Nonlinear optical contrast enhancement in OCT
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Abstract: We report on a new interferometric technique for measuring Coherent Anti-Stokes
Raman Scattering and Second Harmonic Generation signals. The exploitation of these optical
nonlinearities for molecular contrast enhancement in Optical Coherence Tomography is presented.
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(190.4410) Nonlinear optics, parametric processes; (120.3180) Interferometry; (040.2840) Heterodyne; (190.4160)
Multiharmonic generation.

1. Introduction

Optical Coherence Tomography (OCT) is an interferometric optical imaging technique capable of imaging tissue
microstructure at near histological resolutions [1]. A serious drawback of this technique is that the linear scattering
properties of pathological tissue probed by OCT are often morphologically and/or optically similar to the scattering
properties of normal tissue. This implies a need for the development of novel contrast mechanisms for OCT.
Possible methods that have been recently developed are spectroscopic OCT [2], pump and probe technique [3], and
the use of engineered microspheres [4] or microbubbles [5]. Unfortunately most of these methods require the
presence of a contrast agent, which can modify the biology under investigation.

In this paper we propose and present a new method to achieve enhanced OCT contrast, exploiting optical
nonlinearities. The nonlinear effects addressed in this work are in particular Coherent Anti-Stokes Raman Scattering
(CARS) and Second Harmonic Generation (SHG). This method can additionally be extended for Third Harmonic
Generation (THG), Coherent Stokes Raman Scattering (CSRS) microscopy, and other coherent scattering processes.

2. CARS contrast enhancement

In recent years CARS has been successfully employed to provide vibrational contrast in scanning microscopy [6]. In
CARS spectroscopy, the frequencies of two incident lasers, v, (pump) and v, (Stokes), are chosen such that the
difference v, - v = v, is equal to a Raman-active vibrational mode of the molecule under study. In opposition to
Raman spectroscopy, CARS is a non-linear, four-wave mixing > process. The CARS field is therefore a result of
the interaction between four photons and is generated in the phase-matching direction at the anti-Stokes frequency
vas =2V, -V, with the CARS signal intensity being linearly dependent on the Stokes field intensity and
quadratically dependent on the pump field intensity. The main advantage of this kind of spectroscopy is that the
vibrational contrast is inherent to the chemical species, and does not require natural of artificial contrast agents [7].
To note that in all the CARS microscopy techniques, the anti-Stokes photons are counted in order to estimate the
density of the Raman scatterers and/or the Raman susceptibility magnitude in the focal volume of the microscope.
This implies a loss of the spectral phase information. The new CARS interferometric technique that we present here
allows heterodyne detection and the possibility to obtain a full reconstruction of the magnitude and phase of the
sample Raman susceptibility [8,9].

The CARS interferometer is schematically shown in Fig. 1(a). An excitation field consisting of two pulses
centered at the pump and Stokes wavelengths is divided by a beamsplitter into two separate interferometer paths
referred to as the “sample arm” and the “reference arm”. Unique to the general methodology of our technique, a
reference sample of a molecule is placed in the “reference arm” (sample R), in addition to the sample under
investigation placed in the “sample arm” (sample S). If the frequency difference between pump and Stokes pulses is
tuned to a Raman active vibrational mode present in both sample S and sample R, an anti-Stokes signal is generated
in each arm of the interferometer [9]. Because the anti-Stokes pulse phase is deterministically related to the phase of
the pump and the Stokes pulses, the anti-Stokes fields are coherent with the excitation fields and also with each
other. When these anti-Stokes fields are temporally and spatially overlapped, interference can be observed [9].

In our experiment, the pump and Stokes pulses, are tuned at 807 nm and 1072 nm respectively, in order to excite
the strong isolated Raman-active vibrational mode of benzene at 3063 cm™. The anti-Stokes signals generated in



each arm are collected in the collinear phase matching direction. The relative delay is scanned by a computer-

controlled single axis translation stage at a constant rate in the reference arm, and the CARS signal intensity is
measured with a photomultiplier tube (PMT).
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Fig.1. (a) Setup of the interferometric CARS measurement system. Benzene was used for both the reference and the sample
molecular species. DM, dichroic mirror; BS, beamsplitter; M, mirror; HPF, high-pass-filter; PH, pin-hole. (b) Setup of the
interferometric SHG measurement system. Two different nonlinear crystals (Type I) were used in the reference and in the
sample arms respectively. IF, interference-filter.

After having proved the signal is true CARS resonance, interferograms were acquired. Fig.2(a) shows a
measured interferogram resulting from the interference between the two anti-Stokes signals. The axial resolution of
the interferometric CARS measurement technique, was found to be equal to 32 um. This result indicates that two
anti-Stokes signals generated in separate samples can be demodulated interferometrically, where the amplitude of
the fringe envelope gives information about the concentration of the scatterers in the focal volume of the sample
objective lens.
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Fig.2. (a) CARS interferogram and (b) SHG interferogram detected at the beamsplitter BS of the setups shown in Fig.1.
The interferogram is recorded as the pathlength of the reference arm R is scanned. The modulus of the degree of the
coherence function is used to fit the envelope of the interferogram. In the inset is shown an enlarged version of the
interference pattern and its fit by the real part of the degree of coherence function (open circles, experimental data; solid
line, fit). L. is the coherence length of the pulse. Aas (Asuc) is the wavelength of the CARS (SHG) signal.

The presence of interference clearly demonstrates the potential of CARS for providing molecular contrast for
OCT-like interferometric imaging systems. In fact, the presence of the interference indicates that similar Raman-
active vibrational frequencies are present in both the reference and the sample arm at the same path length from the
detector. The “fingerprint” nature of Raman spectroscopy, combined with the possibility to switch between different
samples R in the “reference arm”, could thus permit selective detection and imaging, within the above mentioned
axial resolution, of different molecular species present in the sample S under investigation [9].



3. SHG contrast enhancement

SHG, also known as frequency doubling, has recently emerged as a valid imaging contrast mechanism for
microscopic imaging of cell and tissue structures and functions [10]. SHG, in opposition to CARS, is a 5> process in
which two photons at the fundamental frequency are converted into a single photon at exactly twice the frequency
without having any absorption and/or re-emission from the sample [11]. The main advantages of SHG microscopy
are the high resolution typically achieved in nonlinear microscopy and its applications concerning the structure in
live tissues of endogenous proteins such as collagen without the addition of exogenous labels [12].

The SHG interferometer is similar to the CARS interferometer and is shown in Fig. 1(b). In this configuration
instead of having a Stokes and a Pump laser, only the Pump laser at 807 nm is present. In the “reference arm”, a
reference nonlinear crystal (Type I) is present in which SHG signal is created. In the “sample arm” a different kind
of nonlinear crystal, always of Type I, is present. The signals generated in both the crystals are overlapped as in the
CARS configuration scheme.

Fig.2(b) shows the measured interferogram resulting from the interference between the two SHG signals. This
result indicates that two SHG signals generated in separate samples can be demodulated interferometrically. Even in
this case the presence of interference clearly demonstrates the potential of SHG and resonance-enhanced SHG as a
promising technique for providing molecular contrast for OCT-like interferometric imaging systems. The presence
of a nonlinear crystal in the reference arm will allow one to interferometrically demodulate the SHG signal created
in the sample under study present in the “sample arm”.

4. Conclusions

In conclusion, we have described a novel technique for contrast enhancement in OCT based on optical
nonlinearities. The contrast mechanism is based on resonant enhancement of the third order and second order
nonlinear susceptibility of the molecules under investigation.

The interference between two CARS signals generated in separate samples (or alternatively two SHG signals),
was observed allowing for heterodyne detection. This result is extremely promising for the development of a new
molecular imaging technique (NIVI) based on non-linear, low-coherence interferometry [13]. In this work we
focused on forward CARS and SHG, but epi-detected CARS and SHG are coherent as well, and are compatible with
OCT coherence-ranging systems. CARS and SHG interferometry provide the advantages of interferometric
detection and at the same time provide OCT with molecular-specific contrast. These advantages could make CARS
and SHG interferometry a powerful tool for biological imaging with OCT. Moreover the same configuration scheme
could be exploited for Third Harmonic Generation (THG), Coherent Stokes Raman Scattering (CSRS) microscopy,
and other coherent scattering processes
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