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Abstract: We demonstrate a robust, all-fiber, two-wavelength time-lens source for
background-free coherent anti-Stokes Raman scattering imaging. The time-lens source
generates two picosecond pulse trains simultaneously: one at 1064 nm and the other tunable
between 1040 nm and 1075 nm (~400 mW for each wavelength). When synchronized to a
mode-locked Ti:Sapphire laser, the two wavelengths are used to obtain on- and off-resonance
coherent anti-Stokes Raman scattering images. Real-time subtraction of the nonresonant
background in the coherent anti-Stokes Raman scattering image is achieved by the
synchronization of the pixel clock and the time-lens source. Background-free coherent anti-
Stokes Raman scattering imaging of sebaceous glands in ex vivo mouse tissue is
demonstrated.
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1. Introduction

Coherent Raman scattering (CRS) microscopy, with contrast from coherent anti-Stokes
Raman scattering (CARS) or stimulated Raman scattering (SRS) [1-4], provides label-free
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and chemically specific imaging of biological samples. The endogenous image contrast is
provided by exciting vibrational modes of the molecules of interest. A major drawback of
CARS is the existence of nonresonant background from the sample and surrounding medium,
which reduces the contrast of the resonant CARS image. Although SRS imaging does not
exhibit a nonresonant background, there are applications where CARS imaging is preferable
due to its simpler detection and its unique applications in polarization-resolved and in vivo
imaging. Several strategies have been used to reduce or eliminate the nonresonant
contribution to the signal [5-16], such as epi-detection [6, 11], polarization-sensitive
detection [5, 7], time-resolved detection [8], nonlinear interferometric CARS [9], and
multiplex CARS [10]. These techniques are limited by either severe resonant signal
attenuation or complicated implementation. Digitally subtracting the off-resonance CARS
image from the on-resonance one has been recognized as the simplest and most robust
method for background removal, although it doesn’t remove the CARS signal intensity term
given by the mixing between the nonresonant term and the real part of the resonant term of
the third-order susceptibility [17-24]. However, the on- and off-resonance images are
typically acquired by tuning the wavelength of the pump or Stokes laser, and the slow tuning
speed often introduces artifacts due to sample motion in live cell or tissue imaging. This
problem can be solved by using three synchronized lasers, which allow the simultaneous
recording of on- and off-resonance images [25, 26].

CRS microscopy uses two temporally synchronized, and spatially overlapped, picosecond
excitation sources with different center wavelengths. The wavelengths of the lasers are
selected so that their beating frequency matches a molecular vibration frequency. Various
schemes for achieving the aforementioned requirements for CRS imaging include: two mode-
locked lasers with synchronization of the pulses realized by phase-lock loops (PLLs) and fine
adjustments of the cavity [27, 28], optical parametric oscillators (OPOs) synchronously
pumped by a mode-locked laser [3, 29], fiber sources based on continuum generation [30] or
soliton self-frequency shift [31], or actively mode-locked lasers [32]. Approaches based on
mode-locked lasers and OPOs are costly, bulky, and environmentally sensitive [3, 25-29],
whereas previous fiber based systems have the disadvantages of large spectral width [30] or
low peak power [31].

Recently, we demonstrated synchronized picosecond light sources for CRS imaging based
on the time-lens concept [33, 34]. The space-time duality arises from the mathematical
equivalence between paraxial diffraction in the spatial domain and dispersive propagation in
the time domain [35-37]. Based on this concept, a time lens is the temporal equivalent of a
conventional lens and can be implemented by temporal phase modulation. Similar to beam
focusing performed by a lens and diffraction in the spatial domain, pulse compression can be
realized by a time lens and dispersion in the temporal domain. This technique benefits from a
robust all-fiber configuration, picosecond pulse width, high peak power and electronic tuning
of the pulse delay to achieve temporal overlap between the two pulse trains. Use of a time
lens makes it possible to synchronize this system to any mode-locked laser. The intrinsic
similarity of the time-lens source to a transmitter with phase and amplitude modulation in
fiber-optic communications makes the time-lens source highly robust and scalable for multi-
color implementation.

In this paper, we demonstrate a robust, cost-effective, all-fiber, two-wavelength time-lens
source for background-free CARS imaging. The time-lens source generates two picosecond
pulse trains simultaneously: one fixed at 1064 nm and the other tunable between 1040 nm and
1075 nm. The average power and pulse width for each wavelength are approximately 400
mW and 1.9 ps, respectively. When synchronized to a mode-locked Ti:Sapphire (Ti:Sa) laser,
the two wavelengths are used to obtain on- and off-resonance CARS images. Real-time (pixel
by pixel with pixel dwell time of ~2 ps) subtraction of the nonresonant background in the
CARS image is achieved by the synchronization of the microscope pixel clock and the time-
lens source so that for each pixel in the acquired image the signal is excited by the pump and
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only one of the Stokes beams. Background-free CARS imaging of sebaceous glands in ex
vivo mouse tissue is demonstrated. The demonstrated technique enables convenient
synchronization to both the microscope pixel clock and the mode-locked laser in a robust,
cost-effective, all-fiber configuration, and is scalable to include more wavelengths. The multi-
wavelength time-lens source may provide an all-fiber, user-friendly alternative for
background-free CARS imaging.

2. Experimental results

The experimental setup is shown in Fig. 1. The picosecond pump pulses for CARS imaging
are obtained by spectral filtering of the pulses (100 fs pulse width at 80 MHz repetition rate)
from a mode-locked Ti:Sa laser (Mai Tai, Spectra-Physics) [34].

The Stokes beams are generated from a two-wavelength time-lens source synchronized to
the pump. A GaAs photodetector (ET-4000, EOT) detects a small portion of the output of the
Ti:Sa mode-locked laser and generates a RF pulse train. The RF pulse train is then divided
into two branches. One branch is filtered with a narrowband (NB) filter (with a 3dB
bandwidth of 50 MHz) centered at the 125th harmonic of the 80 MHz repetition rate (i.e., 10
GHz). The resulting 10 GHz sinusoid is amplified to drive two electro-optic phase modulators
(2PMs, EOSPACE) with an amplitude of ~14 V,,, (V,,, is the peak-to-peak drive voltage) for
each phase modulators. The other branch is amplified and is used to drive the Mach-Zehnder
intensity modulator (IM, EOSPACE). The intensity modulator carves synchronized pulses
onto the two CW sources, which consist a 1064 nm CW laser (QFBGLD-1060-30P,
QPhotonics) and a wavelength-tunable CW laser (TEC-520-1060-100, Sacher Lasertechnik).
The output pulses from the IM have temporal width of 80 ps due to the limited bandwidth of
the components. A pair of transmission gratings (T-1600-1060s, LightSmyth) is used for
dispersion compensation and pulse compression. The dispersion caused by the length of the
fiber introduces a small, fixed walk-off between the pulses of the two wavelengths, which is
compensated by using two separate mirrors in the compressor. We used Yb*" doped fiber
amplifiers (pre-amp) to compensate for the loss caused by the pulse carving and the phase
modulators, and another Yb°" doped fiber amplifiers (power amp) to increase the output
power up to 800 mW. When both CW sources are modulated and present in the time-lens
source, the average power per wavelength can reach up to 400 mW.

Pump l d" Microscope
Ti:Sa laser BS_£ M (EZ M N Date
L Lens St Dichroic isiti
! ™ \ acquisition
% { mirror . system
M ‘ M 5 nSample
Stokes {;ixel:
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Fig. 1. Experimental setup of the two-wavelength time-lens source (Stokes) synchronized to a
mode-locked Ti:Sa laser (pump). BS, beam sampler; M, mirror; G, grating (T-1400-800s-
2415-94, 1400 line/mm, Lightsmyth); SU, scanning unit; PMT, photomultiplier tube; NB,
narrowband; BB, broadband; WDM, Wavelength-division multiplexer; PM, phase modulator;
IM, intensity modulator; G2, grating (T-1600-1060s, 1600 line/mm, Lightsmyth).



Research Article Vol. 24, No. 23 | 14 Nov 2016 | OPTICS EXPRESS 26691

Optics EXPRESS

Temporal synchronization between the pump and the Stokes is achieved by RF delay
lines, which can be adjusted over a large range (~0.8 ns), eliminating the need for
cumbersome mechanical optical delay lines. The pump, Stokes, and nonresonant Stokes
beams are spatially combined with a dichroic mirror and sent into a laser-scanning
microscope (FV1000MPE, Olympus) with a 20x water immersion objective lens
(XLUMPIlanFI 20x/0.95 W, Olympus). A band-pass filter (transmission at wavelength
between 595 nm and 665 nm) and a long-pass filter (transmission at wavelength longer than
650 nm) are used to separate the CARS signal from the excitation beams and other
nonlinearly generated light such as two-photon excited fluorescence. The pixel clock is
extracted from the microscope, and is used as a time reference for two function generators
that directly modulate the CW sources to achieve the desired pixel-on, pixel-off effect.
Modulation speeds up to 2 MHz can be achieved.

We first characterize the pump. The average power of the pump is 200 mW. The
measured spectrum of the pump is shown in Fig. 2(a). The center wavelength and the
bandwidth of the pump are 816.8 nm and 1.8 nm, respectively. The corresponding pulse
width of the pump, deconvolved from the measured second-order interferometric
autocorrelation trace [Fig. 2(d)], is 1 ps (a deconvolution factor of 1.4 is used, assuming the
pulse has a Gaussian profile).

We then characterized the Stokes beams (time-lens output) and the synchronization
performance. The average power after modulation and compression is 400 mW in the
nonresonant Stokes beam at 1056 nm and 400 mW in the resonant Stokes beam at 1063.6 nm.
Both wavelengths have a spectral full width at half maximum (FWHM) of ~1.5 nm, as shown
in Figs. 2(b) and 2(c). For temporal profile characterization, we perform a cross-correlation
between the time-lens output and the 100 fs pulse directly from the mode-locked Ti:Sa laser
using collinear sum frequency generation in a beta barium borate (B-BBO) crystal of 0.5mm
thickness [33, 34]. Scanning the relative delay between the beams was achieved by tuning the
RF delay between the electro-optical modulators and the Ti:Sa pulse train. As shown in Figs.
2(e) and 2(f), the temporal FWHM of the two-wavelength time-lens output is 1.9 ps for both
the resonant and nonresonant Stokes beams. To measure the relative timing jitter between the
time-lens source and the 100 fs pulse from the mode-locked Ti:Sa laser, we record the sum
frequency intensity fluctuation at the half-maximum of the cross-correlation trace [inset in
Figs. 2(e) and 2(f), sampled at 1 kHz]. The measured root-mean-square (RMS) timing jitters
for resonant and nonresonant Stokes over a measurement time of 350 s are 44 and 50 fs,
respectively, only a small fraction of the pulse widths and suitable for CARS imaging.
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Fig. 2. Characterization of the lasers for CARS imaging. (a) Spectrum of the pump laser. (b, c)
Spectra of the time-lens source at ~1056 nm and ~1063.6 nm, respectively. (d) Second order
interferometric autocorrelation of the pump laser. The de-convolved FWHM of the pulse is
approximately 1 ps. (e) Second order cross-correlation trace between the 1.9 ps pulse at 1056
nm (b) and the 100 fs pulses from the mode-locked Ti:Sa laser. (f) Second order cross-
correlation trace between the 1.9 ps pulse at 1063.6 nm (c) and the 100 fs pulses from the
mode-locked Ti:Sa laser. The insets in (e) and (f) show the measured sum-frequency signal at
the half-maximum of the cross-correlation traces over 350 s (sampled at 1 kHz).

The microscope pixel clock and the time-lens source are synchronized to provide pixel-to-
pixel control of the on- and off-resonance imaging. Figure 3 shows the pixel clock from the
microscope [Fig. 3(a)], the modulated CW light of the time-lens source [Fig. 3(b)] and the
corresponding CARS image of Dodecane [Fig. 3(c)]. The pixel dwell time of the microscope
is set at 2 ps and thus, the electrical pulse train of the pixel clock from the microscope has a
repetition rate of 500 kHz [Fig. 3(a)]. The pixel clock is divided into two branches, which are
sent to two function generators (SDG1025 and SDG1020, Siglent). These function generators
work in burst modes, and generate a synchronized 250 kHz rectangular output with a pulse
width of ~1.7 ps. The function generator has a built-in tunable delay with a range of more
than 5 ps, which enables precise control of the relative timing of the output of the two
function generators. By alternating the two Stokes beams, the adjacent pixels in the image are
excited by either the on-resonance beam or the off-resonance beam. Therefore, on- and off-
Raman resonance imaging is achieved within one pixel dwell time (~2 ps). As an example,
CARS imaging of Dodecane (Linear Formula: CH3(CH,);(CH;, anhydrous >99%, Sigma-
Aldrich) at the CH, stretching frequency (2845 cm™) is shown [Figs. 3(c) and 3(d)]. In the
experiment, the mode-locked Ti:Sa laser is tuned to 816.8 nm, the Stokes beam is tuned to
1063.6 nm (on resonance with the CH, stretching vibrational frequency at 2845 cm™), and the
nonresonant Stokes beam is tuned to 1056 nm (off-resonance at 2773 cm™'). The average
power of the pump, resonant Stokes and nonresonant Stokes beams on the sample are 55 mW,
20 mW and 20 mW, respectives. The pixels in the odd and even columns are bright and dark,
respectively, which represents on- and off-Raman resonance imaging.
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Fig. 3. Pixel-to-pixel synchronization of the microscope and the two-wavelength time-lens
source. (a) Pixel clock extracted from the microscope. (b) Intensity of the modulated CW
lasers for the time-lens source at 1056 nm (solid blue) and 1063.6 nm (dotted red). (c) CARS
image of Dodecane (CH, stretching frequency at 2845 cm™, 64 x 64 pixels, 2 ps/pixel). The
scale bar is 25 pum. (d) A zoomed-in view of (c), where 4 pixels are displayed. Pixels in
columns 8 and 10 correspond to the signal excited by the pump and the nonresonant Stokes at
1056 nm, and are dark as a result of the small CARS signal; while pixels in columns 7 and 9
excited by the pump and the resonant Stokes at 1063.6 nm are bright.
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Fig. 4. CARS images of sebaceous glands in ex vivo mouse ear tissue, with the source tuned to
the CH, stretching frequency. 800 x 800 pixels, 2 ps/pixel, no average. (a) Image formed from
the on-resonant pixels (all odd columns). (b) Image formed from the off-resonant pixels (all
even columns). (c) Image after the subtraction of the nonresonant background (b) from the
resonant signal (a). Note that the brightness of the image is increased by ~2 times to match the
brightness scale of (a). (d) Image taken when the pump and Stokes beams do not overlap in
time (an RF delay of 80 ps was introduced). (e-h) show the corresponding intensity profiles
along the lines indicated in the images (a-d). For comparison, the intensity profile in (a)
(dashed red line) is also shown in (g).

To demonstrate the capabilities of the two-wavelength time-lens source for background-
free CARS image, we performed CARS imaging of sebaceous glands in ex vivo mouse ear
tissue. The experimental configuration is the same as in Fig. 3. Figures 4(a)-4(d) shows the
CARS images. The corresponding intensity profiles along the lines indicated in the CARS
images are shown in Figs. 4(e)-4(h). In particular, the on-resonance image shown in Fig. 4(a)
has a strong CARS signal with nonresonant background, while the off-resonance image
shown in Fig. 4(b) has a weak CARS signal with the same nonresonant background. By a
simple subtraction of on- and off-resonance images, background-free CARS images [Fig.
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4(c)] are obtained, with significantly improved contrast when compared to the original image
without background subtraction [Fig. 4(a)]. Figure 4(d) shows the image when the pump and
Stokes beams do not overlap in time (a RF delay of 80 ps was introduced), proving that the
signal is CARS and indicating that contributions (e.g., two-photon excited fluorescence, room
light, laser leakage, etc.) other than the nonresonant background are negligible.

The two-wavelength time-lens source for background-free CARS image was then tested
using another sample, cotton fibers in water. The same sample was used in a previous paper
to demonstrate nonresonant-background suppression in CARS microscopy [21]. The
experimental configuration is the same as in Fig. 3. Figures 5(a)-5(d) shows the CARS
images. The corresponding intensity profiles along the lines indicated in the CARS images
are shown in Figs. 5(e)-5(h). The signal-to-background contrast of the conventional on-
resonance CARS image is ~3.6:1. The nonresonant background is mainly contributed by the
water environment. The resulting image after background subtraction has a signal-to-
background contrast of ~37.5:1, thereby achieving a ~10-fold improvement in image contrast.
As discussed in [21], the detection sensitivity of the digital image processing technique is
limited by the finite intensity values of each pixel of the acquired image and the accumulated
noise from multiple images.
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Fig. 5. CARS images of cotton fibers in water, with the source tuned to the CH, stretching
frequency. 512 x 512 pixels, 2 ps/pixel, averaged for 8 times. (a) Image formed from the on-
resonant pixels (all odd columns). (b) Image formed from the off-resonant pixels (all even
columns). (c) Image after the subtraction of the nonresonant background (b) from the resonant
signal (a). Note that the brightness of the image is increased by ~3 times to match the
brightness scale of (a). (d) Image taken when the pump and Stokes beams do not overlap in
time (an RF delay of 80 ps was introduced). (e-h) show the corresponding intensity profiles
along the lines indicated in the images (a-d). For comparison, the intensity profile in (a)
(dashed red line) is also shown in (g).

3. Conclusions

In conclusion, we have experimentally demonstrated background free CARS imaging using a
two-wavelength time-lens source. Two synchronized picosecond sources with hundreds of
milliwatts of optical power were generated through time-lens pulse compression of CW
lasers. Direct modulation of the CW lasers using the microscope pixel clock ensures
synchronization of image acquisition and the time-lens source, and enables real-time (pixel by
pixel) subtraction of the nonresonant background in the CARS image. The demonstrated
technique has the advantages of convenient synchronization to both the microscope pixel
clock and the mode-locked laser in a robust, cost-effective, all-fiber configuration. While two
wavelengths were demonstrated in this paper, it is relatively straightforward to include more
wavelengths in the time-lens source. Multi-wavelength time-lens sources may provide an all-
fiber, user-friendly alternative for background-free CARS imaging.
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