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ABSTRACT

Diagnostic imaging trends are progressing toward the molecular level with the advent of molecular imaging techniques.
Optical molecular imaging techniques that utilize targeted exogenous contrast agents or detect endogenous molecular
signatures will significantly extend our ability to detect early pathological changes in biological tissue, and treat diseases
early when they are most amenable to be cured. We have developed a technique called Nonlinear Interferometric
Vibrational Imaging (NIVI) that takes advantage of the coherent nature of coherent anti-Stokes Raman scattering
(CARS) processes and the coherent optical ranging and imaging capabilities of optical coherence tomography (OCT).
OCT uses interferometry and heterodyne detection in the time or spectral domain to localize reflections of near-infrared
light deep from within highly-scattering tissues. OCT has found wide biological and medical applications, and recently,
molecular imaging methods have been developed. By utilizing the molecular-sensitivity of CARS, NIVI performs
optical ranging and multi-dimensional molecular imaging with OCT-like optical systems, enabling the retrieval of not
only % [chi®] amplitude but also phase information, the rejection of problematic non-resonant background four-wave-
mixing signals, enhanced sensitivity from heterodyne detection, and a relaxation of the high-numerical aperture focusing
requirements present in CARS microscopy. We present recent progress and advances in NIVI, including depth-ranging
capabilities that extend significantly deeper than current CARS microscopy methods and are potentially more suitable
for cross-sectional deep-tissue in vivo imaging.
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1. INTRODUCTION

There are many clinical situations in which non-invasive, high-resolution imaging could be useful for locating and
diagnosing pathological tissue as an alternative or an additional procedure to traditional histopathology. Optical
coherence tomography (OCT) has proved to be a successful modality for imaging at the 2-20 um length scales'™
However, it is limited in applicability by the properties is measures, that is the linear scattering properties of specimens.
These linear properties can indicate the absorption®”, refractive index™’, scattering, and birefringence'®"” of a specimen,
but do not encode the density of specific molecules. Unfortunately, these linear properties can be quite similar in
different tissues, limiting the ability of OCT to distinguish between tissue types, such as pathological versus normal. To
address this problem, two new OCT techniques are being studied that use molecular differences to provide more useful
OCT contrast. The first technique uses exogenous contrast agents that can be targeted to bind to specific molecules to
obtain molecular specificity'*'>. The second technique, which was recently proposed'® and demonstrated'’, exploits
coherent, nonlinear optical methods to identify endogenous molecular properties. One example, a method called Second
Harmonic OCT (SH-OCT), was used to image biological tissue'®. Although SH-OCT can differentiate between certain
classes of tissues, for example collagen versus adipose tissue, unambiguous molecular identification cannot be achieved.
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Instead, we use a well-known optical molecular identification tool called Coherent Anti-Stokes Raman Scattering
(CARS).

In this paper, we present a demonstration of a CARS-sensitive tomographic optical ranging technique for
mapping the presence of a specific molecule within a sample. CARS is a vibrational spectroscopy technique that has
found wide application in condensed matter physics, chemistry, and more recently in nonlinear microscopy'’. It relies on
a stimulated interaction between the incident photons and the Raman-active phonons in a sample. When this interaction
occurs, the incident photon may be shifted in energy, either up or down, by the Raman-active phonon energy present in
the sample. Since the vibrational characteristics of molecular bonds are quite specific, a CARS spectrum can be
measured that often allows for the molecule to be identified. The resulting molecular selectivity of CARS has motivated
its use as a molecular contrast mechanism for microscopy that alleviates the need for staining with fluorescent dyes to
generate contrast as in confocal microscopy.

In CARS spectroscopy, the frequencies of two incident laser pulses, m, (pump) and o, (Stokes), are chosen such
that the difference frequency o,~w,-o; is equal to a Raman-active vibrational mode of the molecule under study. When
the pump and Stokes photons are focused to the same point in the sample, and a molecule with the proper vibrational
properties is present within the focal volume, a CARS photon is generated. This CARS photon results from a four-wave-
mixing process and is generated in the phase-matching direction at the complementary anti-Stokes frequency mas=2w,-
;. To obtain a CARS spectrum for the sample, the Stokes frequency is swept to probe for the presence of other Raman-
active modes, and the emitted anti-Stokes intensity is measured as a function of ®,.

In addition to its molecular identification capabilities, CARS is also emitted coherently with respect to the
incident photons, and due to this coherent nature, it can be measured interferometrically”’. Our technique takes
advantage of this property to provide molecular contrast for interferometric optical ranging where the axial resolution is
defined by the coherence length of the CARS pulse. CARS microscopy'”*' scans a tightly focused beam through
tissue to produce a nonlinear Raman effect in a confined region. Incoherently detected CARS is unable to distinguish
between photons emitted at various points inside the focal region, so the focal region must be small to achieve high
resolution. Therefore to scan a large volume requires serially scanning many small focal volumes and a relatively long
scanning time.

In conventional OCT, microstructural features in tissue are distinguished within the focal volume by the time of
arrival of the signal using interferometric detection. When a low numerical aperture objective is used, a large diameter
beam is created with a larger depth-of-field. This enables OCT to scan a larger volume at a lower resolution, with the
time of arrival used rather than a tight focus to distinguish depth. Because the anti-Stokes radiation in CARS is emitted
coherently with respect to the pump and Stokes radiation, it too can be distinguished interferometrically by its time of
arrival, enabling this scanning mode to be used. Similar to OCT then, time-of-flight information can be used to locate
the position of a molecule along the depth-of-field of the focusing objective. Furthermore, a three-dimensional map of
the specified molecule within the sample can be generated by taking multiple axial scans at different lateral positions.

A schematic of this interferometric CARS ranging system is shown in Figure 1. An illumination source
consisting of a laser pulse, or a pair of laser pulses, is used as the pump and Stokes radiation and will be used to generate
CARS. The illumination can be shaped to stimulate a particular Raman resonance frequency of a target molecular
species. The illumination is then split in two by a beam splitter to perform interferometry. The illumination in the
sample arm of the interferometer is focused into the specimen by a low numerical aperture objective. The incident
illumination will either be scanned or the specimen will be translated laterally to acquire adjacent axial depth scans. The
transverse resolution is dependent on the beam width through the specimen, and the axial resolution is given by the
arrival time of the anti-Stokes. The backscattered anti-Stokes is collected from the specimen and separated from the
pump and Stokes beams by a dichroic beamsplitter. In the reference arm of the interferometer, the illumination is
focused into a sample with the same resonance frequency as the target species. The forward-scattered light is collected
and interferometrically cross-correlated with the light form the specimen. This cross-correlation can be performed in
either the time domain or the frequency domain. The peaks of the cross-correlation will correspond to the anti-Stokes
scatterers in the sample, and the interference fringes generated can be used to extract phase information.

In this technique, backscattered CARS is detected. However, phase matching favors forward-scattering CARS
in bulk materials. Backscattering can occur if the target species is present as randomly positioned subwavelength-sized
particles. In this case, the phase matching condition of a bulk medium is relaxed and the CARS is emitted directly into
the backscattered direction, producing epi-CARS®. A second means for backscattering of CARS to occur is if forward
emitted CARS is subsequently linearly backscattered by another small particle within the focal volume, or from other
scattering particles or interfaces within the incident beam path. However, since a particle close to the Raman scatterer is
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generated by a single illumination pulse can be measured instantaneously. This can significantly increase data
acquisition rates because only one pulse need be used for each axial scan, in contrast to CARS microscopy which scans
one point at a time. Therefore far fewer pulses are needed when a lower numerical aperture objective is used. By using
fewer pulses, the individual pulse energy can be made greater while keeping average power low. This can help boost the
instantaneous intensity to make up for the larger focal spot size. If a 1-kHz repetition rate millijoule regenerative
amplifier is used as the illumination source, 1000 axial scans can be taken per second, with each pulse being of
microjoule energy, but maintaining only milliwatts of average power on the tissue.

The axial resolution of this method will depend, like standard OCT, on the bandwidth of the returned signal
from the sample. It is desirable to maximize the bandwidth of the anti-Stokes light emitted to achieve the best range
resolution. At the same time, we would like to only stimulate a single Raman resonance specific to a particular
molecular species. This can be achieved by utilizing various broadband CARS excitation schemes, such as utilizing a
pair of overlapped chirped pulses’, or applying a periodic perturbation to the pulse in the spectral domain®>°,
Because these pulses are broadband the anti-Stokes radiation will also be broadband, but the envelope of the pulse is
shaped to only stimulate a particular Raman feature. These methods enable the pulse to be stretched out to minimize
peak power but can excite a large Raman polarization. Another possibility is to use a pump/Stokes/probe combination
where the pump and Stokes are narrowband to stimulate the Raman resonance, but the probe pulse is broadband to create
a broad anti-Stokes spectrum. However, this presents the problem of obtaining synchronized broadband and narrowband
pulses.

2. COHERENT INTERFEROMETRIC RANGING OF CARS

Our approach presented here is somewhat different than the method outlined above in that it generates the reference
pulse in an alternate way. Because this is a heterodyne method, a reference pulse must be generated with a frequency
identical to the CARS returning from the sample. This may be achieved in other ways than using an identical sample in
the reference arm. To generate a Stokes pulse, we used a second-harmonic optical parametric oscillator (SHG-OPA),
which converts the second-harmonic of the pump pulse to signal and idler pulses. This process is illustrated in Figure 2.
The SHG-OPA consists of two three-wave-mixing processes that is equivalent to a single four-wave-mixing process.
The SHG-OPA is used to generate an idler pulse that acts as the Stokes pulse that in combination with the pump pulse
stimulates CARS in the sample. At the same time, the signal pulse generated by the SHG-OPA is the same frequency as
the anti-Stokes created by the sample. Therefore, the signal from the SHG-OPA can be used as a reference pulse to
demodulate the anti-Stokes signal. Use of the SHG-OPA is a convenient means to create a Stokes pulse and a reference
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in energy from the

pump by an equal amount. These input pulses represent the sources for our interferometer. The reference arm pulse is
created by separating the anti-Stokes pulse from the OPA output using a dichroic beamsplitter, sending this reference
pulse through a variable optical delay line, and coupling it into a 3dB single mode fiber coupler. We then use an
attenuated pump pulse from the amplifier and the Stokes pulse from the OPA, centered at 1047 nm, as the incident
sample arm pulses. These are collinearly and temporally overlapped at another dichroic beamsplitter and then focused
into the sample using a 30 mm focal length achromatic lens. With a total incident power on the sample of 1.5 mW, anti-
Stokes photons are generated at locations where the appropriate molecule is present. The backscattered photons are then
separated out with a third dichroic beamsplitter and coupled into the single mode fiber coupler. As the reference arm
pathlength is scanned, the output of the fiber coupler is monitored with an avalanche photodiode operating in photon
counting mode. Finally, interference is measured and plotted as a function of delay position.

The molecular species we use in our sample is acetone which has a Raman-active vibrational mode at 2952 cm’™
associated with the C-H stretch vibration. The resulting CARS pulse is centered at 647 nm. The autocorrelation of this
pulse was previously characterized and the measured signal was shown to result from a four-wave-mixing process since
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Figure 3: Experimental set-up to measure CARS interferograms for coherent ranging.
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it was linearly related to the Stokes intensity and quadratically related to the pump intensity'’. Moreover, this process is
CARS resonance because, when the Stokes wavelength is tuned to the Raman-active vibrational mode in acetone, the
anti-Stokes power is maximized.

The sample structure we use to demonstrate coherent ranging of CARS?” is shown in Figure 4. It is constructed
by sandwiching two 100 um-thick wells of acetone between 150 um-thick coverslips. The thickness of each layer in the
drawing represents the optical path length through the sample. An air-filled well, lined by two cover slips, is placed in
between the two wells of acetone physically separating them by approximately 600 um. It is important to note here that
this air gap is necessary to show that the signal measured from the second well of acetone is not simply backscattered
CARS generated in the first well, but, in fact, CARS generated from the second well. To prove that CARS is generated
and backscattered from both wells of acetone, we place the sample such that the second layer of acetone is at the focus,
and therefore, the measured interference from this layer is greater in amplitude than that from the first.

Figure 4(a,b) shows the demodulated interferometric axial measurement of the sample using normal OCT and
NIVI. Standard optical ranging (Figure 4(a)) is not molecularly sensitive, therefore it produces a reflection at each of the
interfaces present in the sample. The molecular contrast ranging measurement (Figure 4(b)) contains only two peaks
corresponding to the two separate acetone layers present in the sample. Since the interference results from scattering at
the second acetone-glass interface in each well, these peaks represent the point spread function of the system. The
positions of the peaks match the corresponding positions of the acetone-glass interfaces measured by standard OCT.
Notice that no peaks fall between the first and the second acetone peak in the molecularly-sensitive measurement. This
indicates that CARS is in fact generated in both the first and second layers of acetone, and that the second peak is not
simply due to the subsequent backscatter of the forward directed CARS from the first acetone layer. This result indicates
that CARS can be generated over at least 600 um of the depth-of-field of a low numerical aperture objective.
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Figure 4: Coherent optical ranging. (a) OCT ranging and (b) CARS ranging through a sample stack.

64  Proc. of SPIE Vol. 5700

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 03 May 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



3. INTERFEROMETRIC DIFFERENTIATION OF SIGNALS

A major impediment to the use of CARS to identify biological molecules is that the illumination levels required to
produce a measurable signal often also produce a significantly larger nonresonant background signal from the medium.
This is especially significant for water in biological tissues. The nonlinear interferometric techniques utilized in NIVI
can also be used to differentiate which components of the measured signal are resonant and nonresonant. By using the
interferometric time-gate to reject the early emitted nonresonant signal, we can identify the desired resonant component
of the signal. This technique takes advantage of the persistence of intermediate states involved uniquely in the resonant
process, and is applicable to most existing pulsed CARS illumination methods. This technique is demonstrated by
examining the signals produced from acetone, which exhibits a resonance, and water, which does not.

Our approach is to utilize narrowband pump and Stokes pulses, but with the pump pulse stretched out in time to
be approximately three times longer than the Stokes pulse. The shorter Stokes pulse coincides temporally with the
leading edge of the pump pulse. A simulation was developed to illustrate this concept™, with results presented in
Figure 5. When the overlapped pump and Stokes pulses arrive, the molecule of interest is excited by stimulated Raman
scattering. At the same time, a nonresonant four-wave-mixing signal is generated from the background. However, this
nonresonant component ceases when the Stokes pulses passes. The molecule remains excited, though, and as the pump
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biological tissues. In the setup, a regenerative amplifier (RegA 9000, Coherent, Inc. Santa Clara, CA) emits pulses at
250 kHz repetition rate with 808 nm center wavelength and 20 nm bandwidth. These pulses are used both as the pump
and also to seed a second-harmonic generation optical parametric amplifier (OPA) (OPA 9450, Coherent) which
generates idler pulses with 1056 nm center wavelength and 20 nm bandwidth for use as a Stokes pulse. A 105 mm
length BK7 glass Dove prism disperses the pump pulse to approximately three times the duration of the Stokes pulse.
Note that there is a difference between the purpose of chirping the pulses here, and that of chirped CARS (c-CARS)™.
Chirping here is done only to lengthen the pump pulse slightly so it only partially overlaps with the Stokes, while in c-
CARS chirping serves to stretch the pulse to be essentially monochromatic over the lifetime of the resonance. The pump
pulse is delayed to arrive at a dichroic beamsplitter at the same time as the Stokes pulse. The pulses are overlapped and
are focused into the sample by a 30 mm focal length lens, which produces anti-Stokes radiation centered at 653 nm. The
OPA signal is produced by two cascaded non-resonant three-wave-mixing steps that produce the same frequency as the
four-wave-mixing process but with a far greater amount of power. Because the signal pulse is converted by non-
resonant nonlinearities, and the OPA output is adjusted to maximize power, it is reasonable to expect the signal and idler
are nearly transform-limited, and therefore will act as a brief time gate. The pump power at the sample was 20 mW,
while the Stokes was 2 mW, with sufficient peak power to produce abundant resonant and non-resonant signals. At the
same time, the signal pulse from the OPA, also at 653 nm, is used as the reference pulse. A Mach-Zehnder
interferometer is used to combine the reference pulse and the CARS signal. The signals are attenuated by neutral density
filters by many orders of magnitude before they are detected by a photomultiplier tube. By scanning the relative delay
between the two signals, their interferometric cross-correlation was measured. Figure 7 shows the interferograms
measured from acetone. The upper left plot shows the Raman spectrum of acetone near the probed resonance frequency.
As can clearly be seen, the interferograms agree qualitatively with the simulation data in Figure 5. The acetone, having a
persistent resonance, generates a resonant anti-Stokes “tail" with a length limited not by the lifetime of the resonance but
by the length of the pump pulse, because the pump is needed to produce anti-Stokes radiation. As the pump/Stokes
frequency difference is tuned away from the resonance at 2925 cm’, the resonant “tail" disappears. The tuning
resolution is limited by the broad Stokes bandwidth of approximately 150 cm™, which is much wider than the Raman
susceptibility linewidth.
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Figure 7:  Cross-correlation interferograms of four-wave-mixing in acetone at various vibrational excitation
frequencies (a-b). A portion of the Raman spectrum for acetone is shown (upper left), indicating the excitation
frequencies where the interferograms were acquired.
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To further test the ability to distinguish resonant and non-resonant materials, we filled a cuvette with acetone
and water in various volumetric ratios. The concentration of acetone was inferred by observing the amount of power
(total magnitude squared signal) in the resonant tail more than 120 fs after the non-resonant peak. Figure 8 shows the
interferogram measured from water alone in the inset, which has no tail and is purely non-resonant. As the percentage of
acetone is increased, the power of the anti-Stokes signal interference increases quadratically, exactly as expected, as
shown in Figure 8. This demonstrates that the local oscillator remains stable enough to produce an accurate
concentration measurement, whereas a nonresonant signal derived from the sample itself may fluctuate with material
density and composition.
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Figure 8: Interferogram from nonresonant four-wave-mixing in water (inset). The plot represents
the power of the resonant anti-Stokes signal for various percentages of acetone in water by volume.

4. CONCLUSIONS

We have demonstrated a difference in the temporal evolution of anti-Stokes pulses produced by non-resonant and
resonant four-wave-mixing processes. In this proof-of-principle experiment, the power utilized was large and the delay
mechanism was too slow for practical scanning. We expect that data acquisition and imaging rates can be significantly
increased by utilizing a rapidly dithered delay, or single-shot cross-correlation methods™*’. This approach utilizes
nonlinear interferometry and appropriate reference and excitation pulses to measure the tail of resonant CARS. Such an
approach will likely be very useful in CARS microscopy and NIVI'®*!” to eliminate the nonresonant background signal in
addition to the other advantages that interferometric detection can provide, such as heterodyne sensitivity and stray light
rejection.

In addition, we have also demonstrated coherent optical ranging of CARS which enables molecularly-sensitive
optical ranging and OCT by combining the interferometric ranging technique used in OCT and the molecular
identification capability of CARS. Depth-wise, cross-sectional imaging can be performed to demonstrate the unique
molecular imaging capabilities of this technique. In the future, interferometric detection of CARS will not only provide
advantages over traditional photon counting methods in CARS microscopy, but will also improve OCT image contrast of
biological tissues by differentiating between tissue types based on molecular composition rather than linear elastic
scattering.
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