Nonlinear interferometric vibrational imaging of molecular species
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ABSTRACT

Vibrationally-sensitive spectroscopic techniques are becoming important clinical tools for real-time, in vivo diagnostics.
The molecular information made available with these techniques can provide early diagnostic signs of disease, often
before morphological changes occur. We model and experimentally demonstrate a new technique for measuring optical
spectroscopy signals using interferometric ranging. This new technique, nonlinear interferometric vibrational imaging
(NIVI), uses principles from coherent anti-Stokes Raman scattering (CARS) spectroscopy and optical coherence
tomography (OCT) to achieve cross-sectional imaging of the distribution of specific molecular species within a sample.
Two CARS signals are generated, one from a known reference molecular species and a second from the unknown
molecules present in a sample. These coherent signals are interfered with each other using an interferometer setup. The
intensity envelope of the interference signal provides a measure of the concentration of selected bonds present in the
sample focal volume. The interference fringes themselves can provide phase information that will allow for the exact
reconstruction of the vibrational characteristics of the molecules in the sample focal volume. Theoretical background to
CARS interferometry is presented, the experimental laser systems are described, and a depth-resolved scan line of a
benzene filled cuvette is demonstrated. The experimental results show close resemblance to the theoretical models. The
advantages of NIVI over existing vibrational imaging systems and its clinical implications are discussed.
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1. INTRODUCTION

Microscopic histopathology is a standard medical diagnostic procedure, but one with several limitations. Analysis
cannot be performed in vivo, interpretation can be highly subjective, and tissue acquisition is frequently done blindly
(on the macro scale) using biopsies to obtain specimens, without clues as to where pathological tissue may be located.
To address these limitations, optical spectroscopy is emerging as an alternative to microscopic tissue diagnosis. In
particular, spontaneous Raman scattering spectroscopy is a technique that can acquire rapid, molecular-specific
information about a sample based on endogenous vibrational properties. Differences in the Raman scattering spectra
between normal and diseased tissue have been established for a wide variety of diseases including, but not limited to,
atherosclerotic cardiovascular disease'™, and cancers of the skin*’, cervix®, breast7, and brain®. Spectra can be obtained
with the use of fiber optic based probes’. Raman spectroscopy has the potential to help direct real-time therapeutic
intervention such as intra-operative tumor border demarcation or the monitoring of the effects of certain therapies.
Raman spectroscopy has also been integrated with confocal microscopy to produce high-resolution three-dimensional
images to study the microscopic Raman properties of biological tissues'’. Unfortunately, under safe illumination levels,
spontaneous Raman scattering signals are extremely weak and often suffer from the presence of a strong fluorescence
background. In addition, in vivo Raman spectroscopy probes generally cannot determine the precise spatial distribution
of Raman scatterers in a sample.

Coherent anti-Stokes Raman scattering (CARS) spectroscopy, the most well known nonlinear Raman technique, has the
potential to overcome many of the difficulties associated with spontaneous Raman spectroscopy''. CARS has been



implemented for the analysis of a wide variety of chemical and biological systems from shocked crystalline solids'? to
lipid droplets in living biological cells'’. Recently, significant effort has been devoted to the integration of CARS with
confocal scanning microscopy to achieve high resolution, vibrational contrast images'*"'’. These CARS microscopy
methods generally rely on confocal gating provided by high numerical aperture (NA) objective lenses and the inherent
confocal nature of the nonlinear CARS process. In this paper, we simulate and experimentally demonstrate the
principles of a new method called nonlinear interferometric vibrational imaging (NIVI) that alternatively uses temporal
gating to achieve spectroscopic optical ranging in tissue in a manner analogous to optical coherence tomography
(OCT)'®?!. This development could potentially relax the need for high NA lenses, lower the high sensitivity to stray
light encountered with the use of photon counting, and therefore help to promote the clinical use of this valuable
spectroscopic imaging technique. Furthermore, interferometric measurement allows for the full reconstruction of the
amplitude and phase of the anti-Stokes light. With properly designed illuminating radiation*'*, a large region of the
amplitude and phase of the Raman spectrum can be sampled in a single brief pulse.

CARS is a nonlinear, four-wave mixing process, whose energy-level diagram is shown in Fig. 1. In traditional CARS
spectroscopy, a sample is illuminated with a pump laser pulse of frequency w,, and a Stokes laser pulse of frequency w;,
which are separated by the vibrational frequency of interest o, = ®, — ,. If the sample contains a molecule with a
Raman active vibrational mode at the frequency oy, an anti-Stokes pulse at frequency w,s = 20, — o is produced. The
anti-Stokes field intensity is therefore linearly dependent on the Stokes field intensity and quadratically dependent on
the pump field intensity.
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Fig. 1. Energy diagram describing the CARS process.

Since CARS is a coherent process, constructive interference of the anti-Stokes field causes the CARS signal to be
significantly larger than the spontaneous Raman signal, given the same average excitation power. This allows CARS to
probe the density of molecules with a particular Raman resonance frequency while exposing the specimen to relatively
low levels of illumination. However, non-resonant, four-wave-mixing background signals from the Raman scatterers or
the solvent often overpower the resonant CARS signal when femtosecond pulses are used. The suppression of this
background signal is an extremely important concern when attempting to measure resonant CARS signals. Picosecond
pulses have been effectively used to reduce this background signal. However, since the spatial resolution of a
temporally gated interferometric technique requires the use of the shortest possible pulse, this method will not work in a
high-resolution optical ranging system. Fortunately, pulse shaping® has been shown to accomplish background signal
suppression with the use of broadband femtosecond pulses.

CARS is used to generate vibrational contrast in microscopy by scanning a tightly focused pump and Stokes beam
through the sample while counting the anti-Stokes photons at each point. This photon count is proportional to the square
of the molecular bond density and the magnitude of the Raman susceptibility. Although a powerful technique, photon
counting does not take advantage of the coherent nature of the CARS signal. NIVI exploits this coherence by measuring



the interference between the sample CARS signal and another coherently generated signal at the same wavelength. We
start by numerically modeling these experiments.

2. SIMULATIONS

A simulation of the experimental setup shown in Fig. 5 was performed. Liquid benzene was selected as the sample for
its strong isolated Raman band at 3063 cm™. This vibration was assumed to be a single vibration of Lorentzian profile
with a much longer lifetime than the duration of the incident pulse. The pump and Stokes incoming radiation pulses
were assumed both have a 30 nm bandwidth and a center wavelength of 807 and 1072 nm respectively. A beat
frequency at the chosen Raman active vibrational mode of benzene was created by overlapping these incident pulses in
space and time. This incoming radiation is split into two arms and an anti-Stokes field is generated in each. Four
photons are involved in the CARS process which is broken down into two stimulated Raman scattering (SRS) processes
that begin and end with the molecule at the ground state. In the first SRS process, since broadband incident fields are
used, each pair of frequencies that are separated by the resonance of the molecule at frequency o, will produce a
nonlinear polarization in the molecule. The anti-Stokes radiation is then produced by the second SRS process when the
nonlinear polarization is mixed with the incoming radiation field.

The nonlinear Raman polarization at each point in the sample was calculated as a function of time by driving it with the
instantaneous intensity of the incident pulse. The resulting nonlinear polarization was then mixed with the incident field
to create the anti-Stokes signal. The autocorrelation of the anti-Stokes field was then calculated as a function of the path
length scanned by the reference arm. Figure 2 shows a snap shot of the CARS simulation 1000 femtoseconds after the
pulse arrived at the sample.
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Fig. 2. Simulation results 1000 femtoseconds after the incident pulse begins interaction with the sample of benzene.

The spatial profile of the incident pulse (grey) and the anti-Stokes pulse (black) is shown in the left graph. The right
graph shows the spatial distribution of the magnitude of the Raman polarization in the benzene sample. Initially, when
the incident pulse first encounters the sample material, a nonlinear polarization is not excited, thus no anti-Stokes light
is created. As the pulse propagates through the sample, the molecules resonate, exciting the nonlinear polarization. The
incoming radiation then mixes with this polarization, creating an anti-Stokes wave at the position where the maximum
Raman polarization overlaps the incident pulse. Since the anti-Stokes and incident pulses are near in frequency, and
there is little dispersion in the near infrared, the anti-Stokes pulse can remain in phase with the incident pulse for a long
distance in the sample. Figure 3 shows the interference between the anti-Stokes pulse generated in the reference and the
sample arms.
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Fig. 3. Autocorrelation of the simulated CARS signal.

Under the proposed theoretical conditions, the full width at half maximum (FWHM) of the CARS autocorrelation is

approximately 30 pm.

3. EXPERIMENTAL METHODS

The laser system used to generate the excitation pulses is shown in Fig. 4. A diode-pumped frequency-doubled
Nd:YVO, laser (Coherent, Verdi) is used to pump a mode-locked Ti:sapphire oscillator (KMLabs) operating at a center
wavelength of 807 nm, with a bandwidth of 30 nm, a repetition rate of 82 MHz, and an average power of 300 mW.
These low-energy oscillator pulses seed a regenerative chirped pulse amplifier (Coherent, RegA 9000) that produces
approximately 70 fs, 5 uJ pulses with a repetition rate of 250 kHz and an average power of 1.25 W. Ten percent of this
average power is used as the pump beam and the remaining power is directed to an optical parametric amplifier

(Coherent, OPA 9400) which generates a 4 mW average power Stokes beam, tunable from 400-1200 nm.
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Fig. 4. Laser systems used to generate femtosecond pump and stokes pulses. DPSS, diode-pumped solid-state; RegA,
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The pump and Stokes lasers, at 807 and 1072 nm respectively, are directed into the nonlinear interferometer shown in
Fig. 5. These pulses are collinearly overlapped using a dichroic mirror and split with a 50:50 ultrafast beam splitter into
the sample and reference arms. An anti-Stokes field is created in each arm of the interferometer. The reference arm
scanning optical delay is adjusted to match the path length of the sample arm and, based on the Feynman principle,
when these anti-Stokes fields are temporally and spatially overlapped, interference can be observed. The anti-Stokes
field was filtered out from the excitation fields using a high-pass optical filter. As the reference arm path length is
scanned, the interference signal is measured using a photomultiplier tube, electronically filtered with a low-pass anti-
aliasing filter and sampled with a PC based data acquisition system.
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Fig. 5. Interferometric CARS measurement setup. DM, dichroic mirror; BS, beam splitter; M, mirror; HPF, high-pass-
filter; PH, pin-hole; PMT, photomultiplier tube; PC, personal computer.

4. EXPERIMENTAL RESULTS

To show that our signal is a result of a four wave mixing process, the relationships between the CARS and the pump
intensity (Stokes intensity fixed) and the CARS and the Stokes intensity (pump intensity fixed) are observed. The
resulting data are presented in Fig. 6. As indicated by the lines fitted to the experimental data, the CARS field intensity
clearly shows a quadratic relationship to the pump field intensity and a linearly relation to the Stokes field intensity.
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Fig. 6. Linear plots of the intensity of the CARS signal as a function of (a) the intensity of the pump field and (b) the
intensity of the Stokes field. Solid lines are the result of curve fitting, while the solid circles represent experimental data.

The measured interferogram resulting from the interference between the two CARS signals produced in two benzene
filled cuvettes is shown in Fig. 7. The degree of coherence function, for the case of a Gaussian spectral distribution, is
used to fit the experimentally measured data. The envelope of the fringes corresponds to the modulus while the fringes
themselves correspond to the real part of the degree of coherence function. Based on the full width at half maximum of
the fringe envelope, the coherence length (L.) of the CARS pulse was measured to be 32 pm.
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| Fig. 7. CARS interferogram detected at the photomultiplier tube (PMT) of the setup shown in Fig. 5. The solid line is a
fit of the envelope of the interferogram using the modulus of the degree of coherence function. L. is the coherence
| length of the pulse and is measured to be 32 um.



The graph in Fig. 8 shows a zoomed version of the interference fringes, revealing the wavelength (Ass) of the CARS
field to be 647 nm.
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Fig. 8. Detail of the fringe pattern resulting from the interference of the two CARS signals. The real part of the degree
of coherence function was used as a fit for the data. Open circles represent experimental data while the solid line
represents the fit. The wavelength of the anti-Stokes field (A,s) is observed to be 647 nm.

5. DISCUSSION

Excellent correspondence between the theoretical models and experimental data is observed. The quadratic relationship
observed between the CARS and pump intensity and the linear relationship observed between the CARS and Stokes
intensity matches theory exactly and clearly demonstrates that the hypothesized CARS signal is the result of a four-
wave-mixing process. The presence of the CARS interferogram indicates that two CARS signals generated in separate
samples of benzene can be demodulated interferometrically, where the amplitude of the fringe envelope gives
information about the concentration of scatterers in the focal volume of the sample objective lens. In addition, the
simulation closely predicts the experimentally observed cross-correlation between the two CARS signals. These results
indicate that NIVI is a potentially useful technique for CARS measurement that can allow for the acquisition of three-
dimensional vibrational images in a manner similar to OCT. Furthermore, temporal gating relaxes the need for high NA
lenses, interferometric detection allows for heterodyne sensitivity, and with proper illumination large portions of the
Raman susceptibility can be reconstructed using a single pulse. These advantages suggest that NIVI may be more
adaptable to various scanning configurations than other vibrational spectroscopy imaging techniques and may ultimately
lead to more attainable clinical applications.
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