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1 | INTRODUCTION

Coherent Raman scattering microscopies, that is, coherent
anti-Stokes Raman scattering (CARS), Raman induced
Kerr effect and stimulated Raman scattering microscopy,
are extremely powerful and promising methods under
investigation for visualization the chemical composition
of complex specimen based on the selective excitation of
molecular vibrations." 3! As a nonlinear imaging method,
CRS provides 3D resolved imaging free of out of focus sig-
nals, and enables fast imaging in real time for high signal
yields. In contrast to spontaneous Raman scattering, how-
ever, single wavelength excitation is not sufficient to
measure the complete vibrational spectrum covering
0-4000 cm ™ '. Instead, the specimen interacts with two
synchronized ultrashort laser pulses of ps pulse duration,
the pump at shorter wavelength and the Stokes at longer
wavelength. The molecules are forced to vibrate in phase
by illumination with two synchronized pulse trains of
a wavenumber difference equal to the wavenumber of
a molecular vibration. When pump photons scatter
inelastically, the CARS signal is generated, which is blue
shifted with respect to the excitation lasers. To probe the
full Raman spectrum or a significant fraction thereof, two
methods are used: broadband CARS imaging using spec-
trally broad pulses for excitation which cover a significant
part of the Raman spectrum[4’6] or spectral scanning of
the wavenumber difference of pump and Stokes laser for
time sequential scanning of the Raman spectrum. After
the first demonstration of single pulse CARS,' further
developments in broadband CARS include heterodyne
detection,'® pulse shaping,!°?! spectral broadening in
photonic crystal fibers!!®!*4 and polarization control.'!
The alternative of hyperspectral CARS, that is, time
sequential scanning of the frequency difference, is already
commercially available."">*"!  So-called hyperspectral
CARS microscopy enables efficient signal detection even
in turbid media, because also nonballistic photons can be
collected by large area single element detectors."® For
real-time detection of spectral changes, extremely fast tun-
able laser sources are required. The work presented here
aims at the presentation of a compact fiber laser source for
the before mentioned approach of hyperspectral CARS
microscopy utilizing fast spectrally tuneable narrow band
lasers.!"*-22 Here, waveguide-based light conversion tech-
niques have become a popular method to convert light to
wavelength ranges in which active laser materials do not
provide sufficient gain. One concept meeting all demands
on a laser source for routine application in medicine and
biomedical research is a compact air cooled Yb-fiber laser
pump source in combination with four-wave mixing
(FWM) in a endlessly single mode fiber (ESM).[*-2%! In
the simplest realization, FWM starts from quantum noise,

such that the spectral width of signal and idler are deter-
mined by the phase matching condition of the fiber. For
spectrally narrow FWM generation, spectral narrowing of
the FWM process can be realized by self-seeding the FWM
process with a fraction of the FWM signal or idler
wavelength in a fiber optical parametric oscillator
(FOPO).?*?"! This results in very compact laser sources
providing tunable emission across the range of optical
parametric generation within the fiber defined by the spe-
cific pump wavelength and the phase matching condition
of the fiber. Alternatively, the FWM process can be seeded
using an external laser source of narrow emission, for
example, a cw Ti:Sapphire laser operating in the signal
wavelength range of the FWM process.'*®! While very little
seed power is needed, that is, on the order of 5 mW cw
seed, the whole laser source is large due to the large seed
laser and the seed power is also adding to the photon load
on the specimen when using the Ti:Sapphire seeded FWM
pump as the CARS pump wavelength. In recent years,
imaging of Raman labels in the wavenumber range
around 2000 cm™ ' has become an area of intense
research,*>*%! that is, for imaging the glucose metabo-
lism®Y or the protein metabolism.*?' This method
enables to investigate smaller biomolecules than possible
with fluorescence at low concentration and with high
contrast, since the spectral range around 2000 cm ! is
apart from C-C- or C-N-triple bonds and carbon-
deuterium-stretch vibrations devoid of vibrations. In addi-
tion, triple bond Raman signals are very intense as are
Raman signals from carbon-deuterium stretch vibrations
of fully deuterated molecules. For widespread application
of this technique in life sciences, robust and easy to use
laser sources for CARS microscopy working in this spec-
tral range are highly desired.

In this contribution, a novel Yb-fiber laser source for
CARS microscopy in the wavenumber range from 2000
to 2320 cm ' for imaging Raman tags like alkynes and
carbon-deuterium functional groups is presented. For
seeding of the FWM process in an ESM fiber at the idler
wavelength, a semiconductor optical amplifier (SOA)
working at about 1335 nm has been employed. The SOA
enables fast tuning from 1315-1370 nm, such that
th wavenumber difference of FWM signal and Yb-
fundamental addresses Raman resonances around
2100 cm ™~ '. This laser concept has been applied to CARS
imaging of a crystal of fully deuterated palmitic acid at
2100 cm ™! with high contrast.

2 | RESULTS AND DISCUSSION

The laser setup specifically designed for CARS micros-
copy in the spectral range of Raman tags around
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2100 cm ' is depicted in Figure 1. The pump pulses used
for the optical parametric amplifier are generated in a
passively mode-locked Yb-fiber laser operating at a
repetition rate of 20.55 MHz. The fiber laser of fs pulse
duration uses a narrowband fiber Bragg grating with a
bandwidth of 0.04 nm as outcoupling mirror to directly
produce narrowband pulses centered at 1040.4 nm with a
pulse duration of 120 ps. To increase the peak power of
the pump pulses without the need for excessive amount
of pump power, the repetition rate is divided by a
synchronous down counter by 25 to 822 kHz. The reduc-
tion of the pulse repetition rate is accomplished by a fiber
coupled acousto-optical modulator. Since for pulses in
the picosecond range the nonlinearity of optical damage
of tissue is lower than the order of nonlinearity of the
CARS process, this reduced repetition rate is advanta-
geous and maximizes the signal.**3* As a consequence,
the repetition rate of the CARS pump and Stokes pulses
should be low enabling using intense pulses of kW peak
power at moderate average power levels, which justifies
the low repetition rate in the experiments performed
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lowest pixel dwell time of 1 ps used in the imaging exper-
iments, which is also determined by the bandwidth of the
custom-built preamplifier of 500 kHz (Pascher instru-
ments AB, Lund, Sweden). The laser pulses at the
reduced repetition rate are subsequently amplified in a
two-stage amplifier, which boosts the average power up
to 400 mW.

The amplified laser pulses are then coupled into an
ESM fiber of 55 cm length, single missing hole design,
hole to hole distance 3.2 pm and hole diameter 1.4 pm
(NKT-Photonics, Birkersd, Denmark), which provides
the parametric gain at around 850 and 1330 nm via FWM
when pumped at 1040.4 nm.[**!

For seeding the FWM process and spectral tuning, a
tunable continuous wave (cw) oscillator is combined with
the amplified Yb-laser emission using a longpass dichroic
mirror before coupling cw seed and Yb-pulses into the
ESM fiber. The tunable cw oscillator consists of a semi-
conductor optical amplifier (Thorlabs BOA 1130S) and a
tunable Fabry-Pérot filter (Lambda Quest). The direction-
ality is ensured by two isolators. The cavity uses a tap

here.[??! The repetition rate is also adjusted to fit the coupler to extract about 70% of the circulating power per
Image [
Aquisition A Collimator~_
Sample —
20x NA 0.4~
/ D|V|der ~  |Scanner|
AOM
N @ O
¥ 4
Bandpass |
1040 nm
tunable
cw Laser :
FIGURE 1 Setup of the cw seeded FOPA. The tunable cw laser has a ring cavity including a tunable Fabry-Pérot filter (FPF), a

semiconductor optical amplifier (SOA), isolators (ISO), a 30:70 tap coupler, and a polarization controller (PC). The fiber laser consists of an
ytterbium-doped single fiber (Yb), a wavelength division multiplexer (WDM), a pump diode (PD) emitting at 976 nm, a fiber Bragg grating
(FBG), and a saturable absorber mirror (SAM). The fiber laser is sampled with a 5% tap coupler (Tap) and amplified in two stages with an

acousto-optical modulator (AOM) in between to reduce the repetition rate. Both outputs are overlapped and coupled to an endlessly single

mode (ESM, 55 cm long, single missing hole design, hole to hole distance 3.2 um, and hole diameter 1.4 pm) fiber. The output is coupled to a

laser scanning microscope equipped with a NA 0.4 NIR objective and a photo-multiplier tube (PMT) for detection
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round trip. Polarization controllers are used to maximize
the circulating power and to adjust the polarization of
the SOA to the polarization of the Yb-pump light in the
ESM fiber. After adjusting the central wavelength to the
gain bandwidth range of the FWM process, that is,
~1330 nm, the light seeds the process which dramatically
decreases the bandwidth of the generated signal and idler
light.!*®! Since the seeding light is continuous, complex
synchronization and stabilization electronics are not
required.

The conversion efficiency is highly dependent on the
pump power, which drives the nonlinear conversion
process (Figure 2). As the Yb-pump pulses experiences
self-phase modulation (SPM) during conversion, also the
spectral bandwidth of the signal and idler pulses
increases from 0.25 nm at 67 mW to 0.75 nm at 200 mW
(Figure 2). Apart from SPM induced broadening of the
Yb-pump pulses, pump depletion and self-phase modula-
tion of the converted signal itself also contribute to the
observed broadening of the signal with increasing pump
power. Still, 0.75 nm bandwidth correspond to 10 cm ™"
only, which is still significantly smaller than the band-
width of the parametric gain without seed. At 785 nm,
>50 cm ™' bandwidth have been obtained at a compara-
ble signal power of 72 mW.**! The dependence of band-
width and average pump power of the signal and idler
pulses for the presented laser are depicted in Figure 2b. It
is evident, that while for higher peak powers the signal
bandwidth increases, the bandwidth at maximum pump
power of 200 mW of 10 cm ! is still as low as a transform
limited 2 ps Gaussian pulse, which is the state-of-the-art
laser source for CARS microscopy today. A further
increase of the pump power leads to an onset of super
continuum generation and the peak power of the process
is reaching a maximum.[?*!
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(b)

Another advantage of the presented FOPA laser is the
high conversion efficiency. In the presented experiment
it was possible to convert more than 50% of the pump
power to the signal and idler at pump powers exceeding
200 mW, which is significantly better than the conversion
efficiencies for self-seeded FWM in FOPOs. Here, 20% up
to 38% conversion efficiency have been achieved.!?*3"
The average power corresponds to a peak power of 2 kW
when assuming, that the signal pulse has the same pulse
duration as the Yb-pump of 120 ps. The nonlinear phase
B = yPl, which governs the process is 11 rad in this case.
The resulting signal spectra at different pump powers are
plotted in Figure 2a.

The spectral width of the signal wavelength at an
average pump power of 150 mW is 0.59 nm due to SPM
and the filter bandwidth of the tunable Fabry-Pérot filter
(FPF). This bandwidth corresponds to a spectral resolu-
tion of 8 cm !, which is a factor of 10 higher compared
to seeding with a spectrally narrow Ti:Sapphire laser.!**!
For the imaging experiments the pump power has been
fixed to this value to limit the risk of photo induced
damage, since the converted power of 50 mW signal and
idler is sufficient for all CARS microscopy experiments.

For spectral tuning, different seed wavelengths are
generated by applying different voltages to the tunable
Fabry-Pérot filter (FPF). Similar filters elements enable
spectral tuning up to MHz sweep rates in Fourier domain
mode-locked lasers used for OCT imaging.**%! A very
similar FPF has been used before in an Fourier domain
mode-locked laser.!*! In this case the maximum achiev-
able tuning speed has been limited by the optical round
trip time in the cavity enabling sweep repetition rates of
more than 10 kHz. In case of operating the laser source in
a wavelength agile tuning mode rather than a continuous
sweep mode, meaning in a mode where arbitrary jumps

)
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S
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—O— FWIIM Signal Bandwidth
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(a) Spectral signal evolution for pump power in the range of 56 and 200 mW for pumping at 1040.4 nm and seeding at

1335 nm, which is at the FWM gain maximum for this pump wavelength (see Figure 3a). The spectral broadening of the signal with

increasing pump power at 1040.4 nm results from self-phase modulation. (b) The extracted signal and idler average power at the FWM gain

maximum for pumping at 1040.4 nm after the parametric amplification (black trace and black dots) increases with the pump power at

1040.4 nm. At 200 mW pump power, the power of signal and idler is 100 mW, which corresponds to a FWM conversion efficiency of 50%.

The FWHM spectral bandwidth of the signal is increasing due to self-phase modulation from 0.25 nm at 50 mW pump power up to 0.75 nm

at 200 mW pump power (blue trace)
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between wavelengths should be performed, around 100 ps
step response time can be realized for large wavelength
steps. The cw oscillator enables generating seed wave-
lengths between 1312 and 1371 nm by tuning the FPF.
This results in signal wavelengths between 838 and
861 nm (Figure 3b). Significant conversion occurs
between 845 and 855 nm for the signal, that is, between
1353 and 1328 nm for the cw seed and idler, addressing
Raman resonances from 2220 to 2085 cm ™}, which corre-
sponds to the maximum parametric gain of the ESM when
pumped at 1040.4 nm. The cw seed average power coupled
to the ESM conversion fiber was approximately 10 mW
during the experiments. The resulting average power of
both the signal and idler average power is plotted in
Figure 3a. Note that also the cw seed power is included in
the power of the idler plotted in Figure 3a. In the spectral
range from 845 to 855 nm a signal average power of 10 to
30 mW could be generated at 150 mW pump power and
fixed pump wavelength of 1040.4 nm (Figure 3a). Consid-
ering the repetition rate of the pump laser of 822 kHz and
the signal pulse duration of 65 ps measured with a 30 GHz
real-time oscilloscope and a photo diode with 18 ps rise
time, the average power corresponds to a signal peak
power of 190 to 560 W.

As can be seen in Figure 3a, the signal power conver-
sion distribution around the maximum conversion
wavelength is asymmetric decaying faster at lower
wavenumber differences with respect to the pump. This
asymmetric shape of the signal power around the central
gain bandwidth can be explained by the phase matching
of the FWM process, which is not only dependent on the
nonlinear phase of the pump peak power but also by that
of the signal and idler. Consequently, as the conversion
efficiency increases, the gain maximum shifts towards
the pump wavelength.
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The residual pump pulse bandwidth at 150 mW pump
power has been determined to be 0.36 nm, which corre-
sponds to 3.3 cm~' FWHM. The signal bandwidth for
these parameters is 0.59 nm corresponding to 8.1 cm ™"
(Figure 2b). Hence, the resulting spectral resolution for
the CARS experiments is ~10 cm ™', Of course, as the sig-
nal power decreases towards the edges of the tunable
bandwidth, the signal bandwidth decreases also, since
there is no significant SPM at low power. Still, the
spectral resolution of 10 cm™' is comparable to the
spectral width of a standard OPO laser source of 2 ps
pulse duration and transform limited pulses.

To prove the suitability of the presented laser source
for CARS microscopy, imaging experiments have been
performed. The laser source is coupled into a laser
scanning microscope, which has been previously
described in detail.*®) In brief, the laser of 20 mW pump
power at 853 nm and 90 mW Stokes laser power at
1040.4 nm is coupled into a custom laser scanning micro-
scope (LSM, Pascher Instruments AB, Lund, Sweden)
and focused onto the specimen by a 20x NA 0.4 apochro-
matic objective (NIR APO, Mitutoyo, Japan). For CARS
imaging, a crystal of deuterated palmitic acid (palmitic
acid-d31, CAS 39756-30-4, Merck) has been investigated
in resonance with the symmetric C-D-stretch vibration
of fully deuterated methylene groups at 2100 cm '
(pump 853.88 nm) and off resonance at 2135cm™
(pump 8514 nm). The CARS signal is collected in
forward direction by an aspheric condenser lens of
25 mm diameter and 20 mm focal length (Asphericon,
Jena, Germany), filtered from the excitation laser light
by two short pass filters at 770 nm (FF01-770/SP-25,
Semrock, USA) and 750 nm (FESHO0750, Thorlabs,
USA) and a band pass filter centered at 720 nm
(FF01-720/24-25, Semrock, USA) and detected by a

1

Spectral Intensity / arbitr. units

Wavelength /nm

(a) Average power of FWM signal (black dots) and idler (red dots) plotted as a function of wavenumber, that is, the

difference of signal wavenumber and Yb-wavenumber or the difference of Yb-wavenumber and idler wavenumber, at constant pump power
of 150 mW at 1040.4 nm. The plotted idler power is including the cw seed of ~10 mW average power. Hence, the idler power of ~10 mW at
close to zero signal power corresponds to the cw seed power, when there is no significant conversion efficiency. (b) Signal spectra for the
measurement points plotted in panel (a). For clarity each measurement is individually colored. At the spectral edges of the working range of
FWM when pumped at 1040.4 nm, the FWM conversion efficiency is almost 4 orders of magnitude lower compared to the wavelength of
maximum FWM conversion around 850 nm
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FIGURE 4

—— 2100 cm™ (C)

——2133cm”

CARS intensity

Yot
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CARS microscopic imaging experiments of a crystal of deuterated palmitic acid using 20 mW pump, 90 mW Stokes power.

Image parameters: Field of view 500 pm, 2048 pixels, 16 bit image depth, 480 mV PMT control voltage. (a) CARS image of a crystal of
palmitic acid-d31 off resonant at 2135 cm ™. (b) Resonant CARS microscopic image a crystal of palmitic acid-d31 at 2100 cm™*. Along the
green dashed line indicated in images (a) and (b) CARS intensity line profiles are plotted in panel (c). The ratio of resonant to nonresonant

signal is about 22:1

photo-multiplier tube (PMT, H10721-20, Hamamatsu,
Japan). The resulting images are depicted in Figure 4
together with intensity profiles along the indicated line.
The image contrast is 22:1, proving high contrast
chemical imaging with this laser source. In the spectral
range around 2100 cmfl, Raman resonances are rare in
biological specimen, which is why this spectral range is
used for vibrational labeling. Seeded FWM-based laser
sources have been realized in the CH-stretching spectral
range proving high contrast CARS imaging of biological
specimen.?®#% In addition, the PMT control voltage of
480 mV is only 50% of the maximum control voltage,
such that also much lower CARS signals can be
measured.

3 | CONCLUSION

In this work a compact and tunable fiber laser source
for CARS microscopy in the spectral range of Raman
tags has been presented and application to imaging a
crystal of deuterated palmitic acid has been demon-
strated. The fiber laser concept allows for 10 nm fully
electronic tuning centered at 850 nm, that is, from 2220
to 2085cm ', at a sweep rate equivalent to the laser
repetition rate of 822 kHz and can be realized all-fiber
without free space optics or moving parts, enabling
routine application outside specialized laser labs. The
spectral resolution of 10 cm™' compares well with
current state-of-the-art bulk OPO laser sources of 2 ps
pulse duration and 80 MHz repetition rate. Higher
spectral resolution is possible, as has been previously
demonstrated for a FOPA!*®! but also for a FOPO.1*! At
the same average power of 30 mW at the sample site,
the peak power of up to 560 W is three times larger
than the peak power of a 80 MHz laser of 2 ps pulse

duration. In case of two photon excited fluorescence it
has been shown, that longer pulse durations are benefi-
cial for reducing nonlinear photodamage.'*"*?! The long
pulse duration also relaxes the problem of temporal
synchronization of the pump and Stokes laser pulses
enabling endoscopic applications and flexible fiber
delivery of the lasers.****! The long pulse duration
results also in narrow spectral widths, which is also
reducing temporal broadening by group velocity disper-
sion. If higher average powers are needed, power scaling
by increasing the repetition rate is possible. An increase
by a factor of 10 can be realized. For applications
requiring high repetition rates like fluorescence lifetime
imaging and fast imaging using pixel dwell times below
1 ps, a laser of low repetition rate and long pulse dura-
tion performs worse compared to a high repetition rate
laser source. Furthermore, the FOPA provides conver-
sion efficiencies up to 50%. For the FOPO, 38% conver-
sion efficiency has been demonstrated.”®! Another
advantage of the FOPA concept is the fast spectral tun-
ing speed. When the seed is present, narrowband FWM
signal and idler emission is generated in presence of the
pump pulse. Hence, the FOPA tuning speed is limited
by the spectral tuning of the seed laser source only, such
that pulse-to-pulse spectral tuning can be achieved,
which is the fastest possible tuning speed. In conclusion,
while an SOA based laser source has been previously
realized,[46] in the presented work such a laser is to the
best of our knowledge for the first time successfully
applied to CARS microscopy paving the way towards
application of CARS and other coherent Raman imaging
methods in routine diagnostics and biomedical research.
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