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Abstract: We present the design and construction of an all-fiber high-power optical parametric
chirped-pulse amplifier working at 1700 nm, an important wavelength for bio-photonics and
medical treatments. The laser delivers 1.42 W of output average power at 1700 nm, which
corresponds to ∼40 nJ pulse energy. The pulse can be de-chirped with a conventional grating pair
compressor to ∼450 fs. Furthermore, the laser has a stable performance with relative intensity
noise typically below the -130 dBc/Hz level for the idler pulses at 1700 nm from 10kHz to 16.95
MHz, half of the laser repetition rate f /2.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Laser sources in the 1700 nm wavelength range are very attractive because of their potential
applications in a variety of fields. For example, due to the high absorption of hydrocarbon bond
near 1700 nm, these lasers can be used both for welding some polymers or plastics [1,2], and for
lipid-targeted skin care treatments [3]. In addition, a high-power ultrashort laser source at 1700
nm is an essential tool for applications in the biomedical sciences because tissues have relatively
low water absorption and long scattering length at this wavelength. 1700 nm pulsed lasers have
demonstrated a large penetration depth for multi-photon microscopy [4], high-resolution optical
coherence tomography [5], and precision eye surgery [6]. Because of the lack of traditional
high-gain media for 1700 nm, generating high power laser output at this wavelength is still
difficult. A high power 1700 nm femtosecond laser would have the flexibility to be used in high
loss beam paths, or to generate strong nonlinear signal at even greater depths than previously
reported, or to be more efficient in the processing of materials.
Crystal-based optical parametric oscillators and amplifiers are conventional methods for
producing laser pulses near 1700 nm [7,8]. However, the critical alignment of the nonlinear
crystal makes the system bulky and sensitive to the environment. An all-fiber design would
remove this alignment concern, making the system more robust. Raman soliton fiber lasers are
commonly used for providing ultrashort laser pulses near 1700 nm [9–11]. While this technique
can preserve the all-fiber design, the power scaling is limited by the effective mode area of the
fiber. To get around this, large-mode-area fibers are usually used for high-power soliton lasers
[9,10], but they sacrifice the robustness of the fiber format due to the free-space optics needed
for fiber-coupling or pre-compression of pump pulses. Recently, an all-fiber Raman soliton
working at 1680 nm with 1.6 W average output power has been demonstrated [11], which utilized
a specially designed Er-doped very-large-mode-area (VLMA) fiber by OFS [12]. Because this
Er-doped VLMA can tolerate much higher peak power during the high-power amplification
process, the output can be directly spliced to another VLMA to generate Raman soliton without
the use of free-space optics for fiber-coupling. However, the VLMA is not commercially available
yet, and the generated soliton’s energy is limited to ∼20 nJ by the effective mode area of the
VLMA. Super-continuum generation (SC) is another common technique to generate laser pulses
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at 1700 nm based on nonlinear fiber optics [13,14]. Compared to the Raman soliton technique,
this method has the advantage of using standard single mode fibers and depending less on the
effective mode area. Nevertheless, in [14], because of the high energy pump pulse needed to
be de-chirped close to transform-limited before launching into the fiber for spectral broadening,
the pre-compression and free-space to fiber coupling decreased the compactness and increased
complexity of the system. In order to directly produce signal at 1700 nm, Bismuth-doped fiber
(BDF) and Thulium/Holmium co-doped fiber (THDF) have been investigated [15–17]. However,
the low maturity level of BDF and the strong reabsorption of 1700 nm from the THDF make
reaching high performance goals difficult.
Fiber-based parametric generation, the technique of degenerate four-wave-mixing [18], offers
an alternative approach to overcome the above issues. By using dispersion-shifted fiber as
a gain medium, a fiber optical parametric oscillator (FOPO) has been demonstrated to work
near 1700 nm [19]. However, because of the nonlinearity of the fiber, the power scaling of the
FOPO approach can be very challenging, leaving the output power levels around the milli-Watt
range. To further increase the output power, the use of fiber optical parametric chirped-pulse
amplifier (FOPCPA) has been proposed [20–25], which combines chirped-pulse amplification and
parametric interaction to achieve high power amplification inside the fiber. In [26], microjoulelevel pulses have been produced with a FOPCPA, which shows great energy scalability of the
approach. Additonally, by properly satisifing the phase-matching condition, this approach also
gives wavelength tunability that has some more flexbility in the tuning range compared with
the Raman soliton approach [27]. In this paper, we discuss the design and performance of a
watt-level high pulse energy all-fiber femtosecond laser working at 1700 nm using the FOPCPA
approach. In our design, we used a SC as the seed pulse in the FOPCPA. Because the SC pulses
originated from the same oscillator as the pump pulses, it eliminated the need for electronic
sychronization between the pump and the seed. Notably, by using this approach, a constant
relative phase relation can be maintained between signal/idler and pump, which is important
for many applications. This approach has been used to generate high power ultrashort pulses at
other difficult wavelengths to generate in fiber such as 1300 nm [28]. Compared to the other
approaches, our FOPCPA uses a standard single mode dispersion-shifted fiber (DSF), as the
wavelength conversion tool and the energy scalability is better than the Raman soliton technique.
In addition, our system uses highly chirped pump pulses, and it does not require pre-compression
for the pump pulse as was needed in [14]. Another advantage of the FOPCPA approach is the
capability of selecting the desired chirp of the amplified 1700 nm pulses, while the Raman
soliton can only provide a transform-limited pulse. In practice, silica is often used in optical
instrumentation and has anomalous dispersion at 1700 nm; thus, up-chirping the 1700 nm pulses
can be used to counter the effects of material dispersion of silica [29].
2.

Experimental setup

The schematic of the laser system is shown in Fig. 1, which includes six stages. In Fig. 1 (stage 1),
the mode-locked laser oscillator was built with a fiber-taper carbon nanotube saturable absorber
[30] and operated at 33.9 MHz with 1.7 mW average output power. The spectral full-width
half-max (FWHM) bandwidth of the soliton mode-locked laser was ∼8 nm centered at 1561
nm. The corresponding transform-limited pulse duration was ∼315 fs assuming a sech squared
pulse shape. In Fig. 1 (stage 2), the output of the oscillator was launched into a home-built
erbium-doped fiber amplifier (EDFA) and amplified to 68 mW. The EDFA was built using a
normal dispersion erbium-doped fiber (ER30-4/125, Liekki, D ∼ -38 ps/nm/km at 1550 nm).
Due to the normal dispersion of the gain fiber, the seed laser’s spectrum was broadened to ∼40
nm and the output pulses were highly chirped. After the EDFA, a 90/10 fiber coupler was used
to split the amplified pulses into two branches for creating the signal and pump pulses. We
used a polarization maintaining (PM) DSF (DS15-PS-U40A, Fujikura) as the parametric gain
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Fig. 1. Schematics of the FOPCPA setup: (1) fiber ring-oscillator of the Er-doped modelocked oscillator, (2) first stage pre-amplifier, (3) super-continuum generation stage, (4)
second-stage pre-amplifier, (5) high power amplifier, (6) fiber-based optical parametric
amplifier and diagnostics, SA: Saturable absorber, EDF: Erbium doped fiber, OC: output
coupler, PC: Polarization controller, HNLF: Highly nonlinear fiber, BPF: Band-pass filter,
WDM: Wavelength-division multiplexer, DSF: PM Dispersion-shifted fiber, DM: Dichroic
mirror.

Fig. 2. (a) Phase-matching calculation of the PM DSF, (b) Super-continuum spectrum in
stage 3 (black: before the filter, purple: after the filter), (c) Spectrogram of the parametric
gain induced by 1 kW chirped pump pulse at 1543 nm, (d) Pump spectrum in stage 4 (black:
before the filter, purple: after the filter).

fiber. The zero-dispersion wavelength of this DSF was at ∼1547 nm. The pump wavelength was
calculated using a 1 kW peak power and plotted in Fig. 2(a); the red curve represents the idler, the
blue curve represents the signal, and the black dashed line indicates the ideal pump wavelength
1543 nm and signal 1410 nm that should be chosen for the FOPCPA. In Fig. 1 (stage 3), the
90% output was spliced with ∼60 cm of SMF-28 fiber for soliton compression. After the pulses
were compressed, a ∼5 cm piece of a highly nonlinear fiber (HNLF), made by OFS, was directly
spliced to the output to generate the SC. The splice loss was ∼20% between the single-mode
fiber and HNLF. The black line in Fig. 2(b) shows the full spectrum of the SC. In our design, we
decided to use the down-chirped signal at 1410 nm to seed the FOPCPA to create an up-chirped
idler at 1700 nm. In Fig. 2(c), the calculated spectrogram of the induced parametric gain from
the chirped pump [31] depicts that an up-chirped idler can be obtained by phase matching with
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both a down-chirped pump and signal. After the HNLF, a film-based band-pass filter (BPF) with
a cutoff at 1500 nm was used to select the signal pulse, after which the signal pulse was launched
into ∼250 m of SMF-28 to acquire the down chirp sign. In Fig. 1 (stage 4), the 10% output was
launched into a tunable BPF before the second pre-amplifier. This BPF was used to select the
center wavelength, 1543 nm, for the pump according to the calculation in Fig. 2(a). The FWHM
bandwidth of this BPF is ∼5 nm. The spectrum before and after the filter are shown in Fig. 2(d).
The filtered pump pulses were launched into a ∼1.6 km long SMF-28 to create the required down
chirp pulses. After this, a fiber-pigtailed optical delay line was used to synchronize the pump and
signal pulses. The delay line is a fiber-pigtailed component that consists of an input and an output
fiber with no alignment needed from the user. At the output of the second pre-amplifier, the
pump pulses were amplified to ∼30 mW and launched into a 1400/1550 nm wavelength division
multiplexer (WDM) (stage 5, Fig. 1) to combine with the signal pulses. Because the WDM
was made with polarization maintaining (PM) fiber (blue color in Fig. 1), in-line polarization
controllers and fiber isolators/polarizers with ∼0.5 dB insertion loss were used before the WDM
to set the linearly polarized pulses into the WDM. In stage 5, a high-power fiber amplifier was
built with ∼2 m PM double-clad Er/Yb co-doped fiber (DCF-EY-10/128-PM, CorActive) to
further amplify the pump pulses up to 7 W. In stage 6, the output port of the Er/Yb co-doped
fiber was directly spliced to ∼3.5 m PM DSF for the parametric amplification. The splice loss
between the PM DSF and the gain fiber was ∼8%.
3.

Numerical simulation

To study the parametric amplification process, we performed numerical simulations using realistic
experimental parameters that were based on solving the nonlinear Schrödinger equation via the
split-step method [18]. Because the chirp-rate match influences the output of FOPCPA [31], this
was considered in our simulations by matching the chirp-rate for five different pulse durations. In
the simulation, the bandwidth of the pump pulse was fixed at 6 nm, and the average power was 7
W at 33.9 MHz, which was based on our actual data from the Er/Yb fiber amplifier shown in
Fig. 1. The bandwidth of the signal pulse seeding the FOPCPA was 30 nm.
The numerical results are shown in Fig. 3. For the 160 ps pump pulse, the graph shown in
Fig. 3(a) confirms the dependence of the output power on the pulse duration (chirp-rate) of the
signal pulses. At the optimal pulse duration (chirp-rate matched, inset(ii)) of the signal pulse,
the calculation predicted that conversion efficiency could be higher than ∼30%. In addition, the
insets of Fig. 3(a) show the energy scaling of the idler pulse by seeding signal pulses at (i) 50
ps, (ii) 92 ps, and (iii) 130 ps, respectively; the maximum output pulse energy increases as the
signal pulse duration increases. The inset (i) shows a power saturation occurs at ∼1.7 m inside
the DSF for 50 ps signal pulse, then the back-conversion process takes place and attenuates the
signal/idler [18,32]. In inset (ii), by stretching the signal pulse more, the maximum output pulse
energy was increased because of the low peak power and high saturation level, and it reached the
best efficiency as well. In inset (iii), the signal pulse only partially overlapped with the pump
pulse because it was stretched much longer than the pump pulse. Thus, the maximum output
pulse energy become slightly lower than that in inset (ii). However, the maximum output pulse
energy here was still more than that in inset (i) because of the lower peak power. According to the
simulation, it is clear that the output pulse energy can be scaled up by stretching the signal pulse
(at a fixed pump pulse duration), but the conversion-efficiency is limited by the back-conversion
effect and the temporal overlapping between the pump and signal pulses.
Furthermore, in order to investigate the signal pulse duration for the optimal conversionefficiency and the amplified idler bandwidth, we fixed the input pump power and performed
simulations for different durations of the pump pulses. The results were plotted in Fig. 3(b). The
signal pulse duration for achieving the optimal conversion-efficiency increases when the pump
pulse duration increases, but the bandwidth of the amplified idler was almost constant at around
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Fig. 3. Numerical simulation results: (a) For an 160 ps pump, the maximum output pulse
energy of the idler (1700 nm) at different pulse widths of the signal (1410 nm) is shown; the
insets show the energy evolution of the idler pulse in the PM DSF fiber, (b) For varied pulse
widths of the pump, the optimal pulse widths of the signal pulse (black) are shown along
with the bandwidth of the amplified 1700 nm idler (red), (c) Output spectra by using the
optimal pulse widths in (b).
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∼30 nm. Figure 3(c) shows the optical spectra of the simulated results of the FOPCPA. Overall,
the numerical simulation confirmed good parametric amplification in the DSF fiber and gave us
the insight needed for choosing the final design of our system.
4.

Experimental results

In the experiment, we chose the pump to be a ∼160 ps down-chirped pulse and the signal to
be ∼90 ps down-chirped pulse according to the numerical simulation results. The amplified
spectra were measured directly after the PM DSF fiber and are shown in Fig. 4(a). In order to
characterize the power of the signal and idler separately, we used two dichroic mirrors, one with
a cut-off at 1500 nm, and the other at 1650 nm. Figure 4(b) shows the measured average power of
idler and signal at increasing pump power. The 1.42 W idler and 1.26W signal were obtained
by using a 6.5 W pump. The conversion efficiency was 22% for the idler, and 20% for the
signal. This unusual power asymmetry between the amplified signal and generated idler is due to
the Raman assisted parametric process [33]. The measured FWHM spectral bandwidth of the
amplified idler was ∼32 nm. The amplified spectrum shows good agreement with the numerical
simulation result shown in Fig. 4(c). The autocorrelation measurement of the compressed pulse
is shown in Fig. 4(d). The compressed pulse has duration of ∼450 fs at FWHM. As a comparison,
we plotted the autocorrelation trace deduced from the measured spectrum (using zero-phase
Fourier transform), which has ∼200 fs transform-limited pulse duration. The measured pulse
duration was close but not quite transformed-limited. The imperfect compression might be due
to uncompensated high-order dispersion from the system. The total loss of the compressor was
40%, which indicates the peak power of the compressed pulse was about ∼55 kW. We used a
suboptimal transmission grating pair designed for operation near 1550 nm (due to availability).
For that reason, the grating compressor has a high loss for 1700 nm.

Fig. 4. (a) The output spectrum of the FOPCPA is synchronized (blue), not synchronized
(red), and the spectrum of seed signal (black), (b) the output power of the FOPCPA, (c)
the numerical simulation result of the FOPCPA, (d) the measured autocorrelation trace
of compressed idler pulse (blue), the deduced autocorrelation trace from the measured
spectrum.

A stable laser source is essential for many applications. Thus, we measured the relative intensity
noise (RIN) of the laser outputs. All the measurements were made with a Thorlabs 70 MHz
DET410 photodetector in combination with a RF spectrum analyzer (Tektronix, RSA6114A) and
plotted in Fig. 5. The red curve in Fig. 5 is the RIN spectrum of the mode-locked pulses after the
first EDFA (stage 2, Fig. 1) that had low RIN of -152 dBc/Hz (at >2 MHz) and converged to
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the instrument noise floor at higher frequencies. The black curve is the RIN spectrum of the
filtered SC [Fig. 2(d), purple]. The green curve is the RIN spectrum of the pump pulse after the
power amplifier. Below 1 MHz, the pump and the SC pulse have a similar RIN to the EDFA’s
RIN. However, both of the pump and SC pulse show a strong high-frequency noise from 1 MHz
to 16.9 MHz, which does not appear on the red curve. The idler at 1700 nm (the purple curve
in Fig. 5) also inherited features of the high-frequency noise from the SC seed and the filtered
pump but still at a level below -130 dBc/Hz. We performed RIN measurements at the output
of the tunable BPF that is located after the EDFA in order to understand this high-frequency
noise feature better. We experimentally measured the RIN spectra for four different settings of
the bandpass filter shown in Fig. 6(a). The corresponding RIN for each filter setting is plotted
with the same color in Fig. 6(b). From the measurement, it is clear that the high-frequency
noise features depend on the wavelength and bandwidth of the filtered pump after the EDFA.
Notably, as the wavelength gets far from the center wavelength of the initial mode-locked laser
oscillator, the high-frequency noise becomes more enhanced. In addition, the noise peak around
∼5 MHz was more enhanced as the filter was adjusted to overlap with one of the Kelly sidebands
[black arrow in Fig. 6(a)]. Based on this observation, we think that this high-frequency noise
resulted from the nonlinear broadening in the EDFA and fiber laser oscillator design. This also
suggests that this is the origin of the high-frequency noise features in the SC seed signal pulses.

Fig. 5. The measured RIN of pump pulses after first the EDFA (red), pump pulses after the
power amplifier (green), seed pulses after the filtered super-continuum (black), and idler
pulses after the grating compressor (purple).

Fig. 6. (a) The measured spectra of the mode-locked laser oscillator (black dash-dot line),
the first EDFA (black dot line), setting 1 of the tunable filter (blue solid line), setting 2 of
the filter (red solid line), setting 3 of the filter (black solid line), and setting 4 of the filter
(purple solid line), (b) the measured spectra of RIN for the setting 1 (blue), the setting 2
(red), the setting 3 (black), and the setting 4 (purple).
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Optimizing the center wavelength of the initial mode-locked laser oscillator may improve the
noise performance of the FOPCPA significantly. Similar noise peaks in the RIN measurement
after nonlinear wavelength conversion are also reported in a publication from another group [34].
5.

Conclusion

We have built and characterized an all-fiber high-power femtosecond FOPCPA operating at 1700
nm. The laser source provides up-chirped pulses with more than ∼40 nJ energy per pulse, which
corresponds ∼1.42 W average power. By using a conventional grating pair compressor, the idler
pulses were compressed down to ∼450 fs. We believe this all-fiber high-power laser source will
be well-suited for many applications in bio-photonics and biomedical treatment.
Funding
National Science Foundation (DGE-1143953); Division of Electrical, Communications and
Cyber Systems (1610048); National Institutes of Health (1R01EB020605); Achievement Rewards
for College Scientists Foundation.
Disclosures
The authors declare no conflicts of interest.
References
1. I. Mingareev, F. Weirauch, A. Olowinsky, L. Shah, P. Kadwani, and M. Richardson, “Welding of polymers using a 2
µm thulium fiber laser,” Opt. Laser Technol. 44(7), 2095–2099 (2012).
2. R. Klein, Laser Welding of Plastics: Materials, Processes and Industrial Applications (Wiley, 2012), Chap. 1.
3. V. V. Alexander, K. Ke, Z. Xu, M. N. Islam, M. J. Freeman, B. Pitt, M. J. Welsh, and J. S. Orringer, “Photothermolysis
of sebaceous glands in human skin ex vivo with a 1,708 nm Raman fiber laser and contact cooling,” Lasers Surg.
Med. 43(6), 470–480 (2011).
4. H. Cheng, S. Tong, X. Deng, H. Liu, Y. Du, C. He, P. Qiu, and K. Wang, “Deep-brain 2-photon fluorescence
microscopy in vivo excited at the 1700 nm window,” Opt. Lett. 44(17), 4432–4435 (2019).
5. H. Kawagoe, S. Ishida, M. Aramaki, Y. Sakakibara, E. Omoda, H. Kataura, and N. Nishizawa, “Development of
a high-power supercontinuum source in the 1.7 µm wavelength region for highly penetrative ultrahigh-resolution
optical coherence tomography,” Biomed. Opt. Express 5(3), 932–943 (2014).
6. C. Crotti, F. Deloison, F. Alahyane, F. Aptel, L. Kowalczuk, J. M. Legeais, D. A. Peyrot, M. Savoldelli, and K.
Plamann, “Wavelength optimization in femtosecond laser corneal surgery,” Invest. Ophthalmol. Visual Sci. 54(5),
3340–3349 (2013).
7. K. Guesmi, L. Abdeladim, S. Tozer, P. Mahou, T. Kumamoto, K. Jurkus, P. Rigaud, K. Loulier, N. Dray, P. Georges,
M. Hanna, J. Livet, W. Supatto, E. Beaurepaire, and F. Druon, “Dual-color deep-tissue three-photon microscopy with
a multiband infrared laser,” Light: Sci. Appl. 7(1), 12 (2018).
8. H. Zhu, J. Guo, Y. Duan, J. Zhang, Y. Zhang, C. Xu, H. Wang, and D. Fan, “Efficient 1.7 µm light source based on
KTA-OPO derived by Nd:YVO4 self-Raman laser,” Opt. Lett. 43(2), 345–348 (2018).
9. H. Liu, Z. Zhuang, J. He, S. Tong, C. He, X. Deng, G. Song, P. Qiu, and K. Wang, “High-energy polarized soliton
synthesis and its application to deep-brain 3-photon microscopy in vivo,” Opt. Express 27(11), 15309–15317 (2019).
10. K. Wang and C. Xu, “Tunable high-energy soliton pulse generation from a large-mode-area fiber and its application
to third harmonic generation microscopy,” Appl. Phys. Lett. 99(7), 071112 (2011).
11. A. Zach, M. Mohseni, C. Polzer, J. W. Nicholson, and T. Hellerer, “All-fiber widely tunable ultrafast laser source for
multimodal imaging in nonlinear microscopy,” Opt. Lett. 44(21), 5218–5221 (2019).
12. J. W. Nicholson, A. Desantolo, W. Kaenders, and A. Zach, “Self-frequency-shifted solions in a polarizationmaintaining, very-large-mode area, Er-doped fiber amplifier,” Opt. Express 24(20), 23396–23402 (2016).
13. J. Zeng, A. E. Akosman, and M. Y. Sander, “Supercontinuum generation from a thulium ultrafast fiber laser in a high
NA silica fiber,” IEEE Photonics Technol. Lett. 31(22), 1787–1790 (2019).
14. H.-Y. Chung, W. Liu, Q. Cao, F. X. Kärtner, and G. Chang, “Er-fiber laser enabled, energy scalable femtosecond
source tunable from 1.3 to 1.7 µm,” Opt. Express 25(14), 15760–15771 (2017).
15. A. Khegai, M. Melkumov, K. Riumkin, V. Khopin, S. Firstov, and E. Dianov, “NALM-based bismuth-doped fiber
laser at 1.7 µm,” Opt. Lett. 43(5), 1127–1130 (2018).
16. N. K. Thipparapu, Y. Wang, S. Wang, A. A. Umnikov, P. Barua, and J. K. Sahu, “Bi-doped fiber amplifiers and lasers
[Invited],” Opt. Mater. Express 9(6), 2446–2465 (2019).
17. T. Noronen, O. Okhotnikov, and R. Gumenyuk, “Electronically tunable thulium-holmium mode-locked fiber laser for
the 1700-1800nm wavelength band,” Opt. Express 24(13), 14703–14708 (2016).

Research Article

Vol. 28, No. 2 / 20 January 2020 / Optics Express

2325

18. G. P. Agrawal, Nonlinear Fiber Optics (Academic Press, 2013).
19. R. Becheker, M. Tang, P.-H. Hanzard, A. Tyazhev, A. Mussot, A. Kudlinski, A. Kellou, J.-L. Oudar, T. Godin, and A.
Hideur, “High-energy dissipative soliton-driven fiber optical parametric oscillator emitting at 1.7 µm,” Laser Phys.
Lett. 15(11), 115103 (2018).
20. M. Hanna, F. Druon, and P. Georges, “Fiber optical parametric chirped-pulse amplification in the femtosecond
regime,” Opt. Express 14(7), 2783–2790 (2006).
21. D. Bigourd, P. B. d’Augerès, J. Dubertrand, E. Hugonnot, and A. Mussot, “Ultra-broadband fiber optical parametric
amplifier pumped by chirped pulses,” Opt. Lett. 39(13), 3782–3785 (2014).
22. C. Caucheteur, D. Bigourd, E. Hugonnot, P. Szriftgiser, A. Kudlinski, M. Gonzalez-Herraez, and A. Mussot,
“Experimental demonstration of optical parametric chirped pulse amplification in optical fiber,” Opt. Lett. 35(11),
1786–1788 (2010).
23. D. Bigourd, L. Lago, A. Mussot, A. Kudlinski, J.-F. Gleyze, and E. Hugonnot, “High-gain fiber, optical-parametric,
chirped-pulse amplification of femtosecond pulses at 1 µm,” Opt. Lett. 35(20), 3480–3482 (2010).
24. V. Cristofori, Z. Lali-Dastjerdi, L. S. Rishøj, M. Galili, C. Peucheret, and K. Rottwitt, “Dynamic characterization and
amplification of sub-picosecond pulses in fiber optical parametric chirped pulse amplifiers,” Opt. Express 21(22),
26044–26051 (2013).
25. W. Fu and F. W. Wise, “Normal-dispersion fiber optical parametric chirped-pulse amplification,” Opt. Lett. 43(21),
5331–5334 (2018).
26. P. Morin, J. Dubertrand, P. B. d’Augeres, Y. Quiquempois, G. Bouwmans, A. Mussot, and E. Hugonnot, “µJ-level
Raman-assisted fiber optical parametric chirped-pulse amplification,” Opt. Lett. 43(19), 4683–4686 (2018).
27. L. Zhang, S. Yang, X. Wang, D. Gou, W. Chen, W. Luo, H. Chen, M. Chen, and S. Xie, “Photonic crystal fiber based
wavelength-tunable optical parametric amplifier and picosecond pulse generation,” IEEE Photonics J. 6(5), 1–8
(2014).
28. Y. Qin, Y.-H. Ou, B. Cromey, O. Batjargal, J. K. Barton, and K. Kieu, “Watt-level all-fiber optical parametric
chirped-pulse amplifier working at 1300 nm,” Opt. Lett. 44(14), 3422–3425 (2019).
29. N. G. Horton and C. Xu, “Dispersion compensation in three-photon fluorescence microscopy at 1,700 nm,” Biomed.
Opt. Express 6(4), 1392–1397 (2015).
30. K. Kieu and M. Mansuripur, “Femtosecond laser pulse generation with a fiber taper embedded in carbon nanotube/polymer composite,” Opt. Lett. 32(15), 2242–2244 (2007).
31. O. Vanvincq, C. Fourcade-Dutin, A. Mussot, E. Hugonnot, and D. Bigourd, “Ultrabroadband fiber optical parametric
amplifiers pumped by chirped pulses—Part 1: Analytical model,” J. Opt. Soc. Am. B 32(7), 1479–1487 (2015).
32. C. Jauregui, A. Steinmetz, J. Limpert, and A. Tünnermann, “High-power efficient generation of visible and mid
infrared radiation exploiting four-wave-mixing in optical fibers,” Opt. Express 20(22), 24957–24965 (2012).
33. A. S. Y. Hsieh, G. K. L. Wong, S. G. Murdoch, S. Coen, F. Vanholsbeeck, R. Leonhardt, and J. D. Harvey, “Combined
effect of Raman and parametric gain on single-pump parametric amplifiers,” Opt. Express 15(13), 8104–8114 (2007).
34. H. Tu, Y. Zhao, Y. Liu, Y.-Z. Liu, and S. Boppart, ““Noise characterization of broadband fiber Cherenkov radiation
as a visible-wavelength source for optical coherence tomography and two-photon fluorescence microscopy”, Opt.
Express 22(17), 20138–20143 (2014).

