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Abstract We discuss the development of quantum optical coherence tomography
(Q-OCT), an imaging modality with a number of potential applications. Although
Q-OCT is not expected to replace its eminently successful classical cousin, optical
coherence tomography (OCT), it does offer some advantages as a biological imag-
ing paradigm. These include greater axial resolution and higher signal-to-background
ratio, immunity to dispersion that can lead to deeper subsurface penetration, and nonde-
structive probing of light-sensitive samples. Q-OCT also serves as a quantum template
for constructing classical systems that mimic its salutary properties.

M. C. Teich ()

Quantum Photonics Laboratory, Departments of Electrical & Computer Engineering,
Biomedical Engineering, and Physics, Boston University, Boston, MA, 02215, USA
e-mail: teich@bu.edu

M. C. Teich
Department of Electrical Engineering, Columbia University, New York, NY, 10027, USA

B. E. A. Saleh
Quantum Photonics Laboratory, College of Optics and Photonics (CREOL), University of Central
Florida, Orlando, FL, 32816, USA

B. E. A. Saleh
Quantum Photonics Laboratory, Department of Electrical & Computer Engineering,
Boston University, Boston, MA, 02215, USA

F. N. C. Wong
Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, MA,
02139, USA

J. H. Shapiro

Research Laboratory of Electronics and Department of Electrical Engineering and Computer Science,
Massachusetts Institute of Technology, Cambridge, MA, 02139, USA

@ Springer



904 M. C. Teich et al.

Keywords Quantum Imaging - Optical Coherence Tomography - Quantum
Optical Coherence Tomography - Phase-Conjugate Optical Coherence Tomography -
Chirped-Pulse Optical Coherence Tomography - Spontaneous Parametric
Down-Conversion

1 Introduction

Time-domain optical coherence tomography (OCT) is an axial-imaging tech-
nique that makes use of classical light and classical interferometry. It utilizes a
broadband optical source with short coherence length; it is therefore a form of
coherence-domain imaging. The advent of nonclassical sources of light, such as
twin-photon beams, has raised the question as to whether the use of such sources
can serve to improve the performance of OCT. The answer turns out to be
in the affirmative and a quantum version of optical coherence tomography
(Q-OCT) has been developed and investigated. It does indeed offer improved
imaging performance in a number of respects, but this comes at the cost of hav-
ing to incorporate a source of nonclassical light in the apparatus. The devel-
opment of Q-OCT has, in turn, fostered the birth of several quantum-mimetic
versions of optical coherence tomography (QM-OCT) that offer the advantages
of time-domain Q-OCT but make use of classical light and nonlinear optics
in place of nonclassical light. The primary advantage of Q-OCT and QM-OCT
over OCT is insensitivity to even-order dispersion in the medium under investi-
gation; this can be an important consideration when dispersion sets a limit on
the axial-resolution that can be achieved in conventional high-resolution OCT. In
this paper, we summarize a number of theoretical and experimental studies of
Q-OCT, along with its quantum-mimetic cousins (QM-OCT), in their manifold
configurations.

2 OCT and its variations
2.1 Optical coherence tomography (OCT)

Optical coherence-domain reflectometry (OCDR), which was originally developed
for optical-fiber and integrated-optics applications [1-3], is a high-resolution (~pwm)
axial-imaging technique that makes use of a classical broadband optical source in con-
junction with a classical (second-order) interferometer [4]. When joined with trans-
verse scanning to generate cross-sectional images, this range-finding technique has
come to be called optical coherence tomography (OCT) [5]. OCT has the distinct
merits that it is non-invasive, non-contact, high-resolution, and rapid. As a result, it
has increasingly come to the fore as a technique that is useful for biological imaging
[5-8] and clinical medicine [9,10].

Time-domain OCT is a form of low-coherence interferometry. It makes use of the
second-order coherence properties of classical light to effectively section a reflective
or scattering sample with a resolution that is determined by the coherence length
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of the source [11]. Sources of broad spectral width have short coherence length
and therefore offer high resolution. A whole raft of optical sources have been made
use of in time-domain OCT, including superluminescent diodes (SLEDs), ultrashort
pulsed lasers, and supercontinuum light sources such as photonic-crystal fibers [10,
chaps.2,9,10].

OCT can also be implemented in the form of frequency-domain interferometry,
which offers improved detection sensitivity since echos from the entire depth of the
sample are collected simultaneously, rather than sequentially. This approach offers
a substantial improvement in axial-scan and data-acquisition rates because of the
aforementioned increased detection sensitivity and also because mechanical scanning
of the interferometer is obviated. Fourier-domain detection implementations often
make use of a narrow-bandwidth optical source whose frequency is swept in time,
such as a wavelength-swept laser [10, chaps.1,7,11] or a wavelength-swept ampli-
fied spontaneous emission (ASE) source [12], in conjunction with balanced detection.
OCT can be carried out in various configurations, including those that are sensitive
to the polarization, spectroscopic, and Doppler features of the sample [10, chaps. 21—
23]; the latter can be probed by implementing OCT in a heterodyne configuration
[13,14].

As the resolution of OCT has improved with the development of optical sources
that generate light over broad spectral bandwidths, the deleterious effects of dispersion
inherent in the sample under study have become more pronounced. In the case of oph-
thalmologic imaging, for example, the retinal structure of interest is located behind a
comparatively large body of dispersive ocular media [15]. Sample dispersion increases
the width of the coherence envelope of the probe beam and results in a reduction of
axial resolution and fringe visibility [6,16,17]. To improve the resolution of OCT,
it is therefore important to implement schemes for handling dispersion. Examples
of techniques for depth-dependent dispersion compensation include the use of dis-
persion-compensating elements in the optical arrangement [15,18] and a posteriori
numerical methods [19]. For these techniques to operate satisfactorily, however, the
nature of the dispersion in the object must be well-characterized so that the appropriate
optical element or numerical algorithm can be properly implemented.

2.2 Nonclassical light and quantum optical coherence tomography (Q-OCT)

Over the past several decades, a number of nonclassical (quantum) sources of light
have been developed [see, for example, 20-26] and it is natural to inquire whether
making use of any of these sources might be advantageous for tomographic axial
imaging. An example of such a nonclassical source is spontaneous parametric down-
conversion (SPDC) [27], a nonlinear optical process that generates entangled photon
pairs (also called biphotons). So-called Type-I and Type-II SPDC interactions gener-
ate light with spectral/spatial and polarization entanglement, respectively [28, chap.
21]. The presence of entanglement means that photons are emitted in pairs, and are
endowed with stronger-than-classical temporal and spatial correlations. By virtue of
the conservation of energy and momentum in the generation process, the two photons
of a pair are anti-correlated in frequencies and directions. We are indeed able to make
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use of frequency-entangled twin photon pairs to construct a system that provides range
measurements analogous to those obtained using classical OCT, but with a number of
additional salutary nonclassical features. We refer to this scheme as quantum optical
coherence tomography (Q-OCT) [29,30].

Q-OCT provides axial imaging by making use of a fourth-order interferometer
that incorporates two photodetectors, rather than a second-order interferometer with
a single photodetector as used for classical OCT [31]. One beam travels through the
sample and the other through a controllable delay time t (path-length delay ct) before
reflection/transmission through the interferometer. The photon-coincidence rate at the
output ports of the beam splitter is measured as a function of ¢t by making use of
a pair of photon-counting detectors and a coincidence counter. Because of quantum
destructive interference, when the optical path lengths are equal, both photons emerge
from the same port and the coincidence rate exhibits a sharp dip, with a width equal to
that of the photon wave packet, which can be less than 10 fsec [32]. This coincidence
dip is used to monitor the reflectance of the sample as a function of depth. An image
of the backscattered light from a spatially extended specimen may be obtained by
conducting such axial scans at a collection of transverse locations.

Entangled-photon sources, which are typically broadband marginally, have pre-
viously been used to demonstrate a number of interference effects that cannot be
observed using traditional classical sources of light [see, for example, 33-35]. Twin-
photon sources have also found use in quantum cryptography, metrology, ellipsometry,
microscopy, and imaging [36—41], among other areas. In the context of imaging, entan-
gled photons may be used together with photon-coincidence detectors for axial and
transverse imaging, in both direct and interferometric configurations [42—44]. Some of
these applications make use of the correlation properties, rather than the entanglement
properties, of twin-photon sources [44].

2.3 Quantum-mimetic optical coherence tomography (QM-OCT)

Q-OCT has inspired a number of quantum-mimetic versions that operate on the basis
of classical light and nonlinear optics [45—49]. Quantum-mimetic optical coherence
tomography (QM-OCT) can successfully mimic dispersion cancellation and other
salutary features of Q-OCT. Moreover, various versions of QM-OCT offer unique
additional benefits, such as substantially increased signal-to-noise ratio and acqui-
sition rate. The limitations of QM-OCT systems are principally associated with the
complexity of the experimental arrangements though they have the distinct advantage
of making use of classical light. Obviously, entanglement plays no role in QM-OCT
systems.

In a similar way, quantum-mimetic transverse (ghost) imaging can also be imple-
mented using classical light. In particular, the photon bunching associated with thermal
light gives rise to photon pairs in addition to the underlying random (Poisson) pho-
ton occurrences [31,44]. A thermal source, in conjunction with a photon-coincidence
or intensity-correlation measurement system, can thus mimic two-photon ghost imag-
ing. A duality between these two imaging paradigms was formally established in 2000
[42].
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3 Origin and development of quantum optical coherence tomography
3.1 Quantum optical coherence tomography (Q-OCT) theory

Figure la, b display schematic diagrams of time-domain OCT and Q-OCT config-
urations, respectively. As illustrated in Fig. 1b, Q-OCT is implemented by mak-
ing use of entangled photon pairs generated in a nonlinear crystal (NLC) pumped
by a laser. The reference beam, after reflection from a movable mirror, and the
object beam, after reflection from an axially extended sample, impinge on the
two input ports of a beam splitter. The beams that emerge from the two out-
put ports of the beam splitter are detected by a pair of photon-counting detectors,
and the coincidence rate is determined as a function of the reference-arm path-
length delay. This configuration is known as a Hong-Ou-Mandel (HOM) inter-
ferometer [32]. When the path lengths of the reference and object beams match,
quantum destructive interference causes the coincidence rate to vanish. As the
path length of the reference beam is varied by translating the mirror, the coinci-
dence rate exhibits a dip at each of the reflecting boundaries within the extended
sample.

In this two-photon interferometry scheme, the width of the interference dip is gov-
erned by the product H (2) H*(—2), where H (£2) is the transfer function of the optical
system in the object beam, and €2 is the frequency displacement from the central fre-
quency [29,50,51]. Asaresult of the frequency anticorrelations in the entangled beams,
the width of the dip is insensitive to even-order dispersion (including group velocity
dispersion) of the imaged sample [52,53]. Methods for achieving combined even- and
odd-order dispersion cancellation have also been devised [54]. As discussed above, a
fundamental limitation of conventional OCT is the reduction in axial resolution that
arises from sample dispersion.

a b
QG-OCT c{.t_ TI MIRROR
i DETECTOR 1
%G
DETECTOR 2

SAMPLE

Fig. 1 a Conventional time-domain OCT using partially coherent light generated by a superluminescent
diode (SLED) and a Michelson interferometer. The interferogram is a record of the intensity / () as a func-
tion of the mirror displacement ct. b Quantum OCT using entangled photon pairs generated in a nonlinear
crystal (NLC) by the process of spontaneous parametric down-conversion and an HOM interferometer. The
interferogram is a record of the photon coincidence rate C(t) as a function of the mirror displacement ct
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We have demonstrated theoretically [29,30,50,51] that Q-OCT has the following
advantages in comparison with conventional OCT: (1) greater signal-to-background
ratio; (2) intrinsic resolution enhancement by a factor of two for the same source
bandwidth; (3) interferogram components that are insensitive to even-order disper-
sion of the medium; and (4) interferogram components that are sensitive to dispersion
of the medium, thereby permitting direct determination of the dispersive properties of
layered media.

The performance characteristics of a Q-OCT system, such as its signal-to-noise
ratio (SNR) and acquisition speed, are determined by a number of factors, including
the optical power (entangled-photon flux) in the interferometer [55]. We have estab-
lished an approach for determining the statistical accuracy of quantum imaging in
general, and the accuracy of Q-OCT in particular [44].

3.2 Q-OCT experiments

Our initial experiments demonstrated the viability of the Q-OCT technique and verified
its dispersion-cancelling property [50,51] by making use of entangled photons gen-
erated by spontaneous parametric down-conversion in an 8-mm-thick lithium iodate
Type-I nonlinear optical crystal pumped by a Kr*-ion laser operated at 406 nm. As
shown in Fig. 2, the experimental results confirm the theory, as described above.
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Fig. 2 Measured quantum (Q-OCT) and classical (OCT) interferograms (as a function of path-length
delay) for a four-boundary sample comprising two 90-pm-thick windows of fused silica (FS) in air, with a
12-mm-thick slab of highly dispersive zinc selenide (ZnSe) between them. The light enters from the right.
In classical OCT (bottom trace), the two boundaries not affected by the dispersive medium (denoted 1 and
2) yield interference fringes that extend for a coherence length (37wm). In contrast, the interference fringes
associated with the two left-most surfaces (denoted 3 and 4) are broadened to 104pum by the dispersive
medium through which the light has had to pass. In Q-OCT (top trace), the two right-most boundaries
(1 and 2) provide interference fringes that extend for an entanglement length (18.5ium). The interference
fringes associated with the two left-most surfaces (3 and 4) are broadened ever so slightly, to 19.5pum,
demonstrating dispersion cancellation. Cross-interference features associated with reflections from each
pair of boundaries leads to humps or dips at mid points of the single-boundary interference features; the
pair of boundaries responsible for a particular cross-interference feature is designated by a pair of numbers
adjacent to that feature. (After [51])
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Fig.3 a An A-scan showing the HOM coincidence dip that results from reflection from the top surface of an
onion-skin sample coated with bovine-serum-albumin-functionalized gold nanoparticles. b A three-dimen-
sional image of the biological sample at a constant normalized coincidence rate Cx,y = 0.90 constructed
from the collection of all A-Scans. Two-dimensional sections along the orientations of the three planes
indicated have been constructed. (After [55])

Our earliest Q-OCT system was limited by sub-optimal axial resolution (approxi-
mately 18.5pum), a low flux of photon pairs, and long acquisition times. A comprehen-
sive redesign of the optical arrangement to compress all distances and miniaturize the
system resulted in an increase in the photon flux by a factor of four, an enhancement
of the spatial resolution by a factor of two, and an improvement in the axial resolution
to 3.5um. Moreover, Q-OCT was initially demonstrated by using a plane-wave probe
beam to conduct single axial scans on simple planar samples with parallel layers of
non-scattering material, in the spirit of OCDR. Incorporating scanning in the transverse
direction required the use of a focused object beam, which was achieved by using a lens.
Maintaining indistinguishability, and the concomitant integrity of the narrow interfer-
ence dip [32], required the judicious placement of lenses in the reference beam as well.

These modifications ultimately permitted us to obtain a three-dimensional (3D)
Q-OCT image of a biological specimen: an onion-skin tissue coated with functional-
ized gold nanoparticles [55]. The 3D image displayed in Fig. 3b, which was obtained
at a constant normalized coincidence rate Cy y, = 0.90, was constructed from the
collection of all axial scans (A-Scans) collected from the specimen, such as the one
illustrated in Fig. 3a. The 3D images were also cast in the form of two-dimensional
sections, along the orientations of the planes indicated in Fig. 3b, yielding B-Scans
and C-Scans [55].

In the context of quantum information, this represents the first experiment in which
a quantum-entangled entity has interacted with a biological specimen, generating a
collection of quantum interferograms from which an image was constructed.

3.3 Q-OCT resolution enhancement by use of ultra-broadband entangled photons
generated via chirped quasi-phase-matched SPDC

The SPDC entangled-photon flux generated in bulk nonlinear optical crystals, such
as lithium iodate (LilO3) or S-barium borate (BBO), is limited [56]. The photon
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Fig. 4 a Normalized HOM coincidence interferograms (dips) for various degrees of linear chirp (indi-
cated by the chirp parameter «) in the chirped, periodically poled, stoichiometric lithium tantalate grating.
Symbols represent measured data points whereas solid curves are numerical simulations. The FWHM of
the measured dips are 77, 19.1, and 7.1 fsec for the three increasing values of «, respectively. b Artist’s
rendering of the linearly chirped, periodically poled, grating used to generate the ultra-broadband entangled
photons that give rise to the results shown in (a) (adapted from [62], magazine cover)

flux can be enhanced, however, by moving to quasi-phase-matched materials, such as
periodically-poled lithium niobate (LiNbO3, PPLN) or potassium titanyl phosphate
(KTiOPOg4, KTP), which offer larger nonlinear coefficients. Indeed, PPLN waveguide
structures were first suggested for producing SPDC in 2001 [57], and the condi-
tions required to generate counterpropagating entangled photons from an unguided
pump field were established shortly thereafter [S8]. The generation of non-collinear
and non-degenerate polarization-entangled photons via concurrent Type-I parametric
down-conversion was also demonstrated in a PPLN crystal [59].

One way of generating a high flux of entangled photons that are concomitantly
ultra-broadband is to make use of a quasi-phase matched nonlinear grating with a
nonuniform poling period [60]. The poling pattern A (z), where z is the spatial coordi-
nate along the direction of pump propagation, provides a collection of phase matching
conditions over the length of the grating, which leads to broadband biphoton gen-
eration; at the same time, the poling pattern can be chosen to engender a special
phase relation among the various spectral components that will allow the biphoton
wavepacket to be compressed using the techniques of ultrafast optics.

We recently made use of a Kr*-ion cw laser pump operated at 406 nm, together
with a linearly chirped, periodically poled, stoichiometric lithium tantalate grating, to
generate ultra-broadband (~300 nm bandwidth) photons [61,62]. As shown in Fig. 4a,
these entangled photons yielded an ultranarrow HOM dip [32], with a full-width at
half-maximum (FWHM) of 7.1 fsec, corresponding to an axial resolution of 1.1 pm
in Q-OCT. As indicated above, pulse-compression techniques could be used to fur-
ther compress the biphoton wave function. The generation of such ultra-broadband
nonclassical light opens the door to the production of a high flux of nonoverlapping
entangled-photon pairs with optical powers on the order of microwatts, which could
lead to the implementation of other novel quantum sensing and imaging applications,
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such as entangled-photon microscopy [39], spectroscopy [63], and photoemission
[64,65].

In the future, compact photonic circuits with multiple components integrated on a
single chip are likely to be important for the efficient implementation of quantum pho-
tonic technologies such as Q-OCT. The possibility of using SPDC in two-mode planar
and circular waveguides to generate guided-wave entangled photon pairs has been
considered [66]. If the photons are confined in this manner, the spatial variables are
naturally binarized and can be used to represent a modal qubit [67]. We recently consid-
ered the design of photonic circuits, based on Ti:LiNbOj3 diffused channel waveguides,
that generate photon pairs endowed with various combinations of modal, spectral, and
polarization entanglement [68]. Single- and multi-mode KTP waveguide structures
have also been extensively studied for producing pulsed SPDC [69]. The principles of
guided-wave SPDC are expected to be useful both for increasing the photon flux of
the SPDC source and for miniaturizing the apparatus.

3.4 Q-OCT resolution enhancement by use of SSPD detectors

The silicon single-photon avalanche photodiodes (APDs) that have been used in the
majority of our experiments (EG&G-SPCM-AQR-15) have limited bandwidth, par-
ticularly in the near-infrared. It follows that an even narrower HOM dip would be
expected were we to use broader-bandwidth detection devices. We carried out such
experiments by making use of superconducting single-photon detectors (SSPDs) [70].
These detectors were used in an HOM interferometer and the coincidence rate N.(t)
of the detector output pulses were recorded as a function of the temporal delay
between the signal and idler photons. These results were compared with those obtained
for the silicon APDs. As displayed in Fig. 5, the HOM dip obtained using the APD

1.2
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0.8-
0.6—-

0.4

0.2

e SSPD

NORMALIZED COINCIDENCE N (7)

0.0 T . T " T " 1
-10 -5 0 5 10

SIGNAL-IDLER RELATIVE DELAY r(fsec)

Fig. 5 Normalized HOM coincidence interferograms (dips) obtained using a pair of silicon single-photon
APDs (squares), and a pair of superconducting single-photon detectors (SSPDs) (circles). The symbols
represent the measured data points while the curves are Gaussian fits to the data. The FWHM of the mea-
sured dips are 6.2 £ 0.1 and 5.7 & 0.2 fsec for the experiments conducted using the APDs and SSPDs,
respectively. These observed ultra-narrow dips translate to ultra-high axial Q-OCT resolutions of 0.93 and
0.85 pwm, respectively. (After [70])
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detectors (black squares) displayed a FWHM of 6.2 & 0.1 fsec while that obtained
using the SSPD detectors (red circles) displayed a FWHM of 5.7 &= 0.2 fsec. The use
of the SSPDs thus resulted in a 9% narrowing of the dip. We conclude that the use of
SSPD detectors does indeed broaden the overall spectral response of the HOM inter-
ferometer, as evidenced by the narrowing of the HOM dip. This confirms that a higher
density of nonoverlapping biphotons can, in fact, be obtained by making use of such
detectors, thereby offering a concomitant improvement in Q-OCT resolution. These
experiments offered an axial Q-OCT resolution of 0.85 pum, a substantial improvement
of the resolution of 18.5 wm attained in the earliest Q-OCT experiments.

It may also be worthy of mention in this connection that ultra-broadband photon-
counting OCT has been carried out using parametric down-conversion generated in
chirped periodically poled gratings in conjunction with superconducting single-photon
detectors. Experiments were carried out at a center wavelength of 1064 nm, which is
suitable for deep penetration of broadband optical radiation into biological tissue [71].

3.5 Q-OCT measurement of the dispersion coefficient of interstitial layers

As an added feature, Q-OCT permits a direct determination of the group-velocity dis-
persion (GVD) coefficients of the interstitial media between the reflecting surfaces of
asample [51]. A typical Q-OCT interferogram comprises two classes of features. Fea-
tures in the first class, which can take the form of dips or humps, carry the information
that is most often sought in OCT: the depth and reflectance of the layer surfaces that
constitute the sample. In Q-OCT, each of these features is associated with a reflection
from a single surface and is immune to GVD. Features in the second class, which
can also take the form of dips or humps, arise from cross-interference between the
reflection amplitudes associated with every pair of surfaces and are sensitive to the dis-
persion characteristics of the media between them. Measurement of the broadening of
a feature associated with two consecutive surfaces directly yields the GVD coefficient
of the interstitial medium lying between them [51]. Examples of these inter-boundary
features are displayed in Fig. 2. In an OCT scan, in contrast, only a single class of
features is observed; each feature is associated with reflection from a single surface
and is subject to the cumulative dispersion of the portion of the sample lying above it.
Thus, GVD information is not directly accessible via OCT; to measure the GVD of a
particular buried medium in OCT, it is necessary to consecutively compute the GVD
of each of the constituent layers above it.

3.6 Polarization-sensitive quantum optical coherence tomography (PS-Q-OCT)
theory

Type-II polarization-sensitive quantum optical coherence tomography (PS-Q-OCT)
offers optical sectioning with polarization-sensitive capabilities. A general Jones-
matrix theory for analyzing PS-Q-OCT systems, along with a proposed procedure
for carrying out such experiments, was set forth in 2004 [72]. It is an extension of
the Type-I Q-OCT theory initially proposed in 2002 [29]. This approach provides
a means for obtaining information about the optical path length between isotropic
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reflecting surfaces, the relative magnitudes of the reflectances from each interface, the
birefringence of the interstitial media, and the orientation of the optical axes of the
sample. As with its precursor, PS-Q-OCT is immune to even-order sample dispersion
and thereby permits measurements to be carried out at depths greater than those acces-
sible via PS-OCT. As indicated earlier, quantum ellipsometry was developed as a tool
for determining the polarization properties of thin films [38,73].

3.7 PS-Q-OCT proof-of-principle experiments

Several proof-of-principle experiments have been carried out to show that PS-Q-OCT
provides results that accord with the theory [74]. The experimental arrangement is illus-
trated in Fig. 6. A frequency-doubled Ti:sapphire laser, used to generate 10-psec optical
pulses at a center wavelength of 400 nm, pumps a BBO NLC oriented for Type-II, col-
linear, degenerate SPDC at a center wavelength of 800 nm. The pump beam is removed
from the SPDC by a highly reflective mirror (HR 400) centered at the pump wave-
length, in conjunction with a long-pass filter (LP 695). The vertically polarized signal
photons and horizontally polarized idler photons are separated by a polarizing beam
splitter (PBS) and fed to the sample and reference arms of a Mach-Zehnder interferom-
eter, respectively. The polarization in the reference arm was set to horizontal (indicated
by an encircled dot). In some experiments, a lens is inserted before the initial PBS.
The reference arm consists of a variable path-length delay comprised of a half-wave
plate (HWP), a PBS, a quarter-wave plate (Q), and a translational mirror that changes

i DELAY
LINE

BG 39 HR LP &9

TYPE TRUNE T LENS
SPDC REMOVAL

&-mm ZINC SELENIDE EE C——1  LINEAR ROTATOR
: GIVES l‘
H

SAMPLE = MIRROR

D, COINCIDENCE

DETECTION

Fig. 6 Experimental arrangement used to carry out proof-of-principle polarization-sensitive quantum-opti-
cal coherence tomography (PS-Q-OCT) experiments with a ps-pulsed pump laser. (After [74])
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Fig. 7 Type-II Q-OCT coincidence rates R(7) vs. path-length delay ct with a ps-pulsed pump when the
sample arm contains: a no ZnSe, and b 6 mm of dispersive ZnSe. The solid curves connect the data points
to guide the eye. The measured 30-pm FWHM in (a) is not broadened by the presence of ZnSe in (b),
indicating dispersion cancellation. (After [74])

the length of the reference arm relative to the sample arm. The final polarization of
the reference beam can be oriented to either vertical or horizontal by a linear rota-
tor placed before the final non-polarizing beam splitter (NPBS) of the interferometer.
The sample arm contains a beam splitter, a quarter-wave plate (Q), and the sample
under study; this arrangement allows circularly polarized light to impinge normally
on the sample. To examine the dispersion-cancellation capabilities of PS-Q-OCT in
the proof-of-principle experiments described here, we make use of a reflective mirror
sample buried beneath a 6-mm thickness of ZnSe. At a wavelength of 800 nm, this
material is highly dispersive; its GVD coefficient is more than 10 times greater than
that of the BBO nonlinear crystal. The backscattered light from the sample travels
back along the probe-beam path, through the PBS in the sample arm, to the final
NPBS, where it is mixed with the delayed reference beam. In a more general con-
figuration, the elliptically polarized backscattered light from the sample travels back
along the probe-beam path through an NPBS in the sample arm, to the final NPBS.
The two outputs of the final NPBS are directed through pinholes (not shown) to two
single-photon-counting silicon APD detectors. The coincidence rate R(t) for photons
arriving at the two detectors, as a function of the path-length delay ct in the reference
arm, are recorded in a time window determined by a coincidence-counting detection
circuit (indicated by ®).

Using the experimental arrangement portrayed in Fig. 6, with the lens removed,
we carried out a set of experiments to demonstrate the cancellation of group-velocity
dispersion in PS-Q-OCT. The Ti:sapphire laser was configured for psec-pulse oper-
ation, thereby generating optical pulses that are sufficiently long so that even-order
dispersion cancellation is expected.

The interferograms displayed in Fig. 7 were obtained by making use of a 1.5-mm-
thick BBO nonlinear crystal. Coincidence data are shown: (a) in the absence of ZnSe,
and (b) with 6 mm of ZnSe placed in the sample arm before the single reflecting
surface. Each data point represents the number of coincidences measured in a 5-sec
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or 20-sec integration time (as indicated in Fig. 7a, b, respectively), as the path-length
delay between the sample and reference arms was scanned via the translational mirror
in the reference arm.

As the optical path-length delay approaches zero in Fig. 7a (at nanomover position
~10.52mm), quantum destructive interference at the final beam splitter causes the
observed coincidence rate to decrease, and the result is a sharp dip in the R(7) curve.
This is the HOM interference dip [32]. The interferogram in Fig. 7b behaves similarly.
Indeed, the 30-pm FWHM of the dip displayed in Fig. 7b, in the presence of 6 mm of
ZnSe, is the same as that shown in Fig. 7a in the absence of the ZnSe. This reveals that
the presence of highly dispersive ZnSe has no effect on the width of the dip, thereby
demonstrating the cancellation of group-velocity dispersion for ps-pulsed pumping in
PS-Q-OCT.

Other PS-Q-OCT proof-of principle experiments have also been conducted. Pump
pulses of fsec duration were used to illustrate the persistence of group-velocity disper-
sion when the pump pulses are of insufficient duration; the technique was successfully
demonstrated for scattering samples and for lateral imaging (the lens was left in place
in the setup shown in Fig. 6); and PS-Q-OCT was carried out for samples comprising
two surfaces and an interstitial medium, demonstrating that PS-Q-OCT, like Q-OCT,
can be used to determine the GVD coefficients of interstitial media [74].

3.8 OCT resolution enhancement by manipulation of the pump spatial distribution

An unexpected adjunct to the development of Q-OCT has been the recognition that
SPDC also provides a suitable broadband source for conventional time-domain OCT
under appropriate circumstances. We have shown, both theoretically and experimen-
tally, that the spectral distribution of the signal or the idler beams in non-collinear
parametric down-conversion can be controlled by changing the spatial distribution of
the pump beam, via an almost one-to-one mapping. A pump beam with a small diame-
ter generates downconverted light with a spectral distribution that is sufficiently broad
(greater than 200 nm in wavelength) that sub-pm-resolution OCT can be achieved.
Indeed, OCT interferograms from a 2-pm thick pellicle confirmed the efficacy of
this approach [75,76]. We also demonstrated experimentally that a similar approach
permits the generation of entangled photon pairs with a broad joint spectrum. Such
spectral properties are mediated by the geometry of non-collinear spontaneous para-
metric down-conversion and by selecting the appropriate spatial profile of the pump
laser light. The width of both (i) the joint spectrum of the entangled photon pairs, and
(i1) the spectrum of the individual signal and idler photons, can be tailored over a large
range of values, which renders this technique of potential value for quantum-infor-
mation applications. We have reported experimental results that demonstrate an OCT
axial resolution ~1pm [76,77].

3.9 Algorithms for OCT and Q-OCT image reconstruction
We have explored the possibility of extending the notion of compressed sensing (CS)

to spectral-domain OCT, potentially allowing the use of detector arrays of decreased
size [78]. CS techniques can yield accurate signal reconstructions from highly
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undersampled measurements, i.e., data that is sampled significantly below the
Nyquist rate. The Fourier relationship between the measurements and the desired
signal in spectral-domain OCT makes it a good candidate for compressed sensing.
Fourier measurements represent good linear projections for the compressed sensing
of sparse point-like signals by random under-sampling of frequency-domain data, and
axial scans in OCT are generally sparse in nature. This property has recently been
used to reduce speckle in OCT images. We have carried out simulations to dem-
onstrate the usefulness of CS for simplifying detection schemes in spectral-domain
OCT. In particular, we have demonstrated the reconstruction of a sparse axial scan by
using fewer than 10 percent of the measurements required by standard spectral-domain
OCT.

Research on data processing to extract axial images from Q-OCT interferograms
has also been carried out by formulating the problem for the special case of layered
samples. We have examined new algorithms for solving this problem, even when there
are a large number of interacting layers, using least-square-error estimation techniques
[79]. The program estimates the positions and reflectances of the layers. This prob-
lem offers continuing challenges, however, particularly when the layers are not well
separated.

4 Origin and development of quantum-mimetic optical coherence tomography
4.1 Phase-conjugate optical coherence tomography (PC-OCT) theory

The successful demonstration of Q-OCT has spurred interest in methods that utilize
classical light to mimic the quantum technique and reap the same principal advan-
tages, namely even-order dispersion cancellation and an axial resolution enhance-
ment of a factor of two. In Q-OCT, SPDC generates signal and reference beams
with a nonclassical phase-sensitive cross correlation, and two-photon coincidence
detection, which is a fourth-order interference phenomenon, is used for measure-
ment [29]. The key to achieving the resolution improvement and dispersion can-
cellation in Q-OCT can thus be understood in terms of a phase-sensitive cross
correlation engendered by quantum entanglement, while the low-flux SPDC pro-
vides a measurement advantage with nearly background-free coincidence detec-
tion. It turns out, however, that classical light can also possess a phase-sensitive
cross correlation. In phase-conjugate OCT (PC-OCT), classical signal and refer-
ence beams with phase-sensitive cross correlation are used in a double-pass config-
uration to achieve a factor-of-two resolution enhancement, as portrayed in Fig. 8;
phase conjugation provides the means for cancelling even-order dispersion [45].
Moreover, the phase conjugation converts the phase-sensitive cross correlation into
a phase-insensitive cross correlation that can be detected in second-order interfer-
ence, as used in standard interferometry, rather than in fourth-order interference as
required for Q-OCT. Signal-to-noise ratios are found to be comparable for Q-OCT
and PC-OCT, thereby making PC-OCT a classical alternative for potential applica-
tions.
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Fig. 8 Schematic of phase-conjugate OCT using classical signal and reference light with phase-sensitive
cross correlation. The sample is interrogated twice in a double-pass configuration and the amplifier provides
signal amplification and phase conjugation to achieve dispersion cancellation. (After [45])
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Fig. 9 a Plot of fiber-coupled SPDC output at 1560 nm as a function of average pump power, showing
amplification of spontaneous emission. At an input power of 2 W, the output pulses contained 600 photons
with a 5-nm bandwidth. b Plot of the optical parametric amplifier gain as a function of pump power; a gain
of nearly 20 dB is achieved at 2 W input. (After [46])

4.2 Pulsed SPDC source for PC-OCT

While SPDC is the standard method for generating entangled photon pairs, at high
flux levels it is also an ideal classical light source of phase-sensitive cross-correlated
signal and reference beams. We employed pulsed SPDC to create signal and refer-
ence pulses that contained hundreds of photons per pulse [46]. With mean photon
numbers far higher than unity, these pulses behave classically and no entanglement
exists between the signal and reference pulses. With an average power of 2 W and
peak powers at the kW level, we observed amplified SPDC in PPLN, as evidenced
by the exponential increase of the output power at high pump powers in Fig. 9a. The
pulsed SPDC was also broadband, with a measured bandwidth of 143 nm. Figure 9b
displays the PPLN-based optical parametric amplifier reaching a single-pass gain of
nearly 20 dB; this was used as the phase conjugator and amplifier in our PC-OCT
proof-of-principle experiment.
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Fig. 10 a PC-OCT experimental setup. A coarse wavelength division multiplexer (CWDM) separates the
SPDC output into 1570-nm signal and 1550-nm reference beams. The conjugate signal at 1550 nm that
emerges from the OPA interrogates the target a second time before making conjugate signal-reference inter-
ferometric measurements. b PC-OCT interferograms at three different target positions. Reference delays
were twice as large as would be expected from mirror-position shifts, thereby indicating a factor-of-two
resolution enhancement. The envelope width was measured to be ~0.89mm ; it would have been 3.02 mm
without dispersion cancellation. (After [47])

4.3 PC-OCT proof-of-principle experiment

We demonstrated the PC-OCT concept in a tabletop proof-of-principle experiment
[47]. Instead of imaging a biological sample, we measured the longitudinal resolution
enhancement of the position of a movable mirror in a laser-radar setting. As a first
demonstration, we utilized only a small portion (~6nm) of the available 143-nm band-
width, and we deliberately introduced dispersion into the measurement by propagating
the short pulses (< 1ps) through a substantial length of optical fiber. In the experimen-
tal arrangement shown in Fig. 10a, the signal light that was reflected from the target
was phase conjugated and amplified, and the conjugate signal was sent to the target
a second time. The reflected conjugate signal was then mixed with the time-delayed
reference light to yield the interferograms of Fig. 10b. The conjugate signal and refer-
ence beams had an average power of 2.5 nW so that a standard InGaAs detector was
suitable for making the measurement. We showed that there was indeed a factor of two
improvement in the axial resolution and that the dispersion in the signal arm was com-
pletely cancelled. While atmospheric dispersion is minimal at optical wavelengths, the
technique can be applied equally well to microwave wavelengths where such disper-
sion is more severe. This is a good first step toward applying the PC-OCT technique
to biological samples where dispersion is significant and a much broader bandwidth
from a chirped PPLN crystal [61,62] is needed to obtain adequate resolution.

4.4 Chirped-pulse OCT (CP-OCT) experiment

PC-OCT is not the only quantum-mimetic technique that can achieve the measurement
advantages of Q-OCT while using classical light. Resch and coworkers recognized
that biphotons generated under SPDC are anticorrelated in their frequencies such
that their sum is always equal to the narrowband pump frequency. This frequency
anticorrelation property can be reproduced in classical frequency-chirped pulses with
one pulse that is positively chirped, wg + €2, while the other is negatively chirped,
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Fig. 11 a Schematic of the experimental arrangement for CP-OCT. Interferogram measurements are car-
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in the absence of dispersion, showing a resolution enhancement of +/2. ¢ CP-OCT interferogram (top)
versus white-light interferogram (bottom), in the presence of dispersion introduced by a piece of calcite
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wo — 2, where wy is the average frequency. So-called chirped-pulse interfereometry
can reproduce many of the interferometric features that have been demonstrated using
biphotons [48]. In chirped-pulse OCT, oppositely chirped pulses are fed to an interfer-
ometer, as shown in Fig. 11a. One arm of the interferometer contains the sample and
the two pulses are combined at its output. Detection is via sum-frequency generation
(SFG) in a nonlinear optical crystal and narrowband filtering is used to extract the
2wo component, thereby ensuring that the output is restricted to cross-correlations
between the oppositely chirped pulses [49]. Figure 11b displays a resolution enhance-
ment of +/2 for chirped-pulse OCT in comparison with white-light interferometry,
in the absence of dispersion, which is not quite as good as the factor of 2 improve-
ment obtained for both Q-OCT and PC-OCT. Dispersion cancellation has also been
demonstrated in CP-OCT by inserting a piece of calcite in front of the microscope
cover-glass sample to simulate dispersion, as shown in Fig. 11c. CP-OCT has the
advantage that bright chirped and anti-chirped pulses are readily generated so that the
output signal-to-noise ratio can be far higher, and the acquisition rate far greater, than
is possible with Q-OCT. It is clear from these, as well as other experiments [80], that
entanglement is not a prerequisite for achieving dispersion cancellation.

5 Conclusion
We have demonstrated axial Q-OCT imaging for multi-layered and scattering media.

Dispersion cancellation has been demonstrated experimentally. In conjunction with
this, a method for measuring the dispersion coefficient of the interstitial media between
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boundaries in the sample has been developed and validated. Resolution enhancement
in the transverse direction has been concomitantly achieved with improved resolution
in the axial direction by making the Q-OCT apparatus compact and by judiciously
inserting optical elements that leave path indistinguishability in place to insure robust
interference patterns. Three-dimensional images of a biological sample have been
obtained in the form of A-, B-, and C-scans. A statistical analysis of Q-OCT measure-
ment accuracy has been carried out.

Novel periodically-poled, and chirped quasi-phase-matched (chirped-QPM), non-
linear-optical structures have been conceived, fabricated, and used to generate ultra-
broadband SPDC and thereby to improve the resolution available in Q-OCT, as well
as in OCT. Q-OCT resolution has been further enhanced, to a value of 0.85um, by
the use of superconducting single-photon detectors (SSPDs). It has been shown that
OCT resolution can be enhanced by manipulating the pump spatial distribution. A
polarization-sensitive version of Q-OCT, known as PS-Q-OCT, has been analyzed
and constructed, and its behavior has been shown to be in accord with theoretical
predictions.

The use of chirped-QPM SPDC and SSPDs have also been shown to improve the
resolution of photon-counting OCT centered at a wavelength of 1064 nm, which is
suitable for achieving deep penetration of broadband optical radiation into biological
tissue. Attention has been drawn to the principles of guided-wave SPDC, which can
be used to increase photon flux and miniaturize the apparatus. Two data processing
tools have been briefly examined: algorithms for image reconstruction in Q-OCT and
compressed sensing in spectral-domain OCT.

Quantum-mimetic optical coherence tomography (QM-OCT), in the form of
phase-conjugate optical coherence tomography (PC-OCT) and chirped-pulse optical
coherence tomography (CP-OCT), have been shown to successfully mimic dispersion
cancellation and other salutary features of Q-OCT. These implementations have the
advantage that they make use of classical, rather than nonclassical, light. Various
versions of QM-OCT also offer unique additional benefits, such as enhanced signal-
to-noise ratio and acquisition rate.
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