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Abstract: We demonstrate a Fourier transform (FT) coherent anti-Stokes Raman scattering
(CARS) spectroscopy system based on fiber technology with ultra-broad spectral coverage and
high-sensitivity. A femtosecond ytterbium fiber oscillator is amplified and spectrally broadened in
a photonic crystal fiber to synthesize pulses with energy of 14 nJ at 1040 nm, that are compressed
to durations below 20 fs. The resulting pulse train is coupled to a FT-CARS interferometer
enabling measurement of high-quality CARS spectra with Raman shifts of ∼3000 cm−1 and
signal to noise ratio up to 240 and 690 with acetonitrile and polystyrene samples, respectively,
for observation times of 160 µs; a detection limit of one part per thousand is demonstrated with a
cyanide/water solution. The system has the potential to detect trace contaminants in water as well
as other broadband high-sensitivity CARS spectroscopy applications.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

Coherent Raman spectroscopy has been widely recognized as an excellent tool for observation
of molecule vibrations, providing identification of chemical species in different applications
of biophysics, biology, food analysis, and more generally analytical chemistry [1]. In this
context, broadband coherent anti-Stokes Raman scattering spectroscopy is very attractive, as it
combines the acquisition speed enabled by the coherent excitation to the multispectral information
capability that is required for molecular fingerprinting. Several CARS detection techniques
have been reported so far, working both in frequency and time domains, including coherent
control CARS [2], time-resolved CARS [3], interferometric CARS [4], single-pulse CARS [5],
frequency-modulation CARS (FM-CARS) [6] and multiplex CARS [7]. Besides these, Fourier-
transform CARS (FT-CARS) [8,9] has been used as a time domain technique, featuring complete
non-resonant background cancellation, resolution limited by the time span of the FT window,
and broadband acquisition with a single detector. Fourier transform CARS, including also the
modality called dual-comb CARS [10], is based on generating interferences between replicate
pairs of blue-shifted anti-Stokes (or red-shifted Stokes) pulses as a function of time delay between
replicas, and transforming the resulting interferogram to obtain the Raman spectrum of molecules.
The relevant FT-CARS system reported so far are based on Ti:sapphire lasers to take advantage
of the broadband pulses with typical energy of 0.5-3 nJ and Raman span of 200-1400 cm−1;
the potential for fast acquisition rates has also been demonstrated to improve the sensitivity
by averaging [11–13]. A proof-of-concept fiber-format dual-comb CARS system has also been
demonstrated [14], however, apart from the need for two femtosecond oscillators, a common
issue to all dual-comb spectroscopy setups, this system was limited by the relative frequency jitter
of the two combs and the power available for CARS excitation, which reduced the performance
in terms of resolution and sensitivity.

In this letter, we report on a FT-CARS spectroscopy system based on using a single high-power
Yb-fiber source coupled to a FT interferometer, which is intrinsically immune to the problem
of relative frequency jitter and enables measurement of CARS spectra with exceptionally high
signal-to-noise ratio; moreover, we extended the range of accessible Raman shifts up to 3000 cm−1,
allowing for observation of H-stretch (>2500 cm−1), and CN, CO, CC double/triple covalent
bonds (1500-2500 cm−1), as well as the whole fingerprint region (0-1500 cm−1). In particular,
we observed CARS spectra of liquid acetonitrile and polystyrene film with signal-to-noise
ratio of 240 and 690, respectively, on single interferogram acquisition with duration of 160 µs;
additionally, using a solution of acetonitrile/water, we demonstrated a detection sensitivity of
10−3 against cyanide (CN−) contamination, by averaging over 500 spectra.

The experimental layout adopted during FT-CARS experiments is shown in Fig. 1. The system
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Fig. 1. Layout of the FT-CARS system with detail of the interferometer and coherent Raman
excitation and detection unit. LPF, long-pass filter; SPF, short-pass filter; APD, avalanche
photodiode

is based upon a femtosecond Yb-fiber ring oscillator generating pure solitons with duration of
180 fs at a repetition frequency of 94 MHz, and an average output power of 50 mW (pulse energy
of ∼0.5 nJ). As solitonic oscillators cannot be operated at high power due to the onset of multiple
pulsing, a femtosecond Yb-fiber amplifier has been implemented. Prior to amplification, the
pulses are stretched in a HI1060 fiber with a length of 2 m, and then sent through a hybrid WDM
for multiplexing with the amplifier pump diode. The pump diode has a maximum output power of
30 W at 960 nm and is coupled to a multimode fiber with a diameter of 125 µm. The output fiber
of the WDM is spliced to the amplifier fiber, an Yb-doped double-clad fiber with core/cladding
diameter of 20/128 µm and length of 2 m. At this point, the pulse train has average power 2.6 W
and pulse duration ∼3 ps. A grating compressor allows for pulse compression down to 82 fs, with
a resulting average power of 2.2 W. Figure 2(a), (b) shows the spectrum and autocorrelation trace
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Fig. 2. Spectra (a,c) and autocorrelations (b,d) of pulses generated by the Yb-fiber amplifier
(orange lines) and LMA-PCF (green lines).

                                                                                                   Vol. 26, No. 15 | 23 Jul 2018 | OPTICS EXPRESS 18857  



of the amplified pulses after the grating compressor. The pump diode has been limited to power
levels below 6 W; at higher pump power, the pulse duration increases due to the onset of fiber
nonlinearities which are not compensated by the grating compressor, and are detrimental to the
subsequent supercontinuum generation.
After amplification and compression, the pulses are coupled into 6-cm length polarization

maintaining (PM) large mode area (LMA) photonic crystal fiber (PCF, NKT Photonics LMA-PM-
10), where strong spectral broadening mainly due to self-phase modulation occurs. This fiber has
a core diameter of 10 µm, larger than previously reported [14], to ensure a stable input coupling
at high power, and to provide a normal dispersion in the relevant wavelength regime thereby
achieving a recompressible phase distribution [15, 16]; additionally, the PM feature reduces
depolarization noise during supercontinuum generation, which typically degrades the coherence
and prevents the synthesis of ultrashort pulses [16]. Input and output coupling is achieved using
two aspheric lenses with focal length of 7.5 mm. The dispersion of the LMA-PCF (∼500 fs2/mm)
has been compensated using an SF10 prism compressor. Figure 2(c), (d) shows the resulting
spectrum and autocorrelation trace of pulses after the prism compressor. As the autocorrelation
trace has a duration of 24 fs, the pulse duration is assumed to be less than 20 fs. The spectrum of
the supercontinuum spans the spectral range from 910 nm to 1220 nm and with 1.3 W of average
power and an intensity-noise standard deviation of 1% over one hour.
The high-power sub-20-fs pulses are coupled into a home-made Michelson interferometer

consisting of a fixed and a rotating arm with equalized dispersions, which allows for generation of
CARS spectra with the same spectral extension. In particular, at the short pump pulse durations
adopted here, any small unbalancing of dispersions gives non-optimized pulse durations along
one arm which prevents exploitation of the full span of Raman frequencies enabled by the
available pulse bandwidth. The rotating arm of the interferometer consists of two 45◦ mirrors
mounted on a 6-cm long rotating bracket allowing for scanning the delay between pulses in
the two arms while preserving high linearity of delay as a function of time [17]. Note that, the
linearity of delay affects the resolution of the instrument, and previous FT-CARS interferometers
based on rotating optics (polygonal or galvo mirrors) have shown very high nonlinearity of delay
that could be only compensated in real-time or post-processing by an additional continuous-wave
laser for tracking the delay as a function of time [11, 12]. On the other side, interferometer
design based on scanning linear stages shows high linearity of delay but low scanning speed, and
the resulting Raman spectrum is typically detected at Fourier frequencies below few hundreds
kilohertz, where most of the intensity noise of the CARS signal is located, limiting the sensitivity
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Fig. 3. a) Average power of CARS beam as a function of power incident onto the acetonitrile
sample (beam in the rotating arm blocked). b) Spectrum of CARS radiation generated by
pulses in the fixed (blue line) and rotating (red line) arm of the interferometer.
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of the system. The design of the interferometer adopted here is characterized by high linearity of
delay as a function of time, resulting in a resolution limited only by the amount of delay used for
FT, and fast scanning of delay, which maps the Raman spectrum at Fourier frequencies below few
megahertz, where noise from the source is absent and the limit to sensitivity is only dependent
upon the shot noise.

The pulse replicas propagating along the interferometer are recombined through a beam splitter
(Thorlabs, UFBS5050) and then filtered by a long-pass filter (LPF, Thorlabs FELH0900) with
wavelength cutoff at 900 nm. An achromatic lens with focal length of 7.5 mm focuses the pulses
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Fig. 4. a) Typical oscilloscope trace showing equalized CARS contributions from the fixed
and rotating interferometer arms, and interferogram with large non-resonant background
around zero delay followed (and preceded) by the Raman relaxation signal. b) Detail of
the 160-µs time window selected for FT calculation. c) Background-free CARS spectrum
calculated by FT of one interferogram (top), and reference spectrum (bottom), of pure
acetonitrile. The inset shows the detail of noise floor.
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on a liquid sample of acetonitrile within a 2-mm long cuvette and the resulting CARS beam
is collected onto a Si avalanche photodiode (APD, 10-MHz band, Thorlabs APD410A2) by a
similar lens; the pump is blocked by a short-pass filter (SPF, Thorlabs FESH0900) with cutoff at
900 nm. The signal generated by the APD is then digitized using a 12-bit oscilloscope with a
sampling rate of 50 MS/s and processed for proper time windowing and FT calculation. Figure 3
shows the CARS beam power as a function of incident pump power along with a cubic fitting. A
CARS power in excess of 2 µW has been observed at incident power level of 250 mW (pulse
energy of 2.6 nJ), sufficiently high to drive the APD to saturation. Additionally, Figure 3 shows
CARS spectra generated by pulses propagating through the two interferometer arms as measured
by a Si array spectrometer. As a consequence of dispersion equalization, the CARS spectra are
similar, and in particular their spectral extension from 700 to 900 nm (∼3000 cm−1) is the same,
as required for a full exploitation of the Raman band enabled by the light source developed here.

Figure 4 shows a typical temporal trace and the resulting spectrum acquired with the FT-CARS
setup. The acquisition rate is 100 spectra/s, limited by maximum angular velocity of the rotating
arm. The fixed-arm pulses give a constant CARS contribution, while the rotating-arm pulses
contribute only within a limited time window of ∼2.5 ms, specifically when the rotation angle
allows back-reflection to the sample, corresponding to a delay scan of ∼30 ps. The interferogram
occurs when the pulse replicas overlap, and consists of a long tail of CARS oscillations and
a strong impulsive non-resonant background. The relevant signal is selected by a rectangular
window with duration of 160 µs, corresponding to a resolution of 4 cm−1. The FT is shown in
Fig.4(c) and represents the CARS spectrum of pure acetonitrile. The average power of pulses from
both interferometer arms is 250 mW (pulse energy of 2.6 nJ). The span of Raman shifts extends
from 300 to 3000 cm−1 and the signal-to-noise ratio (SNR) is 240 on the main peak at 2253
cm−1, using one interferogram. Overall, the quality of the spectrum is very high, non-resonant
background is totally removed and all relevant vibrations are precisely detected, including the
stretch of cyanide and hydrogen at 2253 and 2943 cm−1, thanks to the ultra broadband source
developed here. The reduced amplitude of the peak at 382 cm−1 with respect to the reference
spectrum (also shown in Fig. 4(c) is intrinsic to the detection technique as only a small part
of low-frequency anti-Stokes power can pass the LPF and contributes to detection. Similarly,
the sensitivity at high Raman frequency close to 3000 cm−1 is limited by the reduced power in
the comb wings exciting high-frequency vibrations. As averaging allows for improvement of
sensitivity, Fig. 5 shows the CARS spectrum of acetonitrile resulting from the average of 100
consecutive spectra, corresponding to a total acquisition time of 1 s; it is worth noting the SNR
observed here of 2360 on the peak at 2253 cm−1, and the unaffected width of the spectral lines,
as a consequence of the common mode frequency jitter between pulse replicas, in contrast to
previous results with fiber-based dual-comb CARS [14].
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Fig. 5. CARS spectrum of pure acetonitrile as obtained by averaging over 100 consecutive
spectra. The inset shows the detail of noise floor.
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Fig. 6. Background-free CARS spectrum calculated by FT of a single interferogram (top),
and reference spectrum (bottom), of an 80-µm thick polystyrene film. The inset shows the
detail of noise floor.

As a further test, the FT-CARS spectrum of an 80-µm thick film of solid polystyrene has
been measured. The test explores the potential of the system for microscopy applications, where
low power are typically required by biological samples and spatial resolution is of primary
importance. To this purpose, a variable neutral density filter has been placed before the LPF to
reduce the average power of pulses from both interferometer arms to 20 mW (pulse energy of 0.2
nJ). Additionally, the focusing lens before the sample has been substituted by a 20X achromatic
objective with numerical aperture of 0.65. Figure 6 shows the CARS spectrum of polystyrene in
the Raman range from 300 to 3000 cm−1 with a SNR of 690 on the main peak at 998 cm−1, using
a single interferogram acquisition with a time duration of 160 µs. Notably, the SNR observed
here is higher then acetonitrile because of different focusing optics yielding higher intensity in
the focus, and a stronger resonance at 998 cm−1 with respect to the cyanide resonance at 2253
cm−1. In particular, the beam radius in the focus is calculated to be a factor ∼3 smaller then the
focusing achromatic lens used for acetonitrile, corresponding to a factor ∼10 in terms of intensity,
which accounts for a similar overall resulting intensity in the focus, even though the incident
power is different with respect to acetonitrile.

Finally, the potential of the system for detection of trace contaminants in water has been tested
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Fig. 7. Signal-to-noise ratio as a function of the number of averaged spectra calculated on
the cyanide resonance at 2253 cm−1, for different concentrations of cyanide diluted in water.
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using a solution of water/acetonitrile, where the contaminant of interest is cyanide (CN−). Figure
7 shows the SNR observed on the Raman peak of cyanide at 2253 cm−1 as a function of the
number of averaged spectra, at different cyanide concentrations expressed in % w/v. As expected,
the SNR increases as the square root of the number of averaged spectra. The dependence on
concentration is explained on the basis of homodyne CARS detection theory, where the CARS
signal is homodyned by an internal local oscillator represented by the non-resonant background,
in contrast to heterodyne CARS, where the CARS signal is heterodyned by the residual of the
probe pulse after filtering by the LPF [18]. Here, the power content of probe pulses at wavelength
shorter then 900 nm (cutoff wavelength of LPF and SPF) is measured to be ∼120 nW after the
SPF (sample out of focus to avoid CARS emission), hence it is negligible with respect to CARS
power, and homodyne CARS detection theory applies. According to this, the dependence of
SNR with concentration is linear at low concentrations due to the predominant non-resonant
background from water with respect to the CARS signal from cyanide molecules, and nonlinear
at high concentration where the CARS contribution is stronger [18]. In the best case, a SNR
of 5 has been observed at cyanide concentrations of 10−3 w/v by averaging over 500 spectra,
corresponding to an observation time of 5 s. The sensitivity could be further scaled by increasing
the power level of the pump, which gives cubic gain to CARS generation, or by implementing a
balanced detection scheme.

2. Conclusion

In conclusion, a FT-CARS spectrometer with unprecedented spectral coverage and sensitivity
has been demonstrated using a high-power Yb-fiber laser source. High-quality CARS spectra of
acetonitrile and polystyrene have been measured in the Raman range from 300 to 3000 cm−1

at SNR of 240 and 690, respectively, with an observation time of 160 µs. A detection limit for
cyanide contamination in water of one part per thousand has been demonstrated. Application
of the system to microscopy experiments would require further development to avoid the dead
time of around 10 ms between consecutive interferograms which presently limits the acquisition
time. Being based on fiber technology, the system is very promising for "in field" applications of
analytical chemistry, particularly the detection of trace contaminants in water, where any kind of
chemicals can be detected exploiting the ultra-broad band and sensitive detection enabled by this
approach.
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