensitive OCT (PS-OCT). As previously mentioned, the term dual-
polarization swept source used herein means a laser generating sweeps with alternatively
changing polarization states. It has one polarization state in odd sweeps and then switches to

a different (orthogonal) polarization state in even sweeps.

Polarization-sensitive OCT (PS-OCT) is a functional extension of OCT that can measure the
depth-resolved birefringent characteristics of biological tissues such as collagen, cartilage,
and muscle. (See for example Hee et al “Polarization-sensitive low-coherence reflectometer
for birefringence characterization and ranging", J. Opt. Soc. Am. B 9:903-908 1992, de Boer
et al "Determination of the depth-resolved Stokes parameters of light backscattered from
turbid media by use of polarization-sensitive optical coherence tomography," Opt. Lett. 24:
300-302 1999, and Hitzenberger et al “Measurement and imaging of birefringence and optic
axis orientation by phase resolved polarization sensitive optical coherence tomography,” Opt.
Express 9: 780-790 2001). Since the round-trip nature of light propagation in OCT cancels
the effect of any circular birefringence, biological samples were normally modeled as a
linearly birefringent material in PS-OCT, meaning that the direction of the optic axis of the

biological tissues is constrained to the QU-plane in a Poincaré sphere representation.

In free-space PS-OCT systems, it was possible to measure tissue birefringence and optical
axis orientation with a single A-scan acquisition. The sample was illuminated by an incident
beam of light with circular polarization state, which was insensitive to the direction of the
optic axis of the sample. The tissue birefringence and optics axis were measured by
evaluating the OCT signal in two separate detection channels of orthogonal polarization

states.

However, it 1s difficult to measure tissue birefringence and optic axis orientation with a single
A-scan acquisition in a fiber-based PS-OCT system, since the fiber introduces a constant but
unknown birefringence. The incident polarization state is no longer known and the overall
direction of the optic axis from the combination of sample and fibers is no longer constrained
to the QU-plane. It is possible that the polarization state incident on the sample becomes
aligned parallel or orthogonal to the optic axis of the sample. Thus the incident polarization

state remains unchanged upon reflection from the sample and carries no information
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regarding the sample polarization properties (see for example Park et al “In vivo burn depth
determination by high-speed fiber-based polarization sensitive optical coherence
tomography” J. Biomed. Opt. 6:474-479 2001). Use of at least two (or more) incident
polarization states insure that at least one measurement carries useful polarization

information and guarantees a measurement without ambiguity.

Embodiments of fiber-based polarization —sensitive OCT (PS-OCT) systems have been
described in the prior art (See for example Saxer et al "High-speed fiber based polarization
sensitive optical coherence tomography of in vivo human skin," Opt. Lett. 25:1355-1357
2000, Park et al “Real-time multi-functional optical coherence tomography,” Opt. Express
11: 782-793 2003 and Park et al “Real-time fiber based multifunctional spectral-domain
optical coherence tomography at 1.3 um,” Opt. Express 13: 3931-3944 2005). These
methods have used expensive polarization modulators to achieve alternating polarization
states for consecutive A-lines, which was required for an unambiguous polarization sensitive

measurement.

FIG. 19 shows a PS-OCT design with a dual-polarization swept source DP-SS. While
interleaved pulses of orthogonal linear polarizations would work for speckle reduction, phase
shifting and temporal separating applications previously described, for PS-OCT, we prefer
the two polarization states of the dual-polarization swept source DP-SS that are orthogonal to
each other in a Poincaré sphere representation. One example of this is one sweep linear
polarized and the second sweep circular polarized. The fiber-optic based interferometer
consists of two fused couplers C1, C2. The light emitted from the swept source is coupled
into coupler C1, which splits part of the light going to the sample arm and the remaining light
going to the reference path. In the sample arm SA, the light reflected by the eye passes once
again through the first coupler C1, which sends part of the light to coupler C2 (normally a
50/50 coupler), which combines 50% of light from the reference path and 50% from the
sample path. Two polarization beam splitters PBS1, PBS2 are used to separate the signals of
orthogonal polarization states and send them to two balanced detectors D1, D2. The spectral
signal from the two channels are digitized by a 12 bit commercially available digitizer DI,
transformed from time to uniformly spaced wave number and then FFT transformed to

retrieve the complex depth encoded signal in a workstation CO.
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As the polarization sate of the input laser switches between two (or more) sweeps, (at least)
two set of Stokes parameters can be obtained based on the complex depth encoded signal, i.e.
the Stokes parameters for the 1% polarization input (I1, Q1, U1, V1) and the second
polarization input (I12, Q2, U2, V2). The intensity images are obtained from the average of I1
and 12. To determine the birefringence image, the detected signal reflected from the surface
of the sample is adopted as the reference. The phase retardation is calculated by comparing
the Stokes vectors between the surface and deeper axial position (See for example Saxer et al
"High-speed fiber based polarization sensitive optical coherence tomography of in vivo

human skin," Opt. Lett. 25: 1355-1357 2000).

Although various embodiments that incorporate the teachings of the present invention have
been shown and described in detail herein, those skilled in the art can readily devise many

other varied embodiments that still incorporate these teachings.

The following references are hereby incorporated by reference:
Patent Literature

US Patent No. 5,877,856

US Patent No. 5,892,583

US Patent No. 6,366,390

US Patent No. 6,847,449

US Patent No. 6,956,878

US Patent No. 7,126,693

US Patent No. 8,081,381

US Patent Publication No. 2010/0265467
US Patent Publication No. 2011/0080591
US Patent Publication No. 2011/0051148
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Claims:
1. A swept source optical coherence tomography (OCT) system comprising:

a light source arranged to generate a beam of pulses of light, wherein the source is
operated at a duty cycle and wherein the wavelength of the light within each pulse varies over
time;

a first beam divider for separating the beam along first and second paths, said second
path including a fiber delay line and followed by a Faraday rotator mirror for rotating the
polarization of the light pulses in the second path and redirecting the pulses back through the
fiber delay line;

a beam combiner for combining the pulses traveling in the first path with polarization
rotated pulses traveling in the second path onto a common path and with the length of the
fiber delay line being selected so that a pulse train is created in the common path with pulses
having an increased duty cycle relative to the duty cycle of the source;

a second beam divider for separating the pulse train along a sample arm and a
reference arm,;

optics for scanning the pulse train in the sample arm over a set of transverse locations
on a sample;

a first detector for measuring radiation returning from both the sample arm and the
reference arm, the detector generating output signals in response thereto; and

a processor for converting the output signals into image information.

2. An OCT system as recited in claim 1, wherein the Faraday rotator mirror is arranged to

rotate the polarization of the light pulses by ninety degrees.

3. An OCT system as recited in claim 1, wherein the pulses in the pulse train in the common

path have alternating polarization states.

4. An OCT system as recited in claim 3, further including a second detector for measuring
radiation returning from both the sample arm and the reference arm, said system further
including a polarizing beam splitter dividing the returning radiation between the first and

second detectors.

5. An OCT system as recited in claim 1, wherein the beam combiner is a polarization beam

combiner.
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6. An OCT system as recited in claim 1, wherein the duty cycle of the pulse train in the

common path is double the duty cycle of the source.

7. An OCT system as recited in claim 1, wherein the set of transverse locations is defined
such that pulses of varying polarization cover overlapping locations resulting in reduced

speckle in the image information.

8. An OCT system as recited in claim 1, wherein the first detector is a balanced detector.

9. A swept-source optical coherence tomography (OCT) system comprising:

a light source arranged to generate a beam of pulses of light, wherein the wavelength
of the light within each pulse varies over time;

a first beam divider for separating the pulse train along a sample arm and a reference
arm;

optics for scanning the pulse train in the sample arm over a set of transverse locations
on a sample;

a first detector for measuring radiation returning from both the sample arm and the
reference arm, the detector generating output signals in response thereto; and

a processor for converting the output signals into image information and wherein said
light source includes;

a resonator including two end reflectors, said resonator including two parallel branch
sections, a first gain medium being located in a first branch section and a second gain
medium being located in a second branch section, said resonator further including a single
tunable wavelength selective filter for varying the output wavelength of the pulses for each of

the two gain media.

10. An OCT system as recited in claim 9, wherein the first and second gain media are

alternatively excited.
11. An OCT system as recited in claims 10, further including one or more polarizing

elements in the resonator arranged so that the polarization state of the output pulses exiting

the resonator alternates.
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12. An OCT system as recited in claim 11, further including a second detector for measuring
radiation returning from both the sample arm and the reference arm, said system further
including a polarizing beam splitter dividing the returning radiation between the first and

second detectors.

13. An OCT system as recited in claim 10, wherein the tunable wavelength selective filter
operates so that the variation in wavelength of the pulses generated by both the first and

second gain media is in the same direction.

14. An OCT system as recited in claim 13, wherein the tunable wavelength filter is tuned by

rotating the filter in space relative to the light paths incident from the two branch sections.

15. An OCT system as recited in claim 10, wherein the tunable wavelength selective filter

acts as an end reflector of the resonator.

16. An OCT system as recited in claim 10, wherein the center wavelength of the first gain

medium is different from the center wavelength of the second gain medium.

17. An OCT system as recited in claim 16, wherein the center wavelengths of the first and
second gain media are selected to be sufficiently close so that the highest wavelength of the
tuning range of the first gain medium is substantially similar to the lowest wavelength of the

tuning range of the second gain medium.

18. An OCT system as recited in claim 16, wherein the center wavelengths of the first and
second gain media are selected to be sufficiently separate so that the highest wavelength of
the tuning range of the first gain medium is less than the lowest wavelength of the tuning

range of the second gain medium.

19. An OCT system as recited in claim 10, wherein the first detector is a balanced detector.

20. A swept source optical coherence tomography (OCT) system comprising:

a light source arranged to generate a beam of pulses of light, wherein the wavelength

of the light within each pulse varies over time;
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a first beam divider for separating the pulse train along a sample arm and a reference
arm;

optics for scanning the pulse train in the sample arm over a set of transverse locations
on a sample;

a first detector for measuring radiation returning from both the sample arm and the
reference arm, the detector generating output signals in response thereto; and

a processor for converting the output signals into image information and wherein said
light source includes;

a resonator including a common portion and two branch portions, said resonator
including a single gain medium located in the common portion and wherein each of the
branch portions include a tunable wavelength selective filter, said resonator further including
a switch for alternatively coupling the common portion of the resonator to one of the two
branch portions wherein the tunable wavelength selective filter associated with the branch
portion currently coupled to the common portion of the resonator controls the wavelength of

the pulses.

21. An OCT system as recited in claim 20, wherein said switch is an optical switch for

directionally coupling the common portion of the resonator to one of the two branch portions.

22. An OCT system as recited in claim 20, wherein said switch is a polarizing switching

device that alternatively switches the polarization state of the pulses within the resonator.

23. An OCT system as recited in claims 22, wherein the polarization state of the output

pulses alternates.

24. An OCT system as recited in claim 23, further including a second detector for measuring
radiation returning from both the sample arm and the reference arm, said system further
including a polarizing beam splitter dividing the returning radiation between the first and

second detectors.

25. An OCT system as recited in claim 20, wherein during the time when the first branch
portion is coupled to the common portion, the tunable wavelength selective filter associated
with the first branch portion is driven in a manner to drive the wavelength of the pulse in a

first direction and during the time second branch portion is coupled to the common portion,
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the tunable wavelength selective filter associated with the first branch portion is driven in the
reverse direction and during the time when the second branch portion is coupled to the
common portion, the tunable wavelength selective filter associated with the second branch
portion is driven in a manner to drive the wavelength of the pulse in a said first direction and
during the time first branch portion is coupled to the common portion, the tunable wavelength
selective filter associated with the second branch portion is driven in the said reverse

direction.

26. An OCT system as recited in claim 20, wherein the first detector is a balanced detector.

27. An optical coherence tomography (OCT) system comprising:

a light source arranged to generate a beam of pulses of light, wherein the polarization
state of the output pulses alternately switches between two orthogonally related states;

a first beam divider for separating the pulse train along a sample arm and a reference
arm;

optics for scanning the pulse train in the sample arm over a set of transverse locations
on a sample;

a detector for measuring radiation returning from both the sample arm and the
reference arm, the detector generating output signals in response thereto; and

a processor for converting the output signals into image information and wherein said
light source includes;

an optical element located in the sample arm for directing the pulses along one of two

paths dependent upon the polarization state of the pulse.

28. A system as recited in claim 27, wherein the optical element is configured so that the
pulses of one polarization state are laterally displaced on the sample with respect to the pulses

of the other polarization state.

29. A system as recited in claim 28, wherein the lateral displacement is selected to counteract
the displacement of a constant velocity scan mechanism so that sequential A-scans occur in

pairs that are substantially overlapping.

30. A system as recited in claim 28, wherein the lateral displacement is selected to facilitate

a change measurement.
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31. A system as recited in claim 28, wherein the lateral displacement is selected to

compensate the effect of sample motion.

32. A system as recited in claim 28, wherein the detector is a balanced detector.

33. An optical coherence tomography (OCT) system comprising:

a light source arranged to generate a beam of pulses of light, wherein the polarization
state of the output pulses alternately switches between two orthogonally related states;

a first beam divider for separating the pulse train along a sample arm and a reference
arm;

optics for scanning the pulse train in the sample arm over a set of transverse locations
on a sample;

a detector for measuring radiation returning from both the sample arm and the
reference arm, the detector generating output signals in response thereto;

a processor for converting the output signals into image information and wherein said
light source includes; and

means for modifying the phase of the pulses having one polarization state with respect

to the pulses having the other polarization state.

34. A system as recited in claim 33, wherein each pulse is used for an OCT A-scan, such that

the phase of the light in successive A-scans alternates.

35. A system as recited in claim 33, wherein the means for modifying the phase of the pulses

is a waveplate located in one of the sample or reference arms.

36. A system as recited in claim 33, wherein the means for modifying the phase of the pulses
includes an optical element located in the reference arm for directing the pulses along one of
two reference arm sub-paths dependent upon the polarization state of the pulse and wherein

the length of one of the sub-paths is different from the length of the other sub-path.

37. A system as recited in claim 36, wherein the optical element is a Wollaston prism.

-32-



WO 2012/140229 PCT/EP2012/056831

38. A system as recited in claim 36, wherein the respective lengths of the sub-paths are

adjusted to permit the simultaneously measurement of two surfaces within the sample.
39. A system as recited in claim 33, wherein the processor uses the output signals from the
two different phases to remove the ambiguity between the positive and negative sides of a

Fourier reconstruction of each a-scan.

40. A system as recited in claim 33, wherein the detector is a balanced detector.
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