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QUANTUM OPTICAL COHERENCE
TOMOGRAPHY DATA COLLECTION
APPARATUS AND METHOD FOR
PROCESSING THEREFOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not applicable

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable

REFERENCE TO COMPACT DISK APPENDIX
Not applicable

BACKGROUND OF THE INVENTION

The present invention generally relates to the field of
three-dimensional imaging techniques in general and, more
particularly, to optical tomography and to Optical Coherence
Tomography in specific. Tomography in general is a tech-
nique for building up a full three-dimensional image of a
non-planar object out of a series of two-dimensional image
slices through that object. Perhaps the most popular example
of this technique is X-Ray Computed Axial Tomography
(CAT) scanning where the object is most easily observed
from the “sides”; that is, the object generally has only one
long dimension and two relatively short dimensions (like a
human body) However, another technique, Optical Coher-
ence Tomography (OCT) has become a versatile and useful
tool in fields such as biophotonics where the sample being
image is typically best observed from the “top”; that is, the
object generally has one short dimension and two longer
dimensions (like a tissue sample). OCT is a form of range-
finding that makes use of the second-order coherence of a
classical optical source to effectively section (or level slice)
a partially reflective sample with a resolution governed by
the coherence length of the source. Sources of short coher-
ence length (and consequently broad spectrum), such as
superluminous LEDs or ultrashort laser pulses, are therefore
used in OCT. Operationally, the sample (object) is placed in
one arm of an interferometer and illuminated through a
beamsplitter with short coherence length light. Light is
reflected from all depths within the sample (in proportion to
the localized reflectivity) and returned towards the beam-
splitter. Simultaneously, a mirror in the second arm of the
interferometer is also returning a portion of the original
beam to the beamsplitter. Recombined at the beamsplitter,
the two beams are directed towards one or more detectors,
where they are combined with each other. The combined
beams coherently interfere only when the optical path
lengths to the sample and to the mirror are equal. Thus, the
presence and strength of interfering light in a detector is
indicative reflectance of the sample at a depth into the object
corresponding to the reference mirror position and at the
spatial location corresponding to the location of the detector.
If an array of detectors is placed in the sensing plane, an
entire level-slice can be recorded simultaneously. The full
three-dimensional image is built up by scanning the mirror
and recording the thus obtained level slices. Alternatively, a
single detector is used and spatial scanning over the object
produces the level slices.

OCT is subject to two significant limitations; first, the
signal of interest is inherently low contrast since the modu-
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lated interference signal rides on a non-modulated self
interference background. Secondly, optical dispersion in the
object reduces the depth resolution capability of OCT;
basically dispersion changes the optical path length within
the object as a function of wavelength, which in turn makes
the different wavelengths that make up the short coherence
length light appear to be coming from different physical
depths within the object.

Quantum Interference with entangled photons is a
recently developed technology. In Quantum Interference
two correlated photons are generated from one source. One
photon is typically used as a part of a probe beam while the
second photon is part of a reference beam. The “experi-
ences” of the probe photon can then be determined by
bringing both photons into a Quantum Interference Device.
Measurements are performed by adjusting the conditions for
interference and observing the rate of coincident detections
of the two photons on individual detectors. The theory of
Quantum Interference has been described in the scientific
literature and is not reproduced here.

The inventors have advantageously used Quantum Inter-
ference (QI) in previous inventions such as an apparatus and
method for measuring Polarization Mode Dispersion
(PMD), as disclosed in U.S. patent application Ser. No.
10/147,149. They now apply the QI phenomenon to address
the limitations of OCT. Unlike classical interference
phenomena, QI is insensitive to background radiation.
Similarly, the QI signal does not have an intensity dependent
background; there is none of the self-interference that some-
times dominates the desired cross-product interference in
classical interferometry. Similarly, QI can be configured to
be insensitive to dispersion effects that can make a classical
measurement impossible.

Thus it is desirable to apply QI to Optical Coherence
Tomography to perform Quantum Optical Coherence
Tomography. One benefit of QOCT is the reduction of the
deleterious effect of background light. Another benefit is the
ability to tomographically image objects with highly disper-
sive material. Yet another benefit is an inherent improvement
in signal-to-noise ratio that comes from the elimination of
the self-interference of the probe and reference beams.

BRIEF SUMMARY OF THE INVENTION

The present invention relates to an apparatus and method
for forming tomographic images of semi-reflective objects,
such objects being typified by biological tissue samples. The
apparatus comprises a source of quantum optically
entangled photons, or twinons. Twinons are photon pairs,
wherein first photon in the pair is correlated to the second
photon in at least one of time, wavelength and polarization.
The source produces a plurality of twinons which are
transmitted through a separation element that provides a first
optical path and second optical path along which the twinons
propagate. The twinons are divided between the two paths
indistinguishably; that is, although the photons in a twinon
have unique properties, the separation element must be not
be able to determine these properties. The first optical path
includes the semi-reflective object being imaged.

The apparatus further includes a remixing element in
optical communication with both the first optical path and
the second optical path. The remixing element has at least
one input aperture and two output apertures. Also, the
remixing element, typically a beamsplitter, has a pre-
determined beamsplitting ratio, preferably 50:50, so photons
entering an input aperture have an equal probability of
exiting either output apertures. For beamsplitting ratios
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other than 50:50 the twinons entering the input aperture are
re-emitted through the first output aperture and the second
output aperture in statistical proportion in accordance with
the beamsplitting ratio. The output apertures of the beam
combiner define a third and a fourth optical path.

The apparatus includes an variable optical time-delay
element (VTE). Photons passing through the VTE are
delayed relative to photons traveling the same physical
distance in the surrounding medium. The magnitude of the
induced delay is externally variable, typically by the signal
processor. The VTE is located in one of the four optical
paths although preferably it is located in the second optical
path. The apparatus also has a first detector, said first
detector in optical communication with the first output
aperture and a second detector, said second detector in
optical communication with the second output aperture. The
signals from the two detectors are transmitted to a signal
processor which is adapted to identify coincident detections
(CD’s) of photons at the two detectors and to determine the
rate of said CD’s, a CD being the nearly simultaneous
detection of a photon on each of the two detectors.

The significance of CD’s in entangle photon interference
has been well established in the literature and is described by
three of the present inventors in the *149 application.
Summarily, the key to the invention is understanding that
each twinon is a single entity that happens to be made up of
two photons. The behavior of one photon is correlated with
the behavior of the other, even when they appear to be in
separate locations. When a twinon traverses an optical
system in which there are multiple indistinguishable paths,
quantum optical interference determines in which of the
paths the photons will be detected. For example, destructive
interference can prevent two different detectors from observ-
ing a photon simultaneously while quantum optical con-
structive interference can “force” one photon to appear at
each detector. Thus, in the absence of any differential delay
(viz., difference between the delay induced by propagating
to different depths in the semi-reflective object and the delay
introduced intentionally by the VTE) between the two twin
photons, quantum-interference effects can either eliminate
or reinforce coincident detections (“CD’s”) on two separated
detectors. Therefore, a dip or peak in the CD rate relative to
the mean value is an indication that the time delay in the
paths leading to the two detectors has been equalized.

In another aspect the invention comprises a method for
forming tomographic images of semi-reflective objects. The
method includes the step of generating a plurality of
entangled photon pairs (twinons) and indistinguishably
separating the plurality of twinons into a first and a second
optical path. For the photons in the first optical path the
method includes the step of reflecting those photons off of
the semi-reflective object being imaged. The method con-
tinues with the step of indistinguishably combining the
photons from the two optical paths and re-emitting the
photons into a third optical path and a fourth optical path.
The method includes the step of variably delaying the
photons in one of the optical paths after which comes the
step of detecting the photons in the third optical path with a
first detector and the photons in the fourth optical path with
a second detector.

The method continues with the step of determining the
rate at which there are coincident detections of photons in
the first detector and the second detector. Additionally the
method includes the step of incrementing the variable delay
in one of the optical paths and repeating the coincident
detection rate for the new delay. These last two steps are
performed repeatedly until the entire depth of the object
being measured is sampled.

10

15

20

30

35

40

45

55

60

65

4

Additionally, in an other aspect, the invention includes a
scanning mechanism in by which the entire area of the
sample may be probed, the sequence of areal scanning and
depth scanning being arbitrary.

In yet another aspect the invention comprises a method of
processing the data collected from a quantum optical coher-
ence tomographic imaging apparatus. The method com-
prises a first step of measuring the coincident detection rate,
as described above, at one particular pump source wave-
length at a predetermined number of measurement locations
on the object, as defined by the set of coordinate points
{x,y}; a second step of varying the pump source wavelength
(using know frequency tuning methods such as temperature
tuning, for example, or post-emission frequency shifting
methods such as acousto-optic modulation, for example, and
repeating the coincident detection rate measurement. A third
step of repeating the frequency shift/measurement cycle
over a pre-determined range of pump laser wavelengths. A
fourth step of mapping the measured coincident rate data for
each object location as a two-dimensional function of time
delay and pump wavelength, said function being recognized
as the Wigner Distribution Function of the reflectance profile
transfer function, H(x,y;®), where X,y is the measurement
locations and the variable w is the angular frequency of the
light. A next step of inverting the WDF to determine H(x,y;
) at each of the measurement locations, and a final step of
applying the Fourier transformation to H to achieve the
reflectance profile at that location.

The above and other features of the invention including
various novel details of construction and combinations of
parts, and other advantages, will now be more particularly
described with reference to the accompanying drawings and
pointed out in the claims. It will be understood that the
particular method and device embodying the invention are
shown by way of illustration and not as a limitation of the
invention. The principles and features of this invention may
be employed in various and numerous embodiments without
departing from the scope of the invention.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

The foregoing and other objects, features and advantages
of the invention will become apparent from the following
description in conjunction with the accompanying drawings,
in which reference characters refer to the same parts
throughout the different views. The drawings are not nec-
essarily to scale; emphasis has instead been placed upon
illustrating the principles of the invention. Of the drawings:

FIG. 1 is a highly schematic diagram of a prior art optical
coherence tomography (OCT) imaging apparatus;

FIG. 2 is a highly schematic diagram of a quantum optical
coherence tomography (QOCT) imaging apparatus accord-
ing to the invention;

FIG. 3 is a highly schematic diagram of a twinon source;

FIG. 4 is block diagram of a processor for the invention;
and

FIG. 5 illustrates analytic model results from both the
prior art and the present invention for a first, two layer
object.

DETAILED DESCRIPTION OF THE
INVENTION

Optical coherence tomography (OCT) is a technique for
probing the depth (“z”) reflectance profile of semi-reflective
objects, for example biologic tissue, in the same sense that
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SONAR can probe the thermal layers of the ocean using
sound reflectance. SONAR is a first order effect, meaning it
measures the strength of the returning signal as a function of
time, so it requires transmission of a short temporal ping to
achieve depth resolution. Because light travels so much
faster than sound a first order light measurement is imprac-
tical in thin samples; therefore, OCT uses a second order
effect, meaning it measures the interference strength
between the probe and a scanned reference signal. OCT
achieves depth resolution by using short coherence length
radiation. The present invention, Quantum OCT (QOCT), is
a fourth order effect, meaning it measures the quantum
optical interference statistically observed in a beam of
so-called entangled photons. The operation of the QOCT
imager is best understood in comparison with a conventional
OCT imaging system.

A conventional OCT system 100 is illustrated in FIG. 1.
Abeam of photons is generated by a short coherence length,
classical source 110 and propagated to a beamsplitter 120.
Typically the beamsplitter has a 50:50 beamsplitting ratio, so
approximately half the photons are directed toward as a
probe or object beam to an object 130 at a distance Z,, this
object comprising several layers 132. The remaining
photons, becoming a reference beam, are directed to a
reference mirror 140 located at substantially the same
distance, Z,, from the beamsplitter 120. Reference mirror
140 is mounted on a slide that varies the distance between
the mirror 140 and the beamsplitter 120 over a predeter-
mined range, Z,, corresponding to the expected optical
depth of the object 130.

The object 130 can be modeled as a thin, planar sample
positioned generally perpendicular to the probe beam; addi-
tionally the object can be modeled as having a reflectance
transfer function, H(x,y; ), where the coordinates {x,y}
indicate where the beam of photons enters the object (in the
plane substantially perpendicular to the beam) and o is
angular frequency of the light. H(x,y; w) has a Fourier
transform relationship with the actual reflectance profile
h(x,y;z), where z is the variable of interest, indicating depth
into the object. Typical objects of interest include biological
tissue samples and multi-layered semiconductor or optical
materials. Typically, these objects are made up of partially
transparent layers of different index of refraction materials.
Generally, then, Fresnel reflections at the interfaces between
the layers determine the object’s reflectance profile as a
function of depth; thus, for these objects, h(x,y;z) is a series
of variable height, narrow peaks. The separation between the
peaks corresponding to the thickness of the layers and the
height of the peaks corresponding to the index-difference-
generated reflectances at the interfaces between the layers.

Returning to FIG. 1, the photons reflected from the object
130 and the reference mirror 140 return generally along their
original paths to beamsplitter 120 where they merge to form
a combined beam 112. One portion of the combined beam is
directed to an optical detector 150 where the intensity of the
beam is sensed. The intensity of the combined beam is
determined by the coherent interference between the refer-
ence and object beams. As is well known in classical optical
interference, the total intensity so formed is the sum of three
terms: the intensity of the object beam by itself, the intensity
of the reference beam by itself, and a cross-product term
whose magnitude is proportional to the amplitudes of the
two beams and their mutual coherence.

In OCT the signal of interest is the cross-product term.
The cross-product term is modulated by a sinusoid that
depends on the optical phase difference between the object
and reference beams. As the reference mirror is moved
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axially by % of a wavelength, the phase difference changes
by 2 pi radians and the sinusoid varies by one complete
cycle. The cross-product term is separated from the self-
interference terms by detecting the envelope of this modu-
lation.

Since the object 130, as modeled, comprises several
layers 132, the object beam consists of multiple returning
sub-beams, one from each layer, with the strength of each
sub-beam being proportional to the reflectance of that layer.
All of the returning beams are present on detector 150
simultaneously. In order to differentiate between these
returning beams and achieve depth resolution, OCT uses a
short coherence length source such as a superluminous LED.
With such a source, the mutual coherence function between
the reference beam and any one of the sub-beams is zero
unless the optical path lengths traveled by both beams are
very nearly equal. Thus, as the reference mirror 140 is
scanned over its range Z, the cross-product term for the
sub-beam from any one layer is generally zero unless Z,
matches the optical depth of that one layer inside the object.
Therefore, the location and reflectance of each layer is
measured in OCT by scanning the reference mirror and
detecting the envelope of the fringes sensed in the detector
150. The modulated signal in FIG. § illustrates the appear-
ance of an OCT signal.

In contrast to OCT, the present invention, Quantum Opti-
cal Coherence Tomography (QOCT), uses a Quantum Opti-
cal Source (QOS) and a Quantum Interference Device (QID)
to measure the reflectance transfer function, H(x,y; w). The
operation of a quantum optical source and a QID have been
described in the inventors’ pending *149 application, which
is incorporated herein by reference. As illustrated in FIG. 2,
the QOCT apparatus 200 comprises an entangled photon
source (the QOS) 210, which generates a plurality of
entangled photon pairs or twinons. A beam separation ele-
ment 211 directs the twinon beam into an object beam 214
and a reference beam 216. The apparatus further comprises
a remixer element 220 that combines the beams and re-emits
them into two additional optical paths that lead respectively
to two detectors 250, 252. A variable optical time-delay
element (VTE) 240 is included in any one of the optical
paths to provide phase equalization between twinon pho-
tons. The signals from the detectors are sent to an electronic
signal processor.

The preferred embodiment of the QOS 210 uses sponta-
neous parametric downconversion (SPDC). A schematic
depiction of the QOS is shown in FIG. 3. The entangled
photon source 210 includes a pump laser 310 and a nonlinear
crystal 350. A monochromatic beam of light 312 of wave-
length A, from pump laser 310 is transmitted through the
preferred second-order nonlinear crystal (NLC) 350. The
intensity of pump laser beam 312 is sufficient to cause
nonlinear effects such as SPDC in crystal 350. In SPDC, the
frequency of the emitted photons is lower (“down
converted) than the pump frequency, so their individual
energies must be lower. Since energy and momentum are
conserved in the process, the downconverted photons are
emitted in pairs (twinons) where the twin photons share the
energy and momentum of the pump photon. This sharing
entangles the momenta of the twin photons such that the
emission of one photon in a given direction is associated
with the simultaneous emission of its twin in a complemen-
tary direction.

FIG. 3 illustrates one typical embodiment for QOS 210.
The pump laser 310 is preferably a single-mode diode laser.
The wavelength of pump laser 310 is determined by the
wavelength at which the QOCT is to be performed; because















