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Brighter CARS hypermicroscopy via “spectral
surfing” of a Stokes supercontinuum
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We present a simple technique that significantly enhances
the interaction of pump pulses with a supercontinuum
Stokes generated by a particular nonlinear fiber for time-
gated experiments such as coherent anti-Stokes Raman
scattering (CARS). The enhancement is achieved through
a synchronized power-tuning/time delay scheme that we
call spectral surfing. In this Letter, we introduce spectral
surfing and demonstrate how its application to an economi-
cal CARS hypermicroscopy scheme increases the brightness,
contrast, and spectral scanning range, while potentially
reducing sample light exposure. © 2017 Optical Society of
America

OCIS codes: (180.4315) Nonlinear microscopy; (300.6230)
Spectroscopy, coherent anti-Stokes Raman scattering; (320.6629)
Supercontinuum generation; (170.5810) Scanning microscopy.
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Coherent anti-Stokes Raman scattering (CARS) is a chemical-
specific, label-free microscopy technique that shows growing
potential for materials characterization and biomedical imaging
[1-3]. A particular experimental approach to CARS, known as
spectral focusing (SF), enables concurrent microscopy and
spectroscopy (i.e., hypermicroscopy) by using broadband fs
pulses and a single-element detector such as a photomultiplier
tube [3—7]. SF-CARS utdilizes chirped pump and Stokes pulses
with a reduced instantaneous frequency difference (IFD) band-
width [7,8] to yield improved CARS spectral resolutions for
identifying compounds having multiple dense peaks, especially
in the molecular fingerprint frequencies (<1800 cm™). The
development and applications of SF-CARS, in tandem
with multimodal imaging modalities such as two-photon exci-
tation fluorescence (TPEF) and multi-harmonic generation,
are garnering continued interest for materials science and
biomedical imaging [3,4,6-9].

Since the development of CARS microscopy, applications
have largely relied on the imaging of CH vibrational frequencies
(~2800 cm™'-3100 cm™') [1,10]. By contrast, important infor-
mation in the dense fingerprint region (~500 cm™'-1800 cm™!)
has received considerably less attention, largely due to experi-
mental limitations. Recent advances in “multiplex CARS"—a
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related technique that uses spectrometers for anti-Stokes signal
detection—have pushed CARS imaging applications to span the
fingerprint-to-CH frequencies (500 cm™'-3500 cm™) [11,12].
This now enables the identification of key cellular components
such as DNA and lipids in a single hyperspectral scan [13].

In view of SE-CARS, wherein images can be acquired for a
given chemical contrast at several frames per second, we have
reported an experimental approach, capable of detecting
molecular vibrations from 620-3150 cm™! that utilizes a
Stokes supercontinuum generated in a nonlinear photonic crys-
tal fiber (PCF) [14] pumped by relatively long seed pulses
(200 fs, 70 cm™! full width at half-maximum [FWHM] band-
widths). As with multiplex CARS, SF-CARS is compatible
with powerful phase retrieval methods that convert raw CARS
spectra—reshaped by the nonresonant background—to spon-
taneous Raman-like spectra [13—16]. Thus, SF-CARS is an
agile imaging technique capable of switching between imag-
ing-first and spectrum-first quantitative microscopy.

Among various approaches to SF-CARS, PCF-based tech-
niques have the advantage of being particularly economical.
Furthermore, the large spectral bandwidth of the PCF-gener-
ated Stokes supercontinuum permits easy scanning of a wide
range of CARS frequencies, thus adding spectroscopic agility.
The main technical drawback of the approach, however, is that
the Stokes supercontinuum generated by PCF sources is highly
variable across its spectrum [14,16-18], yielding regions of
Stokes wavelength with limited brightness.

In an effort to maximize the utdlity of PCFs for SF-CARS,
their supercontinuum generation (SCG) characteristics must
be improved. In general, the supercontinua generated in PCF
sources, especially those with closely lying zero-dispersion wave-
lengths such as the commercially available FemtoWHITE CARS
(FWCARS) module, are heavily dependent on seed pulse char-
acteristics [17,18]. For example, the location of the spectral
maximum of the output can be varied as a function of super-
continuum generating seed pulse power [14,19]. This depend-
ence can be exploited for SF-CARS since, at any instant, only a
portion of the supercontinuum is used to access a unique CARS
frequency or IFD—which depends on the spectro-temporal
overlap of the pump and Stokes pulses. Therefore, synchronizing
the overlap timing of the pump pulse with the tunable Stokes
supercontinuum at the desired IFD, can lead to an overall im-
provement of CARS brightness across the spectral scan range.
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We term such synchronization “spectral surfing.” Such active
power tuning of PCF-borne Stokes light for increased CARS
signals is conceptually similar to the soliton self-frequency shift
approach to multiplex CARS by Andersen ez al. [19], except that
here we power-tune the supercontinuum well beyond the zero-
dispersion point and utilize a much broader Stokes, without the
need for wavelength scanning. As demonstrated in this Letter,
with spectral surfing, we obtain increased CARS brightness, re-
duced light dosage, and an expanded spectral scanning range that
spans 350 to 3500 cm™' in a single scan with an oscillator
operating at 800 nm.

Beyond applications to CARS hypermicroscopy, we antici-
pate that spectral surfing could also benefit various time-gated
experiments, wherein sources can be tuned as a function of time
such as in other four-wave mixing techniques, as well as optical
coherence tomography experiments utilizing tunable broad-
spectrum light sources [20,21].

A simple schematic of the key features of the experimental
setup is shown in Fig. 1. A Ti:sapphire oscillator is configured
to generate an 800 nm pump having a Gaussian FWHM band-
width of 100 cm™ (nominal pulse duration of 150 fs). Part
of this beam is routed to a FWCARS SCG module (NKT
Photonics), the output of which becomes the Stokes beam
for CARS. The seed pulse intensity coupled to the SCG
module is controlled using a motorized half-wave plate
(HWP) followed by a Faraday isolator, together acting as a
computer-controlled variable attenuator. The original 800 nm
beam acts as degenerate pump and probe for CARS [1], and
passes through a computerized time delay stage before being
recombined with the Stokes beam at an angled dichroic mirror.
Each arm passes through a fixed amount of high-dispersion
glass for chirp-matching purposes. The combined beam is then
routed to a customized laser-scanning microscope, as detailed
previously [14].

The HWP and pump delay stage are synchronized accord-
ing to both the CARS calibration and the spectral-surfing
calibration functions. The CARS frequency calibration func-
tion, Qp(x), maps the delay stage position, x, into the equiv-
alent Raman frequency, Q. As shown previously, the CARS
calibration function can be approximated by a (predominantly
linear) second-order polynomial [14]. Any sample that can gen-
erate adequate four-wave mixing signals at the anti-Stokes fre-
quency such as the glass coverslip, can be used as a calibration
sample. The appropriate CARS frequency is determined by
computing the frequency difference between the central
frequency of the pump and the central frequency of the
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Fig. 1. Schematic of experimental layout of spectral-focusing CARS
with a supercontinuum Stokes. The output of a Ti:sapphire oscillator
is split into pump and Stokes beams. A Stokes supercontinuum is gen-
erated in a PCF. The supercontinuum seed pulse power is actively
controlled by the combination of a motorized HWP and isolator.
The chirps of the two beams are matched by blocks of SNPH-2 glass
(G1, 25 mm; G2, 57 mm; G3, 101 mm).
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Fig. 2. Stokes supercontinuum power tuning and spectral surfing.
(a) Stokes spectrum versus SCG seed power. The small circles corre-
spond to points of maximum spectral intensity at unique IFD, Qp,
which are then used to interpolate a spectral surfing calibration func-
tion, 8(Qy). (b) Block algorithm for spectral surfing used to dynami-
cally control the Stokes supercontinuum for CARS. (c) Stokes
supercontinuum generated by “low” (37 mW, green) and “high”
(220 mW, blue) coupled seed power, and the overall trace of the
power-tuning sequence representing the effective “surfed” spectrum
(red). Visualization 1 shows an animated version of (c).

anti-Stokes signal, collected by a spectrometer in the transmit-
ted direction. The CARS frequency calibration function is then
synchronized with the computer-controlled HWP for spectral
surfing.

The supercontinuum generated by PCFs often contains
spectral components at both shorter and longer wavelengths
than the pump. For CARS microscopy purposes, it is typically
the longer-wavelength components that are used as broadband
Stokes light. The red-shifted continuum generated by the
FWCARS module is shown in Fig. 2(a), plotted as IFD and,
thus, the vibrational frequency probed, Qp, against both the
PCF-coupled seed power and the HWP angle. For each coupled
power (or HWP angle), a Stokes supercontinuum having a spec-
tral maximum at a particular wavelength can be generated.
These are points of maximum spectral intensity that can be over-
lapped temporally with the pump beam for a maximized CARS
signal (or any other time-gated cross-phase modulation process).

Because in SF-CARS a narrow range of IFDs are probed at a
given moment in time, given by the timing of the pump delay
stage, the Stokes can be optimized to maximize CARS intensity
by utilizing the information obtained from the points of maxi-
mum spectral intensity. This method of dynamically tuning the
SCG to maximize the signal in a time-gated experiment is what
we call spectral surfing, in reference to the notion that one is
synchronizing the interaction with a monotonically moving
spectral peak.

Spectral surfing in SE-CARS is implemented by synchroniz-
ing two mechanically programmable components: the HWP
that controls the SCG seed power and the delay stage that
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controls the IFD being probed. Such synchronization requires
information from both the CARS frequency calibration and the
spectral surfing calibration functions. Fitting the points of
maximum spectral intensity with a function yields the spectral
surfing calibration function, 8(€2), where € is the HWP angle,
and Qp is the calculated Raman frequency or IFD. (€23) can
simply follow a polynomial function or a set of piecewise-linear
functions for more complicated datasets (as in this Letter).
Figure 2(b) shows a simple algorithm to match the CARS fre-
quency scan with the spectral surfing calibration function. As
the delay stage moves during the CARS hyperspectral scan,
Qr(x) can be calculated and then transformed to € via the
spectral surfing calibration function.

By using low SCG seed power, a Stokes supercontinuum can
be generated that spans only a few key vibrational frequencies
in the fingerprint, as shown in Fig. 2(c). By contrast, at much
higher seed powers, the Stokes effectively spans the silent and
CH/OH frequencies (2000-3500 cm™!). However, with spec-
tral surfing, an evolving supercontinuum can be generated that
is higher in effective spectral intensity, compared with a given
static spectrum. Figure 2(c) presents the Stokes spectra at the
low (37 mW) and high (220 mW) coupled powers, and the
surfed spectrum composed of the maxima of an experimentally
obtained sequence of power-tuned spectra.

To demonstrate the efficacy of spectral surfing, proof-
of-concept hyperspectral CARS images of a mixture of
dimethyl sulfoxide (DMSO) and benzonitrile are obtained
using static low-power, static high-power, and spectrally surfed
Stokes supercontinua, as shown in Fig. 3(a). The low-power
condition yields enhanced CARS contrast deep in the finger-
print, at the 670 cm™! resonance in DMSO, but lacks contrast
at both lower and higher CARS frequencies. The high-power
condition shows strong contrast at 2220 cm™! (benzonitrile)
and at higher frequencies, but poor contrast for lower-fre-
quency resonances in the fingerprint. For example, contrast
for the 460 cm™ resonance in benzonitrile is no longer observ-
able with the high-power generation condition. With spectral
surfing, CARS intensity and contrast are significantly improved
across the extended CARS frequency range [Figs. 3(a) and 3(d)],
allowing concurrent contrast in the deep fingerprint, silent, and
CH/OH vibrational spectral ranges. As with SE-CARS imple-
mented with static SCG Stokes, concurrent multimodal imaging
is also enabled with spectral surfing. This is demonstrated in
Figs. 3(b) and 3(c), where second-harmonic generation contrast
from a cotton fiber is included. While not present in this
particular sample, any TPEF signals are also concurrently col-
lected on a separate epi-detector. The CARS images shown in
Fig. 3 are raw and unmodified. However, because a full
hyperspectral stack is collected, contrast can be further bolstered
in such images by applying simple image processing that sub-
tracts on-peak and off-peak (not shown) [22,23].

Because of the coherent mixing of the nonresonant back-
ground and vibrationally resonant signals, CARS spectra often
appear distinct from spontaneous Raman spectra [1,15]. For
the quantitative analysis that is so important to materials
characterization, it is becoming commonplace to use post-
acquisition spectral “retrieval” tools that convert raw CARS
spectra to comparable Raman spectra [15]. Such retrieval
algorithms are compatible with SF-CARS techniques, even
when utilizing a highly structured Stokes supercontinuum
[14,16,24]. We find that such a spectral retrieval is also
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Fig. 3. CARS images, spectra, and Stokes exposure under “low,”
“high,” and surfed conditions. (a) CARS images obtained at vibrational
resonances corresponding to 460 cm™', 670, 2220, 2910, and
3100 cm™! using low (37 mW) and high (220 mW) SCG seed powers,
and with the spectrally surfed Stokes supercontinuum. For each col-
umn (frequency), the image display settings are identical, and were
set by normalizing the surfed condition. (b) Multimodal image of
the benzonitrile, DMSO, and a cellulose fiber mixture obtained from
the surfed hyperspectra of (a) with 460 cm™ (blue, benzonitrile),
670 cm™  (green, DMSO), and second-harmonic signal (red).
(c) Multimodal image from the surfed 2220 cm™ (blue, benzonitrile),
2910 cm™ (green DMSO), and second-harmonic signal (red).
(d) CARS spectra (rolling average of four spectral points, ~20 cm™)
obtained from the 20 x 20 pixel region of interest highlighted in (b),
and the Raman-retrieved spectra of the “surfed” condition. The arrows
point to known peaks of benzonitrile (blue) and DMSO (red). The two
arrows marked with asterisks designate the frequencies used to compose
the image in (b). (e) Sample exposure versus hyperspectral scan time.
The blue curves are cumulative exposure, calculated by integrating in
scan time the instantaneous (red curves) spectral intensity of the Stokes
supercontinuum.

compatible with actively surfed CARS spectra. Despite the
dynamically varying Stokes spectrum and, thus, the nonreso-
nant background signal, Kramers—Kronig algorithms such as
those provided by Camp et al. [15] are useful, as long as
the acquired background signal used for retrieval is obtained
with the same surfed protocol. As shown in Fig. 3(d), the
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unprocessed CARS spectrum can be used to retrieve a Raman-
like spectrum that better elucidates small vibrational signals
deep into the fingerprint region.

The use of fixed blocks of glass means that the chirps of the
pump and Stokes pulses cannot be identically matched across
the entire CARS spectrum. With the experimental conditions
reported here, the chirps are most matched in the low-
frequency regime and, thus, the spectral resolution—simply
measured as the FWHM of the benzonitrile peaks—increases
steadily from 40 cm™! deep in the fingerprint to 100 cm™" at
the OH frequencies. This implies a slight under-chirping of the
Stokes at longer wavelengths. A more judicious choice of glass
block lengths and further optimization of laser conditions
would significantly improve the spectral resolution [14].

Commensurate with brighter CARS signals, spectral surfing
has the added advantage of providing overall lower light expo-
sures, an attribute that is particularly important in live cell and
noninvasive tissue imaging applications [25,26]. By ramping
up the total Stokes (supercontinuum) power over the course
of a scan, lower net Stokes energy is incident on the sample
compared to the typical static-Stokes approach [14]. During
the course of the CARS hyperspectral scan, a weaker, but more
efficient, dose of Stokes supercontinuum is used in the finger-
print regime. Upon reaching the CH/OH frequencies, a
stronger supercontinuum is used, and the sample light exposure
per unit time reaches the high power case. In Fig. 3(e), we show
that for broad scans spanning the fingerprint and CH/OH
regions, the overall sample Stokes exposure is reduced approx-
imately by one-third when using surfed versus the typical static
Stokes supercontinuum case. The sample’s Stokes exposure will
be further reduced whenever the CARS hyperspectral scan is
performed exclusively in the fingerprint regime.

In summary, by synchronizing the pump-Stokes IFD with
the power-tuning generation characteristics of a supercontin-
uum Stokes source, one can significantly boost the brightness
and contrast of CARS hypermicroscopy signals. Such “spectral
surfing” of a dynamically varying Stokes supercontinuum easily
extends the utility of an inexpensive PCF source from one that
is largely relegated to CARS imaging in the silent-to-CH/OH
vibrational region to one that is useful across a much larger
vibrational spectral regime. With spectral surfing, the CARS
signal and contrast are improved across a spectral range greater
than 3000 cm™. This method is furthermore compatible with
available Raman retrieval algorithms that allow for more quan-
titative hypermicroscopy analysis relevant in materials science
and biomedical imaging. Finally, such power tuning of the
Stokes beam means that less overall light is needed for
imaging—an attribute that is important for low-light dosage
applications such as live cell analysis. While the application
of spectral surfing is demonstrated within the context of spec-
tral-focusing CARS microscopy, the technique may find future
applications in related four-wave mixing techniques and other
cross-phase modulation time-gated methods.
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