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We demonstrate a compact ultrafast source centered at 850 nm with >200-nm bandwidth (full width at half maximum) based 

on a 3-GHz Yb-fiber master-oscillator-power-amplifier system. The output pulses (with up to 13 W average power) from the 

laser system are coupled into short (<50 mm) pieces of photonic crystal fibers to excite broadband fiber-optic Cherenkov 

radiation; the resulting broad phase-matching bandwidth due to short fiber length produces up-converted spectrum spanning 

in the wavelength range of 750-950 nm with an average power of 94 mW, 184 mW, and 380 mW for the fiber length of 28 

mm, 37 mm, and 48 mm, respectively. The spectrum generated from the 37 mm fiber is then de-chirped by 8 double-chirped 

mirrors, leading to compressed pulses of ~14 fs in duration. Such an ultrafast source is a promising substitute of multi-GHz 

mode-locked Ti:sapphire lasers for applications in optical frequency metrology and multi-photon coherent microscopy.  
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Kerr-lens mode-locked Ti:sapphire lasers have become the 
workhorse in the field of ultrafast optics. Due to the 
remarkable gain bandwidth ranging from 650 to 1100 
nm, Ti:sapphire lasers with precise cavity-dispersion 
management emit optical pulses as short as 5 fs—the 
record short optical pulses ever directly generated from 
mode-locked lasers [1]. Besides countless time-domain 
applications utilizing the extremely short pulses, the 
wavelength range covered by Ti:sapphire lasers is of 
particular importance for many applications. For 
example, ultrafast Ti:sapphire lasers are the dominant 
light source in the field of nonlinear optical microscopy 
largely because optical pulses with wavelength around 
800 nm are able to excite a wide range of important 
fluorophores via two-photon absorption [2].  

Despite their extreme success, the lack of efficient and 
direct diode pumping has hampered the wide use of 
Ti:sapphire lasers outside research laboratories, which 
has spurred much research effort in developing 
alternative laser sources. One attractive candidate is 
diode-pumped mode-locked lasers based on Cr3+-doped 
colquiriite crystals such as Cr3+:LiSAF [3], 
Cr3+:LiSGaF [4], and Cr3+:LiCAF [5]. These solid-state 
lasers provide broadly tunable ultrashort pulses around 
800 nm with a duration as short as ~10 fs [6].  

In this paper, we present another alternative derived 
from an ultrafast Yb-fiber laser system. The state-of-the-
art Yb-fiber oscillators are able to produce ultrashort 
pulses centered at 1.03 μm with duration less than ten 
optical cycles after external compression [7,8]. To generate 
few-cycle pulses at the Ti:sapphire laser wavelength 
range, we perform frequency up-conversion using fiber-
optic Cherenkov radiation (FOCR) inside a short piece of 
photonic crystal fiber (PCF). As ultrashort pulses 

propagate in a PCF with anomalous dispersion, they emit 
dispersive waves due to the high-order fiber dispersion—a 
phenomenon known as FOCR [9–11]. Depending on the 
sign of the third-order dispersion (TOD), the dispersive 
wave may locate in the wavelength region shorter (for 
positive TOD) or longer (for negative TOD) than the 
input-pulse’s center wavelength [12]. FOCR has become a 
wavelength conversion technique [13–15], for example, to 
extend a Ti:sapphire laser’s near-infrared output into the 
visible wavelength range with applications for 
biophotonics, carrier-envelope phase control of ultrashort 
pulses, and calibration of astrophysical spectrographs 
using high-precision frequency combs (known as astro-
combs ), to name a few [16,17].  
    Despite originating from the      nonlinear 
susceptibility of an optical fiber, FOCR shares a universal 
feature with other well-known     nonlinear effects (e.g., 
second-harmonic generation): they all require phase-
matching to achieve efficient power conversion. In our 
recent study, we have introduced the concept of coherence 
length to quantify the FOCR bandwidth and its 
dependence on the PCF length [18,19]. Our experimental 
results using an octave-spanning Ti:sapphire laser as the 
driving source reveal that an optimum fiber length exists 
to maximize the FOCR bandwidth [19].  
 FOCR can be accurately modeled by the generalized 
nonlinear Schrödinger equation [20]. To be consistent 
with the following experimental results, we simulated an 
optical pulse centered at 1.045 µm propagating inside 
PCF NL-3.2-945 available from NKT Photonics. The fiber 
exhibits zero-dispersion at 0.945 µm with a mode field 
diameter of 2.8 µm at 1.045 µm, corresponding to a fiber 
nonlinearity of 23 W-1km-1. In the simulation, we fit the 
experimental dispersion curve provided by the 



 

 

manufacturer with a 12th order polynomial. Figure 1(a) 
plots the spectrum evolution along the fiber length for an 
input Gaussian pulse with 110 fs full-width-half-
maximum (FWHM) and 780 pJ energy. Beyond 2.5 cm, 
the optical spectrum starts to rapidly extend to the 
shorter wavelength region; at 3.7-cm fiber length 
(indicated by the dashed line), a broadband continuum 
forms at the shorter wavelength side reaching 700 nm in 
wavelength. Further propagation leads to an isolated and 
slowly blue-shifting FOCR, and its bandwidth becomes 
narrower due to a decreased phase-matching bandwidth 
for longer fiber length. Figure 1(b) shows another 
simulation with the fiber length fixed at 3.7 cm and the 
input pulse energy varied. The spectrum evolution in Fig. 
1(b) follows a similar pattern as is in Fig. 1(a), and shows 
that a broadband FOCR develops for input pulse energy 
around 780 pJ designated by the dashed line.  
 

 

Fig. 1. (Color online) Simulation of FOCR by solving the 

generalized nonlinear Schrödinger equation. (a) FOCR 

evolution versus fiber length assuming 780 pJ input pulse 

energy. The blue dashed line marks the 37-mm fiber length 

where a broadband FOCR continuum forms. (b) FOCR 

evolution versus pulse energy for a PCF of 3.7 cm in 

length. The blue dashed line marks the 780-pJ pulse 

energy where a broadband FOCR continuum forms. The 

spectral intensity in both figures is presented on a 

logarithm scale. 

 Simulation results also show that for 110-fs input 
pulses, the FOCR accounts for ~10% of the input pulse 
energy, resulting in a FOCR pulse of ~100 pJ. For a 
typical 100-MHz repetition rate, the corresponding FOCR 
source produces an average power of ~10 mW, one order 
of magnitude less than can be typically achieved from a 
Ti:sapphire laser at the same repetition rate. To scale up 
the average power, here we derive our FOCR ultrafast 
source from a 3-GHz Yb-fiber laser system, and 
demonstrate a 3-GHz source at the Ti:sapphire laser 

wavelength with up to 380-mW average power and >200 
nm bandwidth (FWHM).  
 Figure 2 shows the schematic setup of the 3-GHz FOCR 
laser source, mainly consisting of: 1) a 3-GHz 
fundamentally mode-locked Yb-fiber oscillator [21], 2) a 
two-stage polarization-maintaining (PM) fiber amplifier to 
pre-amplify the oscillator pulses, 3) a diffraction-grating 
pair for pre-chirp management prior to further power 
amplification [22], 4) a double-clad Yb-fiber power 
amplifier, 5) a transmission-grating pair to compress the 
amplified pulses, 6) a short piece of PCF for wavelength 
conversion via FOCR, and 7) double-chirped mirrors 
(DCMs) to compress the resulting pulses at 850 nm.  

 

Fig. 2. (Color online) Schematic setup of the 3-GHz 

ultrafast FOCR source. HW: half-wave plate; PBC: 

polarization beam combiner; WDM: wavelength-division 

multiplexing; BC: (6+1) x 1 beam combiner; SPF: short-

wavelength-pass optical filter that only transmits 

wavelength components below 950 nm; and DCM: double-

chirped mirror. 

 
Fig. 3. (Color online) Optical spectra at the output of the 3-

GHz oscillator (blue dotted line), pre-amplifier (red dashed 

line), and power amplifier (green solid line), respectively. 

Inset: measured autocorrelation (AC) trace of the 

compressed pulses after the power-amplifier (solid line) 

and the calculated autocorrelation trace of the transform-

limited pulse (dotted line).  

 The 3-GHz Yb-fiber oscillator, centered at 1027 nm with 
3.5 nm bandwidth (blue dotted line in Fig. 3), produces 32 
mW average power. The design and implementation of 
such a 3-GHz Yb-fiber oscillator has been described in Ref. 
21. The output pulses are amplified to 1.05 W by a two-
stage pre-amplifier constructed from single-mode PM 
fibers; the resulting optical spectrum is broadened to 7 nm 



 

 

(red dashed line in Fig. 3). Before the pre-amplified pulses 
enter the power amplifier, we employ the pre-chirp 
management method demonstrated in Ref. 22 to achieve 
high-quality compressed pulses after the power amplifier. 
The pulses are pre-chirped by a diffraction-grating (600 
line/mm) pair, and then amplified by a power amplifier 
constructed from 2.4-m double-clad PM Yb-fiber (10-μm 
core diameter with 0.08 numerical aperture) spliced to a 
PM (6+1) x 1 beam combiner. The amplified pulses are 
spectrally broadened to 30-nm bandwidth (green solid line 
in Fig. 3) during the amplification and are then 
compressed by a transmission-grating (1000 line/mm) 
pair. By properly pre-chirping the pre-amplified pulses, 
we achieve compressed pulses with 13-W average power 
and the measured autocorrelation trace is 140 fs in 
duration shown as the solid curve in the inset of Fig. 3. As 
a comparison, the autocorrelation trace of the transform-
limited pulse calculated from the optical spectrum is 
plotted as the dotted curve, showing an autocorrelation 
duration of 95 fs. 
 

 Fig. 4. (Color online) (a) Measured output spectra versus 

coupled pulse energy into 3.7-cm PCF NL-3.2-945. Spectral 

intensity is shown on a logarithm scale. (b) Measured 

output spectra after a short-wavelength-pass optical filter 

that blocks spectral components above 950 nm. Spectral 

intensity is shown on a linear scale. The green curve in (b) 

shows the measured average power after the short-

wavelength-pass optical filter. Blue dashed lines in both 

figures mark the 780 pJ pulse energy corresponding to the 

broadband FOCR. 

 To compare with the simulation results, we couple the 
compressed pulses into 37-mm PCF NL-3.2-945. A half-
wave plate (HW5 in Fig. 2) placed before the PCF 
mitigates the detrimental effect caused by the fiber’s 
residual birefringence. Figure 4(a) records the measured 
spectra from the PCF output as a function of coupled 

pulse energy. A comparison between Fig. 4(a) and Fig. 1(a) 
indicates excellent agreement between simulation results 
and experimental measurements. As the simulation 
predicts, a broadband FOCR appears at the pulse energy 
of 780 pJ (marked by the dashed lines in Fig. 4), 
corresponding to 2.34-W coupled average power. To 
clearly observe the evolution of FOCR spectra, we use a 
short-wavelength-pass optical filter to filter out the 
spectral components below 950 nm, and plot them in Fig. 
4(b), shown on a linear scale. It clearly shows that a 
spectral gap starts to form around 850 nm as pulse energy 
increases beyond 780 pJ, and an isolated FOCR spectrum 
appears with its center wavelength blue shifted with the 
increased pulse energy. The green curve marked with 
squares in Fig. 4(b) denotes the average power of the 
filtered spectrum, which increases monotonically for 
higher pulse energy. At 780-pJ pulse energy, 184-mW 
average power (i.e., 61-pJ pulse energy) is achieved.  
 The optimum pulse energy corresponding to the 
broadband, non-isolated FOCR depends on the PCF 
length: shorter PCF requires more input pulse energy. In 
addition to the 37-mm PCF, we have investigated another 
two fiber lengths and found that the required input pulse 
energy to achieve a broadband FOCR is about 440 pJ for 
48-mm PCF and 1430 pJ for 28-mm PCF. Figure 5(a) 
plots the three broadband FOCR spectra after the short-
wavelength-pass optical filter. Normalized to their peak at 
940 nm, the three spectra are of similar spectral shape 
centered around 850 nm with >200-nm bandwidth 
(FWHM). The average power of the filtered spectra are 94 
mW, 184 mW, and 380 mW, respectively.    
 

 Fig. 5. (Color online) (a) Filtered spectra of broadband 

FOCR at three different fiber length: 28 mm (red dashed 

line), 37 mm (black solid line), and 48 mm (blue dotted 

line). These three spectra are generated at different input 

pulse energies: 1430 pJ (28-mm PCF), 780 pJ (37-mm 

PCF), and 440 pJ (48-mm PCF). The spectra are all 

normalized to their spectral peak at 940 nm. (b) Black solid 

line: measured autocorrelation trace of the compressed 

FOCR pulse using DCMs to compensate for the phase from 

the FOCR spectrum (i.e., black solid curve in (a)) generated 

from the 37-mm PCF with 780-pJ input pulse energy. Red 

dashed line: calculated autocorrelation trace of the 

transform-limited pulse given by the FOCR spectrum.  

 Since the FOCR is initiated by nonlinearity interacting 
with the higher-order dispersion, compressibility of such a 
broadband (>200 nm) FOCR spectrum remains in 



 

 

question. Since nearly the entire filtered spectrum falls 
into the PCF’s normal dispersion region, we use home-
designed double-chirped mirrors (DCM) with negative 
group-delay dispersion to compensate for the spectral 
phase of the spectra in Fig. 5(a). The mirror comprises 96 
alternating layers of TiO2 and SiO2, providing a group-
delay dispersion of -70 fs2. The black solid curve in Fig. 5(b) 
shows the measured shortest autocorrelation trace for the 
filtered FOCR spectrum achieved from 37-mm PCF and 
780-pJ pulse energy. The autocorrelation trace after 8 
DCMs has a duration (FWHM) of 19.5 fs. The total 
efficiency of the 8 DCMs is >99%. Also shown in the same 
figure is the calculated autocorrelation trace (red dotted 
line) of the transform-limited pulse given by the 
corresponding FOCR spectrum (i.e., black solid curve in 
Fig. 5(a)). We estimate that the compressed pulses are 
~14 fs in duration assuming a deconvolution factor of 1.4. 
We attribute the deviation from the 8-fs transform-limited 
duration to the uncompensated higher-order dispersion. 
Note that applying FOCR to Er-doped fiber lasers for 
broadband wavelength conversion followed by subsequent 
pulse compression has led to generation of 8-fs pulses 
centered at 1.17 μm [23]. 
 In conclusion, we demonstrate that a combination of a 
high power 3-GHz Yb-fiber laser system and FOCR 
provides new capabilities to ultrafast laser technology: 1) 
generation of ~14 fs pulses with smooth spectra and 2) 
broadband wavelength coverage overlapping with the 
Ti:sapphire lasers wavelength range.  Despite the 
relatively low pulse energy of ~100 pJ, such a multi-GHz 
few-cycle source at Ti:sapphire laser wavelength is of 
particular importance for applications in nonlinear bio-
optical imaging (e.g., two-photon fluorescence excitation 
microscopy) when photoinduced damage is caused by 
pulse energy rather than average power; increasing pulse 
repetition-rate while keeping the pulse energy below the 
damage threshold will improve signal-to-noise ratio and 
reduce data acquisition time  [24]. In addition to the time-
domain applications, stabilization of both the repetition 
rate and the carrier-envelope offset frequency of this 
source will lead to a frequency comb with 3-GHz line 
spacing in the frequency domain. Such a frequency comb 
with multi-GHz line spacing at Ti:sapphire wavelength 
constitutes a critical device for precision calibration of 
astronomical spectrographs to search for exoplanets [25].  
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