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Abstract: Performing label free coherent anti-Stokes Raman scattering
(CARS) and stimulated Raman scattering (SRS) in endoscope imaging is a
challenge, with huge potential clinical benefit. To date, this goal has
remained inaccessible because of the inherent coherent Raman noise that is
generated in the fiber itself. By developing double-clad hollow core
photonic crystal fiber, we demonstrate coherent anti-Stokes Raman
scattering and stimulated Raman scattering in an ‘endoscope-like’ scheme.
Both the excitation beams and the collected CARS and SRS signals travel
through the same fiber. No CARS and SRS signals are generated within the
hollow core fiber even for temporally overlapping pump and Stokes beams,
leading to excellent image quality. The CARS and SRS signals generated in
the sample are coupled back into a high numerical aperture multimode
cladding surrounding the central photonic crystal cladding. We demonstrate
this scheme by imaging molecular vibrational bonds of organic crystal
deposited on a glass surface.

©2011 Optical Society of America
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Nonlinear optics, four-wave mixing; (300.6230) Spectroscopy, coherent anti-Stokes Raman
scattering.
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1. Introduction

Since its first report in 1999 [1], coherent anti-Stokes Raman scattering (CARS) microscopy
has made a great impact in cell biology and biomedical imaging [2] because it provides a
label-free contrast mechanism compatible with living samples. Quite recently the inherent
nonresonant background present in CARS has been dramatically reduced through the
implementation of stimulated Raman scattering (SRS) [3,4]. CARS and SRS are coherent
Raman spectroscopy (CRS) methods (Fig. 1a) that open the route toward video rate label-free
imaging with applications in biology and medical sciences [5,6]. There is a strong demand for
CRS endoscopy based on the use of optical fibers, both in basic research where it would
permit cellular imaging under conditions in which conventional light microscopy cannot be
used, and also for the development of minimally invasive clinical diagnostics and surgical
procedures. However, the nonlinear interactions of ultra-short pump pulses with silica fibers
have previously prevented the demonstration of CRS in endoscopes [7,8]. As clearly reported
in [8], a strong CARS signal is generated in the solid fiber core that necessitates to reject this
unwanted radiation before further focalization of the pump and Stokes beams in the sample
itself. Although fiber-optic fluorescence imaging with sub-cellular resolution has been
demonstrated [9], the need in CRS is to simultaneously deliver two single-mode pump beams
with different frequencies and high powers. Furthermore this fiber should collect the
generated CRS signal and return it to the fiber input end for analysis. Such a fiber would
enable the development of fiber-based CRS imaging systems for use as endoscopes.

Hollow core photonic crystal fibers (HC-PCF) [10] that confine the light in an air core for
a restricted range of wavelengths have massively reduced nonlinearity, making them
attractive for high peak power laser pulse delivery [11]. However, their use for CRS has two
limitations. Firstly, the limited bandwidth means that the spectral range that can be addressed
is limited. For example a fiber designed to transmit at 1064 nm will typically have a
transmission window spanning approximately only 1800 cm™. Secondly, the efficiency of
collecting and transmitting the CRS signal through the small (few microns) single-mode HC-
PCF fiber core is very low. The signal is in any case intrinsically weak as most of the phased
matched SRS and CARS signal is emitted in the direction away to the fiber end [12]. Double-
clad PCF’s with solid cores have been previously demonstrated to significantly enhance the
detection efficiency by incorporating a large multimode second cladding [13,14]. Until now,
this concept has not been applied to HC-PCF.

In this paper we give a first demonstration of the use of double-clad HC-PCF to perform
remote CARS and SRS microscopy in a scheme that is compatible with endoscopy. Both the
delivery of the incoming beams (pump and Stokes) and the collected CARS and SRS signals
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are transmitted through the same double-clad HC-PCF, the former being confined to the
hollow core and the latter being guided in the multimode cladding. Most importantly, and
unlike previous works [7,8], no CARS signal is generated in the HC-PCF and the back
collection is possible thanks to the fiber double-clad. Although our demonstration makes use
of a scanning microscope, the fiber is fully compatible with distal fiber tip scanning
endoscope schemes [9].

2. Methods
2.1 Double-clad photonic crystal fiber

Figure 1b shows a scanning electron microscope (SEM) image of the HC-PCF that has been
used in this experiment. The central hollow core is surrounded by a photonic crystal cladding
which confines the excitation light to the core. The surrounding solid glass annular waveguide
guides the generated CRS signal back for analysis. The cross sectional area for signal
collection is approximately 2260 pm?. The width of the air cladding struts supporting the
outer core is around 200 nm. The fiber was fabricated from pure fused silica using a multi-
stage stack and draw process [15]. The stacked preform was drawn down on a conventional
fiber-drawing tower to a final fiber diameter of 103um. A cut-back measurement was carried
out to determine the transmission loss of the hollow-core of the fiber and this is shown in Fig.
1c. The low loss hollow-core transmission window extends from around 950 nm to 1150 nm.
Beyond 1150 nm, transmission of light in the hollow core is attenuated, which limits the
wavenumber shift to 800 cm™ when all the CARS wavelengths (pump, Stokes and anti-
Stokes) are transmitted by the fiber core. However, since the anti-Stokes signal can be
collected by the outer waveguide which supports broadband light guidance, the full 1800 cm™
bandwidth can be used in CARS. Indeed, the same bandwidth can be used in SRS. The near
field mode profile of the core-guided mode of the fiber is shown in Fig. 1d and is seen to be
smooth and single lobed as required for optimal focusing. The fiber supports two orthogonally
polarized modes due to form birefringence induced by the core ellipticity and these have been
found, through pulse compression experiments, to have group velocity dispersions at 1064 nm
of around 110 and 37 ps nm™ km™ respectively.
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Fig. 1. CRS contrasts and photonic crystal fiber design. (a) Scheme of the CARS and SRS
processes, Ap, As, Aas Stand for the pump, Stokes and anti-Stokes beams respectively and Qg for
the molecular vibrational resonance. (b) SEM image of the double-clad silica hollow core

photonic crystal fiber (HC-PCF). (c) Fiber transmission loss in dB/m. (d) 1064nm near field
image confined into the hollow core, Scale bar is 10 pm in figures (b) and (d).

2.2 CRS endoscope like scheme

Figure 2 shows the setup of the experiment. A small fraction of a 76 Mhz, 7 picoseconds
mode locked laser (Nd:YVO) emitting at 1064nm is used to generate the Stokes beam with an
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output power of 100 mW. The largest fraction of the 1064 nm output power is frequency
doubled to synchronously pump an optical parametric oscillator (OPO). In this work the OPO
signal beam (tuned between 962 nm and 971 nm), with an output power of 100 mW, is used
as the pump beam to perform CARS. The pump and Stokes beams are combined, set into the
same linear polarization state, and the temporal delay is adjusted using a dedicated delay line
[16]. They are then focused with an aspheric coupling lens into the hollow core of a 1m long
piece of double-clad HC-PCF (described above).

Signal OPO 100mwW
Pump: 962 - 971 nm

Stokes 100mW
1064 nm

~— 1m HC-PCF

Multimode fiber

Excitation Backscattered
i CARS and Spectrometer
SRS signals
Pp=P=10mW _A collection

.

Fig. 2. CARS and SRS experimental setup. APD for avalanche photodiode; M for silver
mirrors; P for polarizer; L for NIR achromatic doublets, AOM for acousto-optic modulator and
D for dichroic filter. Inset: Excitation pump and Stokes beams are sent into the 5 um diameter
hollow core, Epi and backscattered CARS and SRS signal are collected through the silica
double cladding (red ring in SEM fiber picture).

The pump and Stokes beams are re-collimated at the fiber output with an aspheric lens and
sent into a custom made inverted scanning microscope [16] with a power of 10mW in each
beam. The Epi and backscattered CARS and SRS (pump beam) signals generated at the
sample plane are back-coupled into the double-clad HC-PCF and finally detected with an
avalanche photodiode (APD — SPCM Perkin Elmer). In the CARS operation mode the anti-
Stokes signal is filtered and detected with an APD working in the photon counting regime. In
the SRS operation mode the Stokes beam is modulated in amplitude at the frequency of 1MHz
thanks to an acousto-optic modulator (see Fig. 2). The stimulated Raman loss (SRL) is
detected on the pump beam with an analog APD (Hamamatsu C5460) and a fast lock-in
amplifier as reported in [3]. No CARS signal is found to be generated in the HC-PCF when
coupling the temporally overlapping pump and Stokes beams into the air core. This is due to
the very small overlap of the guided mode with silica of the fiber, which is typically less than
1%. On the contrary, a strong CARS signal has been found in every conventional fiber and
solid-core PCF that has been tested. It is a key property of the HC-PCF used here that the
sample is illuminated with light that is free of the CARS anti-Stokes wavelength, ensuring
that all signal originates only from the sample itself. This situation is unlikely to be found
with any other type of fiber. In our experiment the CARS signal is generated between 877 nm
and 892 nm and so is outside of the HC-PCF transmission window. This means that the
detected CARS signal is transmitted by the air-clad silica annulus surrounding the PCF
region. In the SRS operation mode, although the back-reflected pump beam falls into the HC-
PCF transmission window, we found that most of the back-guided pump light comes from the
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silica annulus (see Fig. 2 inset). Although difficult to quantify experimentally, we estimate the
improvement of the back collection efficiency of the order of 50 between the double clad HC-
PCF and a conventional single mode fiber.

3. Results and discussion
3.1 CARS spectroscopy on TTB molecular crystal

With these pump and Stokes wavelength settings, and as a proof of principle, we aim at
investigating the 990 cm™-1000 cm™* range for vibrational bond imaging of TTB molecular
films crystallized on glass surfaces. 1,3,5-tricyano-2,4,6-tris(p-diethyl-aminostyryl)benzene
(TTB) is a nonlinear organic crystal featuring highly conjugated molecules, arranged in a non-
centrosymmetric crystalline structure. Furthermore the micron-size TTB crystalline structure
makes this molecular crystal interesting for nonlinear microscopy as demonstrated recently in
[16] for two-photon excitation fluorescence (TPEF), second harmonic generation (SHG), sum
frequency generation (SFG) and four wave mixing (FWM). More interestingly here, TTB
crystals also exhibit several vibrational resonances that can be addressed with CRS
techniques. Detail of TTB free-cast films synthesis and characterization can be found in [17].
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Fig. 3. CARS and spontaneous Raman spectra of TTB crystals. (a) CARS (solid line) and
Raman spectra (dashed line) offset for clarity. (b) Spectral response in the resonant CARS
situation R + NR + TPEF at 953 cm™ (Ap = 966 nm) (blue line) and in the nonresonant
resonant NR + TPEF at 915 cm™ (As = 969.6 nm) (green line). The black dashed line shows
the spectral response when the excitation beams are focused out of the crystal (Ap = 966 nm -
resonant situation). Dashed areas shows the blocking filters used.

Figure 3a shows together the CARS and spontaneous Raman spectra (obtained with a
custom made Raman microscope) of TTB crystal in the 900 cm™-1000 cm™ spectral range.
Clearly the 966 cm™ Raman band gives rise to a red-shifted CARS signal around 955 cm™.
Figure 3b shows the CARS spectral features associated with the targeted TTB vibrational
resonance. For this experiment the pump and Stokes beam are delivered at the sample plane
through the HC-PCF and the CARS signal is detected directly in the Epi direction using a
compact spectrometer (see Fig. 2). In the resonant CARS situation (refer as R + NR blue line)
at 953 cm™ (A, = 966 nm) the spectrum exhibits the sharp CARS peak associated with the
resonant (R) and the nonresonant resonant (NR) CARS together with the remaining TPEF
inherent to TTB IR excitation. In the nonresonant resonant CARS situation (refer as NR green
line) at 915 cm™ (A = 969.6 nm) the spectrum intensity is weaker as being only associated to
the nonresonant resonant CARS signal and the TPEF. Also on Fig. 3 is shown the recorded
spectrum when the pump and Stokes beams are focused out of the TTB crystal (black dashed
line). Clearly, no signal is recorded which further confirms the absence of CARS generated
within the HC-PCF.

3.2 CARS endoscope scheme

We now move to the ‘endoscope-like’ scheme and consider first the CARS process. In this
situation, the CARS signal is back coupled into the second cladding of the HC-PCF and
detected with the APD detector. We use the scanning mirror to image the spatial features
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associated to TTB crystals. These have crystallized in our test sample in dendritic structures.
Figure 4 shows two different areas corresponding to a single crystal (Fig. 4a, c, €) and to
multiple crystals (Fig. 4b, d, f). For each of the areas are displayed the image taken at
resonance (953 cm™), containing the R, NR and TPEF contributions, together with the image
taken off resonance (915 cm™), containing only the NR and TPEF contributions. From the
spectra acquired in Fig. 3 we can safely consider that the resonant CARS signal can be
obtained by the simple subtraction between the two images taken at resonance (953 cm™) and
off resonance (915 cm™). Figure 4e and 4f show the results of this subtraction for the two
areas considered and demonstrate the ability of the double-clad HC-PCF to perform CARS
imaging in an ‘endoscope-like’ scheme.
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Fig. 4. CARS images of TTB crystals recorded using double-clad HC-PCF fiber for excitation
beams delivery and signal collection. (a,b) Nonresonant Resonant CARS situation at 915 cm™
containing TPEF signal (NR + TPEF). (c,d) Resonant CARS situation at 953 cm™ containing
the resonant, nonresonant resonant CARS and TPEF (R + NR + TPEF). (e, f) Resonant CARS
signal at 953 cm™ obtained with simple subtraction (R + NR + TPEF)-(NR + TPEF). Scale bar
is 25 um. 200 x 200 pixels. 50 ps/pixel, pump and Stokes power: 10mW.

3.3 SRS endoscope scheme

We now consider the SRS process where we modulate the Stokes beam and detect the
stimulated Raman loss (SRL) on the pump beam. In a conventional solid core fiber SRS is
always present due to four wave mixing in the fiber core itself [18]. Similar to the CARS
scheme, no SRL modulation is present when the propagation of the pump and Stokes beams
takes place in the HC-PCF. Note that in the SRS experiments, and for software control
reasons, we do not use the scanning mirrors but raster scan the sample with an xy piezo stage.
Figure 5 shows a nonresonant resonant image taken at 915cm™ (Fig. 5a) and a resonant image
taken at 968cm™ (Fig. 5 b) corresponding to the peak of the Raman targeted line (see Fig. 3a).
As in the case of CARS, there is no SRS signal detected when the active spot is located out of
the crystal confirming the absence of SRS signal in the HCF-PCF itself. Although the
resonant image (968cm™) exhibits a strong signal that reproduces the Raman spectrum (see
Fig. 5d), there remains an SRL contribution far from resonance that is visible in Fig. 5a and as
a plateau in the SRL spectrum of Fig. 5d. We attribute this nonresonant resonant depletion to
nonlinear processes in the TTB crystal itself. Although Kerr lens effects due to pump and
Stokes crossed phase modulation cannot be discarded, we believe that most of the
nonresonant resonant pump depletion comes from sum frequency generation (SFG). Indeed,
SFG is found to be very strong in these TTB crystals, originally designed to exhibit strong
second order nonlinearities (data not shown). In principle SRS imaging would require a
simple HC-PCF, without the double-clad, with the pump and Stokes beams falling in its
transmission window. This would be very challenging because the back coupling efficiency of
the scattered pump beam into the small single-mode hollow core is extremely weak. In the
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present SRS experiment, the air-clad silica annulus collects most of the retro-reflected pump
light. Although the double-clad HC-PCF provides a very attractive way of performing CRS in
endoscopes, there is still need to improve the back coupling efficiency that is estimated here
to be, at most, 10% of the backscattered CARS signal (as compared to a nondescanned
detection). This is mainly due to the descanned detection scheme that restricts the back
detection within the fiber. We believe that this could be improved by thermally collapsing the
PCF cladding at the fiber tip whilst allowing the hollow core to remain open. This would have
the effect of both increasing the collection area of the fiber and bringing the collection area
closer to the center of the back focal plane of the distal optics at which point the signal should
be brightest. Increased efficiency could also be obtained through careful consideration and
engineering of the achromaticity and numerical aperture of the optics that are used to
simultaneously carry out two very different tasks.
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Fig. 5. SRS images of TTB crystals recorded using double-clad HC-PCF fiber for excitation
beams delivery and signal collection. (a) Nonresonant Resonant SRS situation at 915 cm™
(NR). (b) Resonant SRS situation at 968 cm™ (R). (c) Direct subtraction (R-NR). (d) SRS
spectrum (¢ ) taken for point M in (b) and normalized Raman spectrum (solid line). The dashed
line is the Raman spectrum that has been offset and superimposed to the SRS measured points.
Scale bar is 10 pm. 45 x 60 pixels. 50 ms/pixel, pump and Stokes power: 10mW.

4. Conclusion

We have demonstrated that double-clad hollow-core photonic crystal fibers are suitable to
perform coherent Raman spectroscopic imaging in an ‘endoscope-like’ scheme. Both CARS
and SRS processes have been considered. The key features of these fibers are (1) that no wave
mixing signals are generated within the fiber for temporally overlapping pulses and (2) that
the air-clad signal return annulus enables both the spectral range for nonlinear microscopies to
be greatly extended and the back coupling efficiency of the signal to be greatly improved.
Although the implementation reported here is far from an endoscope featuring a compact
focusing unit, the presented double-clad HC-PCF is fully compatible with a distal fiber tip
scanning endoscope scheme [9]. We believe that such fibers and their forthcoming
development to be suitable for spectroscopy and video rate imaging [18] in CRS endoscopes.
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