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Abstract

Many applications require femtosecond lasers of high repetition rate. In the time domain, a higher
repetition rate means more pulses in a fixed time period. For nonlinear bio-optical imaging in which
photoinduced damage is caused by pulse energy rather than average power, increasing pulse
repetition-rate will improve signal-to-noise ratio and reduce data acquisition time. In the frequency
domain, a higher repetition rate means the comb line spacing is larger. This permits access to and
manipulation of each individual comb line. Such capabilities have opened numerous
frequency-domain applications including optical arbitrary waveform generation, high-speed
photonic analog-to-digital conversion, and high-resolution spectroscopy.

Femtosecond optical sources in the wavelength range between 0.7 pum and 1.55 um have
found many applications such as optical coherence tomography, high speed optical sampling,
photonic analog-to-digital conversion, and multi-photon spectroscopy. To date, femtosecond
solid-state lasers are mainly employed in these applications. Take two most common femtosecond
solid-state lasers for example: a Ti:sapphire laser can cover 0.7-1.1 pm and is useful for optical
coherence tomography and multi-photon biological imaging. A Cr:forsterite laser can operate in the
wavelength range 1.15-1.35 pm, an important wavelength range for multi-photon microscopy
because light in this wavelength range experiences lower scattering loss and higher penetration
depth for most biology samples. Nonetheless, solid-state lasers are usually expensive, bulky, and
prone to misalignment. The gain crystals often requires water cooling. These disadvantages hamper
their wide usage outside the lab environment. The mentioned versatile applications can be even more
widespread used if we are able to make the femtosecond laser sources less expensive, flexible, and
easy to maintain.

In this dissertation, 3-GHz femtosecond laser sources are demonstrated. These sources are
useful for applications in optical coherence tomography, optical frequency metrology, multi-photon
biological imaging, photonic analog-to-digital conversion, etc. First, a 3-GHz fundamentally
mode-locked Yb-fiber laser is demonstrated with the highest rep-rate among all femtosecond
Yb-fiber lasers to date. We then numerically and experimentally study the optimization of
femtosecond YDFAs in order to achieve both high-quality and high-power compressed pulses in the
3 GHz high power fiber laser system. Using the 3 GHz high power femtosecond Yb-fiber laser system,
a few-cycle ultrafast source at the Ti:sapphire laser wavelength is demonstrated as a promising
substitute of multi-GHz mode-locked Ti:sapphire lasers. In addition, a watt-level, femtosecond



Raman soliton source wavelength-tunable from 1.15 pm to 1.35 pm is implemented. Such a Raman
soliton source exhibits both the highest repetition rate and highest average power to the best of our
knowledge. Finally, preliminary work on a 3 GHz passive frequency comb via difference frequency
generation at 1.5 pm is demonstrated. This is currently the highest rep-rate frequency comb in the
telecommunication wavelength range.
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Chapter 1

Introduction

1.1. Background

Many applications require femtosecond lasers with high repetition rate. A higher repetition
rate means a shorter laser cavity. As illustrated in Fig. 1-1, in the time domain, a higher repetition
rate means more pulses in a fixed time period. For nonlinear bio-optical imaging [1]
(e.g., two-photon fluorescence excitation microscopy) in which photoinduced damage is caused
by pulse energy rather than average power, increasing pulse repetition-rate will improve
signal-to-noise ratio and reduce data acquisition time [2,3]. In the frequency domain, a higher
repetition rate means the comb line spacing is larger. This permits access to and manipulation of
each individual comb line. Such capabilities have opened numerous frequency-domain
applications including optical arbitrary waveform generation [4-6], and high-resolution

spectroscopy [7].

On the other hand, femtosecond optical sources in the optical spectrum range between
0.7 um and 1.55 pm have found many applications such as optical coherence tomography [8-10],
high speed optical sampling [11,12], photonic analog-to-digital conversion [13], and multi-photon
spectroscopy [14], to name a few. To date, femtosecond solid-state lasers are mainly employed in

these applications. Figure 1-2 shows the wavelength coverage of different solid-state lasers and
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the wavelength range required for various applications. Take the two most common femtosecond
solid-state lasers for example: a Ti:sapphire laser [15—17] can cover 0.7—1.1 um and is useful for
optical coherence tomography and multi-photon biological imaging. A Cr:forsterite laser [18-20]
can operate in the wavelength range from1.15 to 1.35 um, an important wavelength regime for
multi-photon microscopy because light in this wavelength range experiences lower scattering loss
and higher penetration depth for most biology samples. The generated two-photon and three-
photon signals in the visible range facilitate the signal detection. Nonetheless, solid state lasers are
usually expensive, bulky, and prone to misalignment. The gain crystals often requires water
cooling. These disadvantages hamper their wide usage outside the lab environment. The mentioned
versatile applications can be even more practical if we are able to make the overall system less

expensive, flexible, and easy to maintain.

AL
g

v
~

(

Fig. 1-1. Comparison of a low rep-rate laser (blue) and a higher rep-rate laser
(red, 3 times higher rep-rate) in (a) the time domain and (b) the frequency domain.
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Fig. 1-2. The femtosecond sources and applications with their corresponding optical
spectral range.

To solve the issues of cost, portability, and the cooling of the gain crystal in the wavelength
range of 0.7 pm to 1.35 um, we resort to fiber laser technology. Due to the large surface-to-volume
ratio of the gain fiber, the intrinsically efficient heat dissipation requires no extra cooling. Among
well-developed active fibers (e.g., Yb-fiber, Er-fiber, Tm-fiber, Ho-fiber, etc.), Yb-fiber excels for
its excellent power scalability. Compared with other active fibers, the pump wavelength (915 nm
or 976 nm) of the Yb-fiber is close to the gain wavelength (1030 nm) such that quantum efficiency
is high and therefore greatly reduces the accumulated heat in a high-power Yb-fiber laser. In
addition, Yb-fiber lasers provide wavelength coverage of 1.01-1.08 um (Fig. 1-2) making them
good candidates to perform broadband frequency upconversion to generate a femtosecond source
at Ti:sapphire wavelengths or perform frequency down-conversion to the wavelength range from

1.1 pm to 1.35 pum as an alternative source to the Cr:forsterite laser. Furthermore, we can also use
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difference frequency generation to develop an alternative source to Er:fiber laser. Note that if we
choose an Er-fiber laser instead, whose wavelength coverage is around 1.55 pm, the frequency

upconversion to the Ti:sapphire wavelength range would be unrealistic and challenging.

1.2. Overview of the Thesis

In this dissertation, we start with the demonstration of a 3 GHz high power Yb-fiber laser
system and develop alternative femtosecond sources to Ti:sapphire laser, Cr:forsterite laser, and
Er:fiber laser. These high repetition-rate sources will be versatile for different applications shown
in Fig. 1-2. Our ultimate goal is to achieve a 3-GHz source comb to implement next-generation

astro-combs.

The thesis is organized as follows. In Chapter 2, a 3-GHz fundamentally mode-locked,
femtosecond Yb-fiber laser is demonstrated [21]. In Chapter 3, we numerically study the
optimization of femtosecond Yb-doped fiber amplifiers (YDFAs) in order to achieve both
high-quality and high-power compressed pulses [22]. In Chapter 4, we apply the proposed
optimization method to a narrowband 280-MHz oscillator, validate the feasibility of pre-chirp
management, and construct the 280 MHz frequency comb through conventional fceo detection and
stabilization [23]. In Chapter 5, we then apply the optimization method to the 3 GHz Yb-fiber
oscillator to achieve a 3 GHz high power femtosecond Yb-fiber laser system. On top of this system,
in Chapter 6 we demonstrate a few-cycle ultrafast source at the Ti:sapphire laser wavelength as a
promising substitute of multi-GHz mode-locked Ti:sapphire lasers [24] and in Chapter 7 we
demonstrate a watt-level, femtosecond Raman soliton source wavelength-tunable from 1.15 pm to
1.35 um [25]. These sources will be useful for applications in optical frequency metrology and
multi-photon coherent microscopy. In Chapter 8, a preliminary 3 GHz passive fiber laser frequency

comb at 1.5 um via difference frequency generation is demonstrated. Finally, in Chapter 9
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the thesis is concluded by discussing current issues and possible solutions are suggested. In
Appendix A, other research results on high power Chirally-Coupled-Core Yb-doped modelocked
lasers are introduced [26,27]. In Appendix B, the pulse dynamics of the modelocked Yb-fiber

oscillator in different regimes is investigated through numerical simulation.
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Chapter 2

3-GHz Modelocked Yb-Fiber Oscillator

2.1. Background of High Repetition Rate Lasers

High repetition rate (>1 GHz) lasers with femtosecond pulse duration are required
in many applications. For nonlinear bio-optical imaging (e.g., two-photon fluorescence excitation
microscopy) in which photoinduced damage is caused by pulse energy rather than average power,
increasing pulse repetition rate will improve signal-to-noise ratio and reduce data acquisition
time [2,3]. Frequency combs — achieved by fully stabilizing both the repetition rate and the
carrier-envelope offset frequency of multi-GHz lasers — exhibit large line spacing (equal to the
laser’s repetition rate) that may permit access to and manipulation of each individual comb line.
Such capabilities have opened numerous frequency-domain applications including optical
arbitrary waveform generation [4], high-speed analog-to-digital conversion [13], and
high-resolution spectroscopy [7]. Of particular importance is precision calibration of astronomical
spectrographs to search for Earth-like exoplanets, which normally requires femtosecond laser
frequency combs with >15-GHz line spacing (“astro-comb”) [28-33]. Current implementation of
an astro-comb relies on using multiple Fabry-Perot (FP) filtering cavities to multiply the line
spacing of a frequency comb based on low repetition rate lasers. For example, the astro-comb

system in Ref. [32] employs a 250-MHz Yb-fiber laser as the front end, followed by three cascaded
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FP filtering cavities for line-space multiplication. Stabilizing these FP cavities, locking them to
the frequency comb, and preventing parasitic cavities between two FP cavities constitute the major
challenge in constructing a practical astro-comb. Such an issue can be alleviated by employing a
frequency comb based on a femtosecond laser operating at much higher repetition rate
(e.g., 3-10 GHz). The significantly simplified astro-comb requires only one FP cavity and becomes

more reliable.

Several types of femtosecond mode-locked lasers have demonstrated operation with
>1 GHz repetition rate [34-39]. Up to date, however, fully-stabilized frequency combs with
>1 GHz comb-spacing are only implemented based on Ti:Sapphire lasers (10 GHz) [34], Yb-fiber
lasers (1 GHz) [39], and most recently Er-fiber lasers (1 GHz) [40]. Among them, Yb-fiber laser
frequency combs possess superior power scalabilitil thanks to the rapid development
of double-clad Yb-fibers and high-brightness pump diodes as well as the Yb-fiber’s high
pump-to-signal conversion efficiency (~80%). For example, Yb-fiber laser frequency combs with
80-W average power has been demonstrated, albeit at lower repetition rate of 154 MHz [41]. Such
power scalability is critical for multi-GHz frequency combs involved in nonlinear optical
applications (e.g., wavelength conversion into the visible-wavelength range) where pulse energies

of several nano-joules are nominally required.

We have developed a green astro-comb composed of >7000 lines spaced by 16 GHz from
500-620 nm with homogeneous line power (variation <8 dB). The green astro-comb is generated
from a 1 GHz Ti:sapphire octave-spanning comb laser, a tapered PCF that coherently blue-shifts
comb lines to 500 nm, and two broadband Fabry-Perot cavities (FPCs) that increase the line
spacing to 16 GHz. This green astro-comb has been deployed as a wavelength calibrator for the

HARPS-N spectrograph at the TNG telescope. Operating and stabilizing the two FPCs of this
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astro-comb constitute major technical challenges for this green astro-comb. Such issues can be
lessened by employing a frequency comb based on a femtosecond laser operating at much higher
repetition rate (e.g., 3-10 GHz). In this work, we demonstrate the most critical component for
constructing 3 GHz source comb—a fundamentally mode-locked Yb-fiber oscillator with 3-GHz

repetition rate [21].

2.2. Key Components in Building a High Rep-rate Oscillator

Constructing fundamentally mode-locked Yb-fiber lasers with >1-GHz repetition rate and
femtosecond pulse duration demands two crucial elements: (1) a short (<10 cm), highly doped
Yb-fiber to provide enough round-trip gain and self-phase modulation, and (2) a dispersion
compensating device to provide enough negative group-delay dispersion (GDD) to compensate
for the positive GDD from the Yb-fiber and other intra-cavity components (e.g., lens). A laser
cavity with net negative GDD is necessary to ensure soliton-like pulse formation that serves as the
main pulse shortening mechanism for high repetition rate fiber lasers to generate femtosecond
pulses [42]. Recently, Ingmar Hartl et al. demonstrated 1.04-GHz Yb-fiber lasers (fully stabilized)
using 6-cm gain fiber spliced to a fiber Bragg grating for dispersion compensation [39]. By further
shortening the gain fiber (down to 4 cm) and employing a Martinez compressor for dispersion
compensation, the same group has increased the repetition rate up to 1.6-GHz [43]. Further
repetition rate scaling apparently demands shrinking the laser cavity by shortening the gain fiber
and avoiding bulky free-space devices (e.g., diffraction gratings) for dispersion compensation.
Here, we present a 3-GHz femtosecond Yb-fiber laser incorporating two key technologies:
(1) a 1-cm, heavily Yb-doped phosphate glass fiber as the gain medium and (2) a high-dispersion

output-coupler for dispersion compensation.
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2.2.1 Heavily Yb-doped Phosphate Glass Fiber

1-cm Yb-fiber

*

angle-polished

Fig. 2-1. The photo of 1-cm long Yb-doped phosphate fiber encapsulated
in a ceramic ferrule.

The highly doped gain fiber is provided by our collaborator, Prof. Zhongmin Yang’s group
at South China University of Technology. The Yb-doped phosphate glass fiber has the highest
reported Yb*>" concentration of 15.2 wt% and exhibits 46-dB/cm absorption at 976 nm. The net
gain coefficient of the phosphate glass fiber was measured to be 5.7 dB/cm [44]. Other important
parameters are 1.84-ms upper-state lifetime, 5-um core diameter, and numerical aperture of 0.14.
The 1-cm long fiber is encapsulated in a ceramic ferrule as shown in Fig. 2-1. A penny is placed
below to compare with the size of the fiber. Due to the large surface-to-volume ratio for the fiber,
the resulting intrinsically efficient heat dissipation requires no extra cooling. During the
experiments, thermal damage of the fiber is absent. The polished end of the fiber is directly

attached to an output coupler.
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2.2.2 High-Dispersion Output Coupler

The specification of the specially designed coating on the output coupler is shown in
Fig. 2-2. It is customized to compensate the normal dispersion from a 7-cm long fused silica fiber
and allows >97% pump transmission at 976 nm and 10% =+ 2% signal transmission at
1010-1050 nm. The calculated reflectivity and dispersion are shown in Fig. 2-2 as the solid blue
line and the green line, respectively. It is designed to provide -1000 fs? + 200 fs*> GDD at
1010-1050 nm, when attached to fused silica (i.e. input medium: fused silica), in order to render a
negative-dispersion laser cavity for soliton pulse formation. The thickness of the coating is

~10 um with alternating layers of Ta;Os and SiO».
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Fig. 2-2. Reflectivity and dispersion of the specially designed coating on the
output coupler when attached to fused silica. Theoretical curves of reflectivity
and dispersion are solid blue line and green line, respectively. Target value for

compensating dispersion from a 7-cm fused silica fiber: dashed dotted grey line.
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Because the output coupler is designed for fused silica as the input medium, the measurement
of the reflectivity and the dispersion curve with the output coupler attached to the fused silica is
challenging. To test the fabrication quality, we measure the transmission of the output coupler with
air as the input medium. Figure 2-3 plots the measured transmission spectra of
30 one-inch output couplers. The transmission at 976 nm pump wavelength varies dramatically
from 44% to 98% and the transmission at 1030 nm signal wavelength varies from 4% to 13%,

which indicates there are considerable fabrication errors. Also, the overall spectrum can drastically

shift by as much as ~15 nm.
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Fig. 2-3. Transmission measurement of 30 one-inch output couplers. The dotted
blue line shows the simulated reflectivity with input medium air of the designed
coating.

28



As a matter of fact, such a coating design is inevitably prone to fabrication errors because
the pump window is so close to the signal window. The fabricated output couplers deviate a lot
from the theoretical design, which leads to difficulties when building the first 3-GHz

Yb-fiber oscillator.

2.3. Experimental Setup

DM ocC SBR

Fig. 2-4. (Top) schematic setup of the 3-GHz Yb-fiber oscillator. PBC: polarization
beam combiner, DM: dichroic mirror, OC: output coupler, and SBR: saturable Bragg
reflector. (Bottom) Photos of the oscillator cavity.

As shown in Fig. 2-4, the laser is configured as a linear cavity (indicated by the blue dotted
circle) with a total length of ~4.2 cm. Two fiber-coupled pump diodes are power combined using
a fiber-based polarization beam combiner, providing up to 1.2-W average power centered at
976 nm. A 22.5° incident angle dichroic mirror inserted between the combiner and the laser cavity

separates the output laser power from the pump. The fiber is held by a specially-designed strain-
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relief clamp. During the experiment, thermal damage of the fiber is absent. Due to the large
surface-to-volume ratio of the fiber, the resulting intrinsically efficient heat dissipation requires no
extra cooling. The polished end of the fiber is directly attached to an output coupler. The pump
beam after the dichroic mirror will be focused first, propagate through the output coupler, and then
coupled into the polished end of the fiber. The other end of the Yb-fiber is angle polished
(~8 degree) to avoid back reflection. Two aspheric lenses are used to re-image the fiber output
onto a saturable absorber reflector (SBR) in order to initiate the mode-locking. The commercially
available SBR (from BATOP, model: SAM-1040-8-1ps) has a non-saturable loss of 3%,
a modulation depth of 5%, a saturation fluence of 40 pJ/cm?, and recovery time 1 ps. The spot size

on the SBR is ~13 um in diameter.

2.4. Laser Characterization
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Fig. 2-5. Output power vs. input pump power. Mode-locking self-starts
as the input pump power exceeds 800 mW.

The dependence of output power on the input pump power is illustrated in Fig. 2-5 for

different operation regimes. At relatively low pump power, the oscillator operates at continuous
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wave (CW) mode. Mode-locking self-starts as the pump power reaches ~800 mW. With increasing
pump power from 800 mW to 1.15 W, the modelocked output power grows accordingly from

32 mW to 53 mW.

We characterized the laser at 1073-mW input pump power, corresponding to a laser power
of 49 mW. The measured optical spectrum, shown in Fig. 2-6(a), has 5.5-nm bandwidth at full
width at half maximum (FWHM). The RF spectrum recorded in Fig. 2-6(b) indicates a 3-GHz
repetition rate with signal to background ratio >60 dB. The output pulse duration is also measured
by a background free autocorrelator; the resulting autocorrelation trace plotted in Fig. 2-7(a) shows
a 319-fs FWHM duration (black line). As a comparison, the autocorrelation trace of the transform
limited pulse calculated from the optical spectrum in Fig. 2-6(a) is plotted in Fig. 2-7(a) as the red
dashed line. With a de-convolution factor of 1.54 (assuming a hyperbolic secant pulse profile).
the pulse duration is estimated to be ~206 fs. It is about 56-fs longer than the calculated

transform-limited duration shown in Fig. 2-7(b) (i.e. 150 fs), showing that the optical pulses are

slightly chirped.
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Fig. 2-6. (a) Optical spectrum of the output pulse with 1073-mW pump power.
(b) The RF spectrum with a resolution bandwidth of 3 kHz.
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Without any enclosure of the laser or any other means to prevent ambient disturbances
(e.g., air current, vibration, temperature fluctuation, etc.), we measured the relative intensity noise
(RIN) of the 3-GHz laser running at the input pump power of 1073 mW. It is shown as the blue
curve in Fig. 2-8. Also plotted in the same figure (green dashed curve) is the integrated RIN.

Integration between 10 Hz to 10 MHz results in an integrated RIN of 0.14%.
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Fig. 2-7. (a) The measured autocorrelation trace of the output pulse (black line)
and the calculated autocorrelation trace of the transform-limited pulse
(red dashed line). (b) The transform limited pulse.
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Fig. 2-8. Relative intensity noise (RIN) (blue curve) of the mode-locked
3-GHz Yb-fiber laser and the integrated RIN (green dashed curve).
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Without any polarizing element in the cavity, the output pulses might exhibit polarization
evolution or the laser might emit stable elliptically polarized-solitons, called polarization-locked
vector solitons (PLVS's) [45-51] due to the slight birefringence in the fiber. To produce the
linearly polarized output pulses, we insert a thin-film Polarcor polarizer (0.5 mm thick) between

two aspheric lenses in the cavity.

2.5. Summary

Fig. 2-9. The photo of the third 3-GHz Yb-fiber oscillator setup built in 49D in Center
for Free-Electron Laser Science, DESY, Germany in January 2014.

We have demonstrated a fundamentally mode-locked, femtosecond (~206 fs) Yb-fiber laser
with, to the best of our knowledge, the highest repetition rate of 3 GHz among reported
femtosecond Yb-fiber lasers. With a 1-cm heavily Yb-doped phosphate glass fiber as the gain
medium and a high-dispersion output coupler for dispersion compensation, the laser self-starts and

produces up to 53-mW average power. The mode-locking usually lasts for about three days to one
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week until the focusing spot on the SBR is damaged. Shifting to a different spot immediately
recovers the mode-locking. Use of a back-thinned SBR facilitates heat dissipation and helps
prevent thermal damage. With this method, the modelocking can last for more than 30 days. The
current intra-cavity loss is estimated to be ~50%, which allows us using an output coupler with
larger output coupling ratio (e.g., 10%) to increase the output power (and thus the power efficiency)
of the laser without losing the mode-locking. We have built three 3 GHz Yb-fiber oscillators in
total. Figure 2-9 shows the photo of the third 3-GHz Yb-fiber oscillator setup built in the Center
for Free-Electron Laser Science, DESY, Germany in January 2014. Ongoing work includes further
repetition rate scaling up to 10 GHz by directly sandwiching the 1-cm Yb-fiber between the output

coupler and the SBR while maintaining femtosecond pulse duration.
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Chapter 3

Optimization of Femtosecond Nonlinear
Yb-Fiber Amplifiers based on a
Narrowband Oscillator

3.1. Motivation

Yb-doped fiber amplifiers (YDF As) feature superior power scalability, large single-pass gain
(~30 dB), high electrical-to-optical conversion efficiency, excellent beam quality, as well as
compactness and robustness. To avoid detrimental effects from fiber nonlinearities (e.g., self-phase
modulation (SPM), stimulated Raman scattering etc.) when amplifying ultrashort pulses, YDFAs
normally operate in a low-nonlinearity regime using chirped pulse amplification (CPA) [52,53],
in which the spectral bandwidth of the amplified pulse only changes slightly during the

amplification.

For some applications, strong nonlinear effects are preferred in YDFAs such that the
amplified pulse acquires substantial extra bandwidth, and therefore can be compressed to be much
shorter than the pulse prior to the amplification. This operation regime is of particular importance
for implementing high repetition-rate (>1 GHz) master-oscillator-power-amplification (MOPA)
systems with applications including optical arbitrary waveform generation, high-resolution

spectroscopy, high-speed analog-to-digital conversion [13], and precision calibration of
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astronomical spectrographs to search for earth-like extra-solar planets [7], to name a few. The ideal
front-end of such a MOPA laser system is a fundamentally mode-locked fiber oscillator with
multi-GHz repetition rate. Primarily limited by the available pump power (~1W) from single-mode
laser diodes and low intra-cavity pulse energy, these multi-GHz fiber oscillators typically produce
sub-picosecond/picosecond pulses with <100 mW average power. The poor performance on pulse
duration and average power prevents multi-GHz fiber oscillators from most nonlinear optical
applications that usually demand femtosecond (~100 fs) pulses of several nano-joules for pulse
energy. Such a limitation can be overcome by nonlinear amplification in YDFAs which broadens
the input pulse spectrum. The spectrally-broadened, power amplified pulses are then de-chirped
by a subsequent optical compressor to much shorter pulse duration. However, relatively narrow
gain bandwidth (~40 nm) of Yb-doped fibers and the gain narrowing effect during the power
amplification usually generate compressed pulses >100-fs with considerable pedestal. In this
chapter we both numerically and experimentally study the dependence of the compressed pulse
quality on the parameters of the fiber amplifier (e.g., doping concentration and length of the gain
fiber) and the input pulse (e.g., pre-chirp, duration, and power) from the fiber oscillator. The results
from detailed numerical modeling are presented in Section 3.2 and 3.3. We find that the input pulse
pre-chirp—a quantity that can be easily tuned in experiments—is critical for optimizing the system
to achieve high-quality compressed pulses. Section 3.4 presents the experimental results
confirming the existence of an optimum negative pre-chirp that leads to the best-quality

compressed pulses, as predicted by numerical modeling. Finally Section 3.5 concludes the chapter.

3.2. Modeling Nonlinear Amplification of Femtosecond Pulses in YDFAs

Amplification of femtosecond pulses in an YDFA involves nonlinear interaction among the

pump, signal (i.e., the input pulses to be amplified), and Yb-fiber. The process can be accurately
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modeled by coupling two sets of egs. [54—56]: (1) the steady-state propagation rate eqs. that treat
the Yb-fiber as a two-level system and (2) the generalized nonlinear Schrédinger equation
(GNLSE) that describes the evolution of the amplified pulses. Such a model, with all the modeling
parameters experimentally determined, enables us to study and therefore optimize a femtosecond

MOPA system.

The YDFA can be pumped in the co-propagating scheme (i.e., pump and signal propagate
in the same direction.), counter-propagating scheme (i.e., pump and seed propagate in the opposite
direction.), or both. In this chapter, we focus on the co-propagating pumping scheme which is
normally adopted in monolithic femtosecond nonlinear fiber amplifiers. Under this scenario and
with amplified spontaneous emission (ASE) neglected, the model includes the following

steady-state-propagation rate eqs. [57—59] and the GNLSE [60]:
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In Eq. (1), the amplifier is treated as a homogeneously broadened two-level system.
p accounts for the ion density per unit volume. N:and N, satistying Nu(t,z)+N.(t,z)=1, denote the
ion fraction for the upper state and the ground state. Ps(4,z)and P, (4z) represent the signal and

pump power at position z for wavelength 1. I, ( I's) corresponds to the modal overlap factor
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between the pump (signal) mode and the ion distribution [61]. . and o, denote the emission and
absorption cross-sections. The spontaneous decay rate from level 2 to 1 is I/12;; 72 is the
characteristic fluorescence lifetime. The stimulated absorption/emission rate and pumping rate for

a fiber core-area A are W;=Iy(i)oeaPshvsA and R;=Ip(2)0eaPp/hvpA, respectively.
For the steady-state solution, by setting 0N, (t,z)/6t=0 , we then obtain

No@z)=[Ri2(A,2)+Wi2(2,2)]/[Ri12(2.2) + R21(A,2) + Wi2(A,2) + W21 (A,2)+1/121]. 3)

When writing Eq. (3), we assume that the inverse of the pulse’s repetition-rate is much shorter

than the relaxation time of the upper level (~1 ms), which holds for our devices.

The nonlinear propagation of the signal pulse is governed by the standard GNLSE
(i.e.. Eq. (2)), taking into account the gain, dispersion, self-phase modulation, self-steepening, and
stimulated Raman scattering. A(z,1), B, 7, and wp are the amplitude of the slowly varying envelope
of the pulse, n-th order fiber dispersion, fiber nonlinearity, and central frequency of the pulse,
respectively. R(t) denotes both the instantaneous electronic and delayed molecular responses of
silica molecules, and is defined as R(t)=(I-fx)d(t)+ fr(ti’+ 12°)/(tit2*)exp(-t/r2)sin(t/r;) where
/&, 71, and 72 are 0.18, 12.2 fs, and 32 fs, respectively [60]. The GNLSE is solved by the split-step
Fourier method implemented using the fourth-order Runge-Kutta method in the interaction

picture [62] with adaptive step-size control [63].
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Fig. 3-1. Iteration flow chart of the modelling.
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Flow chart in Fig. 3-1 illustrates the iteration in numerically solving Eq. (1) and (2). In each
step, the signal power spectrum Ps(w,zg) is first calculated from A(w,zg) and then substituted into
the rate equation Eq. (1) to obtain the signal power Ps(w,zo+4z) at the next position. The gain
spectrum g(w,zop) is derived from Ps(w , zo+4z) and Pg(w,zp), and fed into Eq. (2) to derive
A(w, zo+4z) from A(w,zy). Repeating this iteration generates the longitudinal distribution of pump

power and population inversion as well as the nonlinear evolution of the seed-pulse along the

gain fiber.
Table 3-1. Amplifier parameters used in the simulation
Core COl‘('E Fluorescence
Famp Diameter N éxdeal Lifetime p2 p
Wavelength (a) Aperture P ] y
(N.A.) 1
976 nm 5 um 0.13 1.4 ms e 30 0.0047

fs’/mm  fs’/mm  (Wm)'

Table 3-1 lists the key simulation parameters. For a single-mode step-index fiber with its
fundamental mode approximated by a Gaussian, the overlap of the optical mode and ion
distribution becomes I'=I-exp(-2a’w’). a is the ion dopant radius or core radius
and w the mode field radius at 1/e* power intensity approximated by the Whitely
model:  w=a(0.616+1.66/V'°+0.987/V°) [41], where V is the normalized frequency.
The wavelength dependent emission cross-section o. and absorption cross-sections g, are adapted

from Fig. 2 in Ref. 30.
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Fig. 3-2. (a) Pump and signal power as a function of Yb-fiber length. (b) RMS
duration of the optimum compressed- pulse and the transform-limited pulse
as a function of Yb-fiber length.

As an example, we study a YDFA seeded with an 80-MHz pulse train centered at 1.03 um
with 20-mW average power corresponding to 0.25-nJ pulse energy. The amplifier is constructed
from a single-mode Yb-fiber with the ion density of 1025 m™ pumped by a 976-nm diode with
600-mW average power. The amplified pulse is then compressed using a pair of
diffraction-gratings (600 grooves/mm for line density) operating at 45° incident angle which
introduces a negative group-delay dispersion (GDD) of -1408 fs*/mm and a third order dispersion
of 2180 fs*’mm. For the simulation results in Fig. 3-2, the input signal is a transform-limited
Gaussian pulse of 170-fs root-mean-square (RMS) (or 200-fs full width at half maximum (FWHM))
duration. Figure 3-2(a) plots the absorption of pump (blue, solid line) and amplification of signal
(red, dashed line) as a function of Yb-fiber length. For a 2-m Yb-fiber, the pump is almost
completely absorbed and the signal power reaches the maximum of 560 mW. Note that in this
chapter, the input pulse is characterized by FWHM duration which is normally used for a
Gaussian-shaped pulse. For a compressed pulse, we use RMS duration which provides better
information on both the compression quality and the pulse pedestal. At each Yb-fiber length, the

grating-pair separation is adjusted to compress the amplified pulse to the optimum (i.e., shortest)
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RMS duration, plotted in Fig. 3-2(b). As a comparison, the corresponding transform-limited RMS
duration is plotted in the same figure as well. While the transform-limited duration monotonically
decreases due to the continuous increase of the pulse’s bandwidth, the optimum compressed
duration reaches a minimum value of 63-fs at the Yb-fiber length of 100-cm. At this length, the
compressed duration coincides with the transform-limited duration indicating a close-to-perfect

compression. Nonetheless, the signal power is only amplified to 140 mW.

3.3. Optimization of Different Amplifier Parameters

As shown above, although a longer Yb-fiber length leads to higher amplified power, the
compressed-pulse duration deviates farther away from the transform-limited duration, implying a
worse compressed pulse quality. Therefore, achieving both high amplified power and good
compressed-pulse quality requires optimizing more parameters (e.g., input pulse chirp, bandwidth,

and power, Yb-fiber length and doping concentration, and grating pair separation, etc.).

minimal
duration

Chirping (600 lines/mm)

Pump e Compressor
A — YDFA Grating Pair
Signal —)[

Fig. 3-3. The typical experimental scheme for further optimization.

3.3.1 Optimization of the Input Pulse Pre-Chirp

We first use our model to investigate the effect of the input pulse chirp on the pulse
compression with the Yb-fiber length fixed at 2-m. As shown in Fig. 3-3, the signal pulse is
pre-chirped, then amplified by a YDFA, and finally compressed to its minimal RMS duration by
a diffraction-grating pair. The positive pre-chirp is introduced by propagating the pulse through

fused silica with 8> = 18.9 fs>/mm and 3; = 16.5 fs>’mm; the negative pre-chirp is generated from
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a diffraction-grating pair the same as the one in the previous section, with > = -1408 fs?>/mm and

B3 = 2180 fs’>/mm. In the simulation, other parameters remain unchanged from Section 3.2.
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Fig. 3-4. (a) Optimum RMS duration of the compressed-pulse and the corresponding
transform- limited RMS duration as a function of pre-chirping GDD for the input
pulse. Insets: compressed pulses and transform-limited pulses for three different
pre-chirp. (b) bandwith evolution inside the Yb-fiber amplifier. (c) output sepctra
for three different pre-chirp.

Figure 3-4 summarizes the simulation results with the total GDD varying from -7x10* to
4x10* fs? for pre-chirping the input signal pulse prior to amplification; hereafter, we refer to such
GDD as pre-chirping GDD. While the transform-limited RMS duration (green, dashed line in

Fig. 4(a)) slightly varies, the optimum RMS duration for the compressed pulse strongly depends
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on the pre-chirping GDD. Insets of Fig. 3-4(a) show the compressed pulse (blue, solid line) and
transform-limited pulse (green, dashed line) for three different GDD: (I) -5x10* fs?, (II) 0 fs?, and
(IT) 1.9x10* £5%. Figure 3-4(b) illustrates the evolution of RMS bandwidth along the Yb-fiber for
these three pre-chirping cases. The characteristics of spectral evolution in the three different GDD
cases can be seen more clearly in Fig. 3-5. For a negatively pre-chirped input-pulse (e.g., case I),
its spectrum (blue line) experiences an initial spectral compression [55,56] and then subsequent
spectral broadening. While the case II (i.e., zero pre-chirp) generates the broadest spectrum in
terms of RMS bandwidth, both its transform-limited pulse and the optimum compressed-pulse are
longer than the other two cases due to the existence of strong pedestals. This simulations suggests
that varying the input pulse pre-chirp leads to different spectra, some of which exhibit considerable
temporal pedestals that severely limit the quality of the compressed pulse. This can be clearly seen
in Fig. 3-4(c), in which the output spectrum corresponding to negative pre-chirp (shown as blue
curve) exhibits less steep wings than the other two cases; the resulting transform-limited pulse has
minimal pedestals in general. In this case, there exists an optimum negative pre-chirping GDD that
leads to a compressed pulse with the shortest duration close to its transform-limited duration

(see case I inside Fig. 3-4(a)).

In fact, this phenomenon appears in mode-locked Yb-fiber oscillators as well. Depending
on the amount of net cavity GDD, an Yb-fiber oscillator may operate in different mode-locking
regimes (i.e., stretched-pulse, similariton, and dissipative soliton) [64]. For a stretched-pulse
Yb-fiber oscillator that features a net cavity GDD close to zero, the intra-cavity pulse prior to
entering the gain fiber acquires negative chirp from dispersion over-compensation by optical
elements with negative GDD (e.g., diffraction-grating pair, chirped fiber Bragg grating, and

hollow-core photonic-crystal fiber). On the contrary, the intra-cavity pulse in similariton or
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dissipative soliton Yb-fiber oscillators exhibits positive chirp before entering the gain fiber. Our
simulation results presented in Fig. 3-4, despite modeling a single-pass Yb-fiber amplifier, explain
why stretched-pulse mode-locking produces better pulse quality than the other two regimes of

mode-locking.
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Fig. 3-5. Spectral evolution for three different pre-chirping GDD:
(I) -5x104fs2, (11) O fs2, and (I11) 1.9x104 fs2.

3.3.2 Optimization of the Input Power and Optical Bandwidth

In this subsection, we study the compressed pulse quality as we vary the FWHM duration
from 200 fs to 600 fs (i.e., different input optical bandwidth) for an input gaussian pulse before
being pre-chirped. The input RMS duration can be calculated from the input FWHM duration by
Trwrn = 11787 g5 . Other parameters such as the fiber length are the same as those in the previous

section. For every input power and input transform-limited pulse duration, we scan the pre-chirp

to find the optimum compressed-pulse duration.

Figure 3-6 illustrates the optimum compressed duration versus input power for an input
pulse with different transform-limited duration. The optimum compressed RMS duration occurs
at ~20-mW input power, corresponding to a pulse energy of ~0.25 nJ. For an input power less than

20mW, the optimum compressed duration starts to increase significantly because the accumulated
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nonlinearity is too small to broaden the spectrum enough for achieving substantial pulse
compression. Even for an input pulse duration of 500 fs, it can be compressed to 63 fs, a factor of
6.7 in RMS duration shortening. That is, as long as we apply a suitable pre-chirp, the RMS duration
of the compressed pulse varies slightly as the transform-limited input pulse duration changes from

200 fs to 500 fs. These results indicate that, while the amplified output power is nearly the same
(slight difference due to wavelength dependent emission/absorption cross-section) for all cases

(~560 mW), the best compressed pulse is achieved by optimizing both the pre-chirp and the input

power.
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Fig. 3-6. Calculated RMS duration for the optimum compressed-pulse as a function
of input signal power for five different spectral bandwidths corresponding to
transform-limited pulse FWHM duration of 200 fs, 300 fs, 400 fs, 500 fs, and 600fs

3.3.3 Optimization of the Yb-ion Doping Concentration

Furthermore, at 20-mW input seed power and 600-mW pump power, we study the effect of

three different Yb-ion doping concentrations: 10%°/3 m™, 10 m?, and 3X10% m™. Varying the

doping concentration allows us to better understand the interplay between nonlinearity and the
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amplifier gain. To get the same amplified power for these three cases, the fiber lengths are chosen
to be 6 m, 2 m, 2/3 m, respectively since the amplified power is determined by the product of the
Yb-fiber length and its doping concentration. Figure 3-7 shows that, for different transform-limited
input-pulse duration, the optimized compressed pulse duration depends on Yb-fiber doping
concentration. For a higher doping concentration with shorter fiber-length, the accumulated
nonlinearity is reduced. This is a consequence of the reduced effective length of the amplifier. In
general, Yb-fiber with higher doping concentration is preferred for the input signal pulse with

shorter transform-limited duration.
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Fig. 3-7. Calculated RMS duration of the optimum compressed pulse as a function of
the FWHM pulse duration of the transform-limited Gaussian input pulse for three
doping levels: blue-triangle curve for high doping at 1025/3 m3; red-circle curve for
medium doping at 1025 m-3; and black-square curve for low doping at 3 X102 m-3.
The purple-diamond curve shows the compressed-pulse RMS duration obtained
with a low-doping Yb-fiber amplifer seeded with transform-limited pulses.

For a long Yb-fiber (here 6 meters) with low doping concentration, the resulting

nonlinear fiber amplifier works in a well-studied regime known as parabolic similariton
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amplification; that is, any input pulse to an amplifier constructed from sufficiently long Yb-fiber
will asymptotically evolve into a positively chirped pulse with a parabolic temporal profile and
propagates inside the fiber amplifier self-similarly [65,66]. Most existing investigations employed
a transform-limited pulse at the input, corresponding to the purple-diamond curve in Fig. 3-7. The
curve shows that achieving shorter compressed pulses prefers longer transform-limited pulses at
the fiber input for low-doped Yb-fibers. The compressed pulse duration can be further reduced if
the input pulses are optimally pre-chirped; see the black-square curve in Fig. 3-7. Note that
parabolic similariton amplification suffers from limited gain bandwidth and stimulated Raman
scattering [67]. These limitations have been numerically studied assuming a finite Lorentzian gain
bandwidth [68,69]. With the gain derived from the rate eq. in our model, we can perform a more

accurate optimization of parabolic similariton amplification.

3.4. Summary

We use a model —which couples the steady-state-propagation rate eqs. and the GNLSE—to
study nonlinear amplification of femtosecond pulses in Yb-fiber amplifiers configured in the
co-propagating pump scheme. We investigated these femtosecond Yb-fiber amplifiers to achieve
better compressed pulse quality by optimizing the parameters, such as the input pulse pre-chirp
and power, input pulse bandwidth, and Yb-fiber doping concentration. The results show that, in

general, a negative pre-chirp achieves the best compression, as is verified experimentally.

The presented study has practical applications. For example, we have demonstrated a
fundamentally mode-locked Yb-fiber oscillator emitting ~206 fs pulses with 15-pJ pulse energy
and 3-GHz repetition rate [21]. Stabilization of the oscillator’s repetition rate and the
carrier-envelope phase offset will result in a femtosecond frequency comb with 3-GHz line spacing.

Such a large line spacing is desired in many spectral-domain applications, ¢.g., frequency combs
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optimized for precision calibration of astronomical spectrographs [28-33]. Stabilization of the
carrier-envelope phase offset using the well-known 1-2f heterodyne detection technique involves
generation of low-noise supercontinuum using ~100-fs (or even shorter) pulses with ~1-nJ pulse
energy. Both our theoretical and experimental results enable us to construct an optimized Yb-fiber
amplifier followed by a proper compressor to achieve these pulse requirements from the initially

long (~206 fs) and weak (15 pJ) oscillator pulses.

48



Chapter 4

Frequency Comb based on a 280-MHz
Narrowband Yb-fiber Oscillator

4.1. Motivation

To experimentally validate the pre-chirp management method introduced in Chapter 3, we
build a 280-MHz narrowband Yb-fiber oscillator and tried to achieve high pulse energy and short
compressed pulse duration after YDFAs with the aid of the pre-chirp management. Furthermore,
based on this method we couple the optimal compressed pulse into a highly nonlinear fiber to
generate octave-spanning SC for further fcro detection. Finally, a 280-MHz frequency comb based
on a narrowband Yb-fiber oscillator is demonstrated. The demonstrated 280-MHz frequency comb
based on a narrowband oscillator should lay the basis for building the 3-GHz fiber laser frequency

comb.

4.2. Background of High Rep-rate Frequency Comb

Femtosecond laser frequency combs are femtosecond mode-locked lasers with their
repetition rate (frep) and carrier-envelope offset frequency (fceo) phase-stabilized to a frequency
standard [7]. Many applications (e.g., optical arbitrary waveform generation and calibration of
astronomical spectrographs) demand frequency combs with line spacing >10 GHz such that each

individual comb-line can be accessed. Such a requirement has stimulated recent research
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endeavors in developing femotosecond lasers with >1 GHz repetition rate. Although 10 GHz
repetition-rate operation has been achieved in a Kerr-lens mode-locked Ti:sapphire laser
(and frequency comb) [34], scaling up repetition-rate is being intensively pursued in femtosecond
lasers incorporating Yb-doped gain materials which can be directly diode-pumped and exhibit

excellent power scalability [21,36,37,70-74].

Table 4-1. A survey of diode pumped, mode-locked Yb femtosecond lasers with >1
GHz repetition rate. SBW: spectral bandwidth at FWHM, 1, (T1.): transform-limited
pulse duration (assuming sech? pulse), SAM: saturable absorber mirror.

Mode- Gain

Srep SBW T p(To) Yoikei el Year Reference
1.0GHz 4.8 mm 240 fs SBR Yb:KYW 2009 [70]
1.0GHz 7.0nm 160 fs SBR Yb:fiber 2012 [39]
1.0GHz 3.8nm 280 fs SBR Yb:KYW 2012 [72]
28GHz 7.5nm 150 fs SBR Yb:KYW 2012 (36]
4.6GHz 11.0 nm 105fs  Kerr-lens Yb:KYW 2012 [73]
48GHz 4.1nm 396 fs SBR Yb:KGW 2009 [37]
4.9 GHz 2.1 nm 800 fs SBR Yb:glass 2013 [74]
15 GHz 2.1nm 811 fs SBR Yhb:glass 2012 [75]

A survey of high repetition-rate (>*1 GHz) femtosecond lasers with Yb-doped gain media
(Table 4-1) shows that most of these lasers are of relative narrow bandwidth supporting pulse
durations well-exceeding 100 fs. The only exception is the Kerr-lens mode-locked Yb:KYW laser
reported in Ref. 8, which produces 105 fs pulses. In addition to the lack of self-starting, such a
laser employs minimal output coupling in favor of Kerr-lens mode-locking and thus produces only
6 pJ pulse energy [8]. Other femtosecond lasers in Table 4-1 are all capable of self-starting with

mode-locking initiated and stabilized by a saturable absorber mirror (SAM); however the produced
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pulses feature narrowband and long transform-limited pulse duration as a result of reduced
nonlinear effects due to the lower intra-cavity pulse energy for GHz repetition rate. Especially for
repetition rates >3 GHz, the SAM mode-locked lasers produce optical bandwidths of <5.5 nm,

corresponding to >200 fs transform-limited pulses.

In implementing a self-referenced frequency comb, stabilization of fcro 1is rather
challenging. It normally involves nonlinearly broadening the laser spectrum inside a highly
nonlinear fiber to generate supercontinuum (SC) spanning an octave. fcro is then detected
by heterodyning the short-wavelength edge of the SC with a frequency-doubled copy of the
long-wavelength edge. A high-quality SC featuring excellent coherence is crucial to achieve a
low-noise fceo that ensures a stable frequency comb. Detailed experiments and numerical
simulations have found that the SC coherence is primarily determined by the input pulse duration
coupled into the nonlinear optical fiber [11]. As a rule of thumb, pulses of 100 fs (or even shorter)
produce SC with good coherence to detect and stabilize fceo. Therefore, it is not surprising that
most demonstrated frequency combs are based on lasers with direct output of <100 fs pulses.
As for multi-GHz lasers featuring long output pulses (>200 fs), the following question naturally
arises: is it possible to fully stabilize narrowband lasers to achieve self-referenced frequency combs

possessing multi-GHz line spacing?

This question has been partly addressed in Ref. [76] by comparing fcro detection using
octave-spanning SC generated by pulses of different duration. The SC generated from 290 fs pulses
exhibits poor coherence and fcro is not detectable. As the 290 fs pulses are first spectrally
broadened and then compressed to 100 fs using a passive fiber-compressor, the spectral coherence
of the resulting SC is substantially improved, and consequently fceo is detected showing a

signal-to-noise ratio (SNR) >27 dB at 100 kHz resolution bandwidth (RBW) [76]. However the
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authors did not reference the fcpo to a frequency standard to demonstrate a fully stabilized

frequency comb.

In this chapter, using the pre-chirp management method, a self-referenced frequency comb
based on a 280 MHz narrowband Yb-fiber oscillator which is intentionally mode-locked with
output spectral bandwidth of 5-nm corresponding to 415 fs transform-limited pulses. Differently
from the passive compression of the long pulses, we employ a nonlinear Yb-fiber amplifier which
amplifies the narrowband pulses as well as broadens their optical spectrum. The power amplified
and spectrally broadened pulses are then compressed prior to SC generation. To optimize the fceo
signal, we optimize the nonlinear pulse amplification by pre-chirping the pulses at the amplifier
input. An optimum negative pre-chirp exists that produces the best-quality compressed pulse for
SC generation and leads to a detected fceo signal with 35 dB SNR measured with 100 kHz RBW.
We phase stabilize the fceo using a frequency shifting method [77], which results in 0.64-rad

(integrated from 1 Hz to 10 MHz) phase noise for the in-loop error signal.

4.3. Narrowband 280 MHz Yb-Fiber Oscillator

The 280 MHz Yb-fiber oscillator, schematically shown in Fig. 4-1, is configured as a
linear cavity pumped by a 976-nm single-mode laser diode up to 600 mW average power
(JDSU 30-7602-660). The laser cavity consists of an 8.3-cm highly doped Yb-fiber
(Coractive SCF-YB550-4/125-19) to provide gain and three dispersion-compensating mirrors
(DCM) for managing the cavity dispersion. The flat end of the gain fiber is firmly attached to a
dichroic mirror that transmits pump and reflects the intra-cavity lasing beam. The wave plates and
polarization beam cubes allow six bounces of the optical beam from the DCMs per round trip;
each bounce leads to a negative group velocity dispersion of -2000 fs>/mm [51]. A SAM with

<1 ps recovery time and 15% modulation depth initiates and stabilizes the mode-locking.
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Fig. 4-1. (Top) Schematic setup of the 280MHz Yb-fiber oscillator. DM: dichroic
mirror, HW: half-wave plate, QW: quarter-wave plate, DCM: dispersion
compensating mirror, PZT: piezo-electric transducer, and SBR: saturable Bragg
reflector. (Bottom) Photo of the 280MHz Yb-fiber oscillator.

Mode-locking self-starts at a pump power of 250 mW. With 350 mW pump power, the
oscillator outputs 90 mW average power with 5 nm bandwidth (FWHM) centered at 1028 nm,
shown as the black curve in Fig. 4-2. This spectrum supports 415 fs transform-limited pulses.
We measured the relative intensity noise (RIN) of the oscillator in a coarse enclosure. The
integrated RIN (often referred to as instability) from 1 Hz to 10 MHz is 0.3%. The RIN of the laser

oscillator showed considerable environmental disturbances (e.g. mechanical resonance, air current,
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temperature drifting) which, however, can be effectively suppressed using better isolation of the
laser from the environment.
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Fig. 4-2. Narrowband (black solid curve) and broadband (red dotted curve)
spectra of the modelocked 280 MHz Yb-fiber oscillator.

By adjusting the output coupling ratio with the half-wave plate and choosing different SAMs,
we can mode-lock the oscillator with different output bandwidths. For example, use of a different
SAM generates a 15-nm bandwidth shown as the red-dotted curve in Fig. 4-2. To demonstrate the

feasibility of achieving frequency combs from narrowband oscillators, we intentionally run the

oscillator with 5-nm bandwidth during our experiments.

4.4. Experimental Results on Pre-Chirp Management for Optimizing
Compressed Pulse Quality

To validate the pre-chirp management method experimentally, Fig. 4-3 shows the

experimental setup, consisting of a 280 MHz oscillator serving as a seed source, a diffraction

grating pair to adjust the pre-chirp of the input pulse at the input of the Yb-doped fiber amplifier,
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and finally another diffraction-grating pair to compress the amplified pulse to the shortest pulse
duration. The output pulse from the oscillator has a duration of 2.1 ps with ~6 nm FWHM
bandwidth centered at 1030 nm. Since the pulse is positively chirped, use of a grating pair
(600 grooves/mm) providing negative chirp allows to continuously tune the input-pulse pre-chirp
from positive to negative by changing the separation of the grating pair. The pre-chirped pulses
are coupled into the YDFA including a 2-m Yb-fiber (Nufern SM-YSF-LO) pumped by two laser
diodes (Oclaro LU962UF76-20R) combined with a polarization beam combiner. The amplified

pulses are compressed by the second grating pair to the shortest pulse duration.
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Fig. 4-3. Experimental set-up. OSC: oscillator, HP: half-wave plate, QP: quarter-wave

plate, CL: Coupling lens, FBS: fiber beam splitter, LD: laser diode, PBC: polarization

beam combiner, WDM: wavelength division multiplexer, YDF: Yb doped fiber, OSA:
optical spectrum analyzer, AC: autocorrelator, and P.M.: power meter.

With the fixed 20-mW input power, we achieved amplified pulses of 600-mW average power
at 1-W pump power. We varied the pre-chirp by changing the separation of the first grating pair

and then adjusted the second grating pair to compress the amplified pulses to its shortest FWHM
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duration measured by an autocorrelator. We recorded the compressed-pulse spectra as we varied
pre-chirp and then calculated from these spectra the RMS duration of the transform-limited pulses.
Such a RMS duration was plotted in Fig. 4-4 as a function of pre-chirping GDD. Figure 4-4(b)
plots the input pulse spectrum (black dashed curve) and three compressed-pulse spectra
corresponding to different pre-chirping GDD: -6.3x10* fs? (orange curve), -1.8x10* fs* (blue

curve), and 1.0x10* fs? (red curve).

For all three cases, the input spectrum is broadened from ~6 nm to >20 nm. However, the
shape of the amplified pulse spectrum varies substantially with different pre-chirp, and in turn
supports a different transform-limited pulse duration. The black scattered curve shows that the
minimum duration is achieved at a negative pre-chirping GDD of -6.3x10* fs*>. Also plotted in
Fig. 4-4(a) are the autocorrelation traces for the three compressed pulses corresponding to these
three pre-chirping GDDs. The FWHM of these autocorrelation traces are 134 fs, 149 fs, and 169
fs, respectively. Apparently, the best compression quality occurs at the pre-chirping GDD of
-6.3x10* fs* with a measured autocorrelation trace of 134-fs, suggesting a de-convolved pulse of
~100 fs. Deviation from this optimum pre-chirp degrades the compressed-pulse quality featuring
an increased temporal pedestal. The spectra in Fig. 4-4(b), similar to the results shown in
Fig. 3-4(c), show that, as we vary the pre-chirping GDD from the optimum value of -6.3x10* fs?
to -1.8x10* fs? and then to 10* fs?, the corresponding spectra start to develop sharper edges, which
leads to larger pedestal for the compressed pulses. Note that there are two sections of HI1060
single mode fibers before (2.45m) and after (0.33 m) the YDFA. These two fibers would introduce
excessive nonlinearity. Hence further optimization of parameters other than pre-chirp is needed to

achieve even shorter pulse duration.
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Fig. 4-4. (a) Calculated RMS pulse duration of optimum compressed pulses from
the measured spectrum (black scattered) and simulated curve (green line). The
shortest autocorrelation (AC) trace is achieved at the lowest RMS pulse duration.
Tac (FWHM) =134 fs for a pre-chirping GDD of -6.3x104 fs2, tac (FWHM) =149 fs
for -1.8x104 fs?, and tac (FWHM) =169 fs for 1x10+ fs2 respectively. (b) The spectra
corresponding to three AC traces in (a). The pulse has the largest spectral
bandwidth and smoothest edge for the pre-chirping GDD of -6.3x104 fs2.

The green curve in Fig. 4-4(a) shows the simulation results from numerically modeling of
the experimental setup. It can be seen that the modeling and experimental measurements agree
well for the negative pre-chirp regime. The difference between experiment and simulation can be
mainly attributed to the fact that the emission/absorption cross-section, the doping concentration,
and the modal overlap factors of the pump/signal mode, I, and I, are just assumed rather than
experimentally derived. In the simulation, we neglected the higher-order (>2) spectral phase
of the initial 2.1-ps pulse. Nevertheless, our model correctly predicts the overall tendency

of the measurements: there exists an optimum pre-chirp that results in the shortest compressed

pulse.
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4.5. Frequency Comb based on the narrowband Yb-fiber oscillator
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Fig. 4-5. Fully stabilized frequency comb based on a 280-MHz narrowband Yb-fiber
oscillator. OSC: oscillator, AOFS: acousto-optic frequency shifter, PD: photo-detector,
CL: collimating lens, PBC: polarization beam combiner, WDM: wavelength division
multiplexer, YDF: Yb-doped fiber, ISO: isolator, DM: dichroic mirror, PCF: photonic
crystal fiber, PPLN: periodically poled lithium niobate, and APD: avalanche
photo-detector.

Having demonstrated the pre-chirp management method theoretically and experimentally,
we move on to construct a frequency comb out of this 280-MHz narrow bandwidth oscillator. This
experimental part was mostly done by a postdoc, Jinkang Lim, in our group. Figure 4-5 shows the
setup of the self-referenced frequency comb by stabilizing the repetition rate frp and the
carrier-envelope offset frequency fcro of the narrowband Yb-fiber oscillator. The stabilization is
achieved by four optical building blocks: (1) a grating pair for pre-chirp management prior to the
nonlinear amplification, (2) a 2-stage Yb-fiber nonlinear amplifier to boost power and broaden the
optical spectrum, (3) another grating pair for pulse compression of the amplified pulses, and (4) a
1£-2f interferometer to generate the fceo signal which is stabilized using a feed-forward method

based on an acousto-optic frequency shifter (AOFS) [52].
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4.5.1 Pre-chirp Management for Spectral Broadening and Pulse
Compression

In general, one needs >1 nJ pulses with <100 fs duration for low-noise SC generation in a
highly nonlinear optical fiber to detect the fcro signal with high enough SNR. Here we employ a
2-stage Yb-fiber amplifier to amplify the oscillator pulses as well as spectrally broaden their
optical spectrum. This nonlinear amplification, however, may add strong nonlinear phase shift
causing optical pulse break-up and phase noise owing to amplitude-to-phase noise conversion and
amplified spontaneous emission. Therefore the amplifier has to be optimized for improving the
compressed pulse quality. In Chapter 3, we have investigated, by detailed numerical modeling, the
dependence of compressed pulse quality on the fiber amplifier parameters including input pulse
chirp, duration, and power, and the gain fiber’s doping concentration and length [22].
The simulation results verified by experiments indicate that pre-chirping the oscillator pulse prior
to the nonlinear amplification plays a critical role for optimizing the system to achieve high-quality
compressed pulses. In particular, an optimum negative pre-chirp exists for the best pulse

compression quality.

In Fig. 4-5, the diffraction-grating (groove density of 600 lines/mm) pair before the
Yb-doped fiber amplifier (YDFA) provides a variable pre-chirp for the pulses to be amplified. The
grating pair has a dispersion of -1500 fs*/mm with 60% transmission efficiency at the Littrow
incident angle. Each of the 2-stage YDFA is constructed with a 2-m Yb-fiber forward-pumped by
two 650 mW laser diodes (centered at 976 nm) combined with a polarization beam combiner. The
pre-chirped oscillator pulses are amplified up to 1.4 W and become 1 W after the isolator, and then

550 mW after the grating-pair compressor.
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Because SC generation is extremely sensitive to the intensity noise of the driving
pulses [78-80], we measured the RIN of the amplified pulses at different pre-chirp settings. Figure
4-6(a) shows the integrated RIN from 100 Hz to 10 MHz as a function of the group-delay
dispersion (GDD) for pre-chirping the oscillator pulses. Indeed, the integrated RIN reaches
a minimum of 0.075% at the pre-chirp GDD of -0.09 ps® (indicated by the blue circle in Fig. 4-6(a)).
For comparison, it increases to 0.093% at the pre-chirp GDD of 0.01 ps? (red circle in Fig. 4-6(a)).
Figure 4-6(b) plots the RIN spectra corresponding to these two pre-chirp GDDs
(ie., -0.09 ps® versus 0.01 ps?), indicating that the RIN is considerably reduced especially
at higher frequency (>10 kHz) for the pre-chirp GDD at -0.09 ps? (blue curve in Fig. 4-6(b))

compared with the case of applying 0.01 ps® GDD (green curve in Fig. 4-6(b)).
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Fig. 4-6. (a) Instability (i.e, integrated RIN) for the amplified pulses as a function
of pre-chirping GDD. Black-dotted line: oscillator instability. (b) RIN for different
pre-chirp GDD: +0.01 ps? (red curve) and -0.09 ps? (blue curve).

With the pre-chirp GDD of -0.09 ps? where the minimum RIN is achieved for the amplified
pulses, the compressed pulses reach the minimum duration as well. The red curve in Fig. 4-7(a)
shows the corresponding optical spectrum at the amplifier output, showing that the nonlinear

amplification broadens the oscillator spectrum (blue dashed curve in Fig. 4-7(a)) from 5 nm to

60



>15 nm; such a broadened spectrum accommodates a transform-limited pulse of 90 fs. We
measured the resulting compressed pulse using an autocorrelator and the autocorrelation
trace is shown in Fig. 4-7(b) as the red curve. For comparison, the autocorrelation trace of the
transform-limited pulse calculated from the broadened spectrum is plotted in the same figure as
the blue curve. The good overlap between the two autocorrelation traces indicates that the

compressed pulse has 86% pulse energy in the main peak.
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Fig. 4-7. (a) Oscillator spectrum (blue-dashed curve) and spectrum after the
amplifier (red curve). (b) Experimentally measured autocorrelation trace for
the amplified pulses (red curve). Blue curve shows the autocorrelation trace
of the transform-limited pulse calculated from the amplified spectrum in (a).

4.5.2 Supercontinuum Generation and fcgo Detection

The pre-chirp optimized compressed pulses with >15 nm bandwidth were coupled into 40-
cm long photonic crystal fiber (NKT photonics NL-3.2-945) with 1-nJ input pulse energy. The
generated SC spans from 660 nm to 1400 nm as shown in Fig. 4-8(a). The SC is launched into a
1f-2f interferometer which includes a periodically-poled lithium niobate (PPLN) crystal for second
harmonic generation (SHG) of the 1360 nm wavelength range. The group delay mismatch between
the fundamental frequency and the SHG frequency was compensated by a tunable delay path.

Figure 4-8(b) shows the heterodyned fcro beat-note detected by a Si-avalanche photo-detector.
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With a SNR of ~40 dB, the fcro signal exhibits a Lorentzian line-shape with a free-running

linewidth of <140 kHz (FWHM), which is typical for fiber laser combs [81].
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Fig. 4-8. (a) Octave spanning supercontinuum generation using 40-cm PCF. The two
dashed red lines indicate the wavelengths for 1f-2f interferometer. (b) Measured fcro
(x-axis: fceo—190 MHz) and its linewidth with RBW=100 kHz.

4.5.3 Stabilization of frep and fcro

frep is stabilized by controlling the cavity length using a fast single stack PZT attached to the
back of the SAM. Long-term frp stabilization is ensured using a slow PZT to move the translation
stage on which the SAM is mounted. To control fceo, we implement a frequency shifting technique
via an AOFS in feedback configuration, providing broader control bandwidth than that of pump
power modulation and allowing for decoupling of the fcro stabilization [77,82] from the laser
dynamics and repetition rate lock. The first order diffracted beam is shifted by applying a RF signal
which is generated from a voltage controlled oscillator and then amplified by a linear RF power
amplifier. For fceo stabilization, the fceo beat-note was bandpass-filtered, amplified, and then
heterodyned with a local RF synthesizer; the resulting heterodyned signal was bandpass-filtered,

divided with a pre-scaler, and fed into a digital phase detector which is able to track a +32n phase
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difference. The signal was finally compared with another local RF synthesizer in the phase detector

to generate the error signal to control the AOFS for a complete feedback loop.
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Fig. 4-9 (a) Power spectral density (PSD) and the RMS integrated phase noise;
unlocked (black), locked (red), Phase error calculated by integrating noise PSD
from 1 Hz to 10 MHz (blue). (b) Measured fceo linewidth (x-axis: fcgo - 190 MHz)

with 1 kHz RBW; Inset with 0.2 Hz RBW.

Figure 4-9(a) presents the noise power spectral density, So(f) [rad’/Hz]. of the in-loop error
signal when fcko is locked (red curve) or unlocked (black curve). With the phase-locked loop
closed, the frequency noise of the error signal is substantially suppressed, showing a locking
bandwidth of 150 kHz. The integrated RMS phase noise from 1 Hz to 10 MHz is 0.64 rad.
As Fig. 4-9(b) shows, the corresponding fceo linewidth is <10 Hz with the resolution bandwidth
of 0.2 Hz. The frequency shifting method suppresses broadband technical noise and further noise
suppression can be achieved by isolating the comb from environmental disturbances, by
implementing an active intensity noise eater in the oscillator [82], or by adding a phase

compensation circuit to increase the servo-bandwidth.
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4.6. Summary

In conclusion, based on the experimentally validated pre-chirp management method we have
demonstrated a well-stabilized frequency comb by phase-stabilizing a 280 MHz narrowband
Yb-fiber laser. The narrowband output pulses were pre-chirped, then spectrally broadened in an
Yb-fiber amplifier, and finally compressed to ~100 fs in duration. Also, based on the experience
and techniques building this 280 MHz frequency comb, we should be able to apply these
techniques to building a self-referenced Yb-fiber laser frequency comb based on the 3 GHz,

fundamentally mode-locked Yb-fiber oscillator introduced in Chapter 2 [21].
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Chapter 5

3 GHz High Power Femtosecond Laser
System

5.1. Introduction

In this chapter, we employ the pre-chirp management for building a >12 W high power
3-GHz femtosecond laser system. Such a laser system enables us to demonstrate an ultrafast
few-cycle source at the Ti:sapphire wavelength (Chapter 6), a Watt-level femtosecond tunable
Raman soliton source (Chapter 7), and a 3 GHz fiber laser frequency comb via difference

frequency generation.

5.2. Experimental Setup

Figure 5-1 shows the schematic setup of the high power 3-GHz 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, and 5) a transmission-grating pair to compress the

amplified pulses.

65



= PBCl1 % PBC 2
3 GHz Yb-fiber oscillator =

AR e QL O

WDM1

Transmission
Grating

Doubie-Clad
Yb-Fiber

s«'m‘jﬁ!ﬂ‘

Diffraction
‘ Grating
Amplified Output Pulse

Fig. 5-1. Schematic setup of the 3-GHz high power femtosecond laser system. HW:
half-wave plate; PBC: polarization beam combiner; 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.

The 3-GHz Yb-fiber oscillator, centered at 1027 nm with 3.5 nm bandwidth (blue line in
Fig. 5-2), produces 32 mW average power. The design and implementation of such a 3-GHz
Yb-fiber oscillator has been described in Ref. 13. 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 line in Fig. 5-2).

5.2.1 Pre-Chirp Management on High Power Yb-Fiber Amplifier

Before the pre-amplified pulses enter the power amplifier, we employ the pre-chirp
management method 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 (LIEKKI Yb1200-10/125) spliced to
a PM (6+1) x 1 beam combiner. In the beginning, the amplifier optimization is done with 12W
output power. A 600 line/mm gold reflection grating pair as a pre-chirper and a 1250 line/mm
transmission grating pair as a cCompressor.
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Fig. 5-2. Optical spectra at the output of the 3-GHz oscillator (blue line),
pre-amplifier (red line), and power amplifier (green line), respectively.
Inset: measured autocorrelation (AC) trace of the optimal compressed
pulses after the power-amplifier (black solid line) and the calculated
autocorrelation trace of the transform-limited pulse (black dotted line).
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Fig. 5-3. The shortest autocorrelation traces at different pre-chirp grating distance.

Figure 5-3 shows the shortest autocorrelation traces at different pre-chirp grating distances.

It is clearly seen that even though the FWHMSs of the autocorrelation traces are similar (~158 f5s),
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the pedestals can be reduced dramatically by the pre-chirp management method. This again

significantly shows the benefit from the pre-chirp management method.

5.2.2 Optimized 3-GHz High Power Laser System

To further achieve even better compressed pulse quality, the compressor is replaced by
a 1000 line/mm transmission-grating pair which has a transmission efficiency >85%. By further
optimizing the input power and pre-chirping the pre-amplified pulses, we achieve compressed
pulses with 12-W average power and the measured autocorrelation trace is 140 fs in duration
shown as the solid curve in the inset of Fig. 5-2. The amplified pulses are spectrally broadened to
30-nm bandwidth (green line in Fig. 5-2) during the amplification and are then compressed by
a 1000 line/mm transmission-grating pair (LightSmyth LSFSG-1000). 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. Figure 5-4 shows the output

power of the power amplifier after the compressor vs. the pump power.
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Fig. 5-4. The output power of the power amplifier after the compressor
vs. the pump power.
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5.3. Noise Performance

The performance of (1) the relative intensity noise (RIN) and (2) the timing jitter of the
3-GHz laser system is critical in further finding fceo and therefore making a self-referenced
frequency comb [80,81,83]. In the next two subsections, we show the RIN noise and timing jitter

of the 3 GHz laser system.

5.3.1 Relative Intensity Noise
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Fig. 5-5. Measured RIN and the integrated RIN at the output of the oscillator,
pre-amplifier, and power amplifier.

Relative intensity noise (RIN), the noise power normalized to the average power level, is an
indicator of the power instability of a laser [84]. In the 280-MHz laser system only single-mode
diodes are used, whereas in the 3-GHz laser system four multimode pump diodes
(JDSU L4-9897603-100F) are employed in the high power double-clad Yb-fiber amplifier.
Multimode pump diodes are much noisier than single mode diodes in terms of intensity noise. The
laser output is detected by the photodetector (Thorlabs DET20C) and fed into the vector signal

analyzer (HP 89410A) in order to measure the intensity noise. We compare the measured
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integrated relative intensity noise from 10 Hz to 10 MHz of the 280 MHz system and the 3-GHz
system. The integrated RIN of the 280 MHz system in Fig. 4-6 is <0.1% while that of the 3-GHz
system is ~0.6 %. It is noteworthy that even the 3-GHz oscillator itself has an integrated RIN of
~0.1%. Because of the necessity of using multimode diodes in the high power 3-GHz laser system,
reducing the intensity noise of this laser system becomes extremely challenging. Nonetheless, after
carefully optimization of the whole system by tuning the operating temperature and currents of all
diodes including oscillator pump diodes, the integrated RIN of the 3-GHz laser system is

eventually reduced to <0.2% as shown in Fig. 5-5.

5.3.2 Timing Jitter and frep Locking

Timing jitter describes the phenomenon that the output pulses from a modelocked laser
exhibit some deviation of the temporal pulse positions from those of a periodic pulse train. The
sources of timing jitter in a modelocked laser have been previously studied and summarized in

Haus and Mecozzi’s seminal paper [85].
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Fig. 5-6. (a) Single side band phase noise of the unlocked oscillator (blue) and the
unlocked power amplifier (red). (b) Single side band phase noise of the
locked oscillator (blue) and the locked power amplifier (red).
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Figure 5-6 shows the measurement of the single side band (SSB) phase noise of the first
harmonic (3 GHz) of the laser. The laser output power is focused on a photodetector
(EOT ET-3500), the output of which is filtered by a bandpass filter, and amplified before being
measured with the signal source analyzer (Agilent E5S052). When the oscillator’s repetition rate is
unlocked, the phase noise measurements of oscillator’s output pulses and power-amplifier’s output
pulses are shown in Fig. 5-6(a). We can see that the phase noise (<10 kHz) of the power amplifier
is much larger than that of the oscillator. This is mainly because the intensity noise of the
multimode diodes in the power amplifier results in the amplification of the phase noise of the

amplified output pulses.

For a high rep-rate oscillator, the round-trip length of an n-GHz oscillator is » times shorter
than a 1-GHz laser. If there is a slight change in the cavity length of an n-GHz oscillator, it would
lead to n’-time frequency drift in the repetition rate compared with the drift in a 1 GHz oscillator:
that is, the timing jitter of an n-GHz oscillator would have »° amount of timing jitter compared
with that of a 1 GHz oscillator. Therefore, reducing the timing jitter requires to stabilize the

repetition rate of the 3 GHz Yb-fiber oscillator.

Fig. 5-7. The photo of the saturable absorber mounted on a PZT for fep locking.

As shown in Fig. 5-7, we add a fast single stack PZT attached to the back of the SAM so that

frep can be stabilized. The fiep locking scheme is shown in Fig. 5-8. For frp stabilization, the output
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pulses detected by the fast photodetector (EOT ET-3500A) is bandpass-filtered, amplified, and
mixed with a local RF synthesizer (Agilent E8257D) using a double balanced mixer. The mixed
signal is lowpass—filtered and then connected to the servo controller (New Focus LB1005) to

generate the error signal to control the PZT for a complete feedback loop.
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Fig. 5-8. The fi.; locking scheme of the 3 GHz oscillator.

-50 -10
- |——RBW =10 Hz
60| RBW= 3 KHz (a) 20) (b)
-30
70| .
-40
T 80t - -
g "5 50 i
5 90r T 60
H s [
8 -100f z 70
a L
110 + -80
-120 =
-100 |
-130 . . : . ~
3.00770 3.00775 3.00780 3.0077484 3.0077485 3.0077486 3.0077487
Frequency (GHz) Frequency (GHz)

Fig. 5-9. (a) Unlocked fep with 3 kHz RBW and 100 KHz span. (b) Locked frep with
10 Hz RBW and 300 Hz span.

The phase noise measurements of amplified pulses with the oscillator’s repetition rate locked

and unlocked are shown in Fig. 5-6(b). The low frequency part (<20 Hz) of the phase noise is
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>100 dB reduced to that of the local RF synthesizer. The locking bandwidth is ~1 kHz. However,
the servo box offers too much gain in the low-frequency part such that the phase noise between
20 Hz and 1 kHz is not reduced to that of the RF synthesizer. To improve this, we would need to
start with a better enclosure of the oscillator and the 3 GHz high power laser system to reduce the
low frequency noise. Figure 5-9 shows the RF spectra for locked frep and unlocked frep. By the
Lorentzian fitting, the linewidth of the unlocked frep is ~11 kHz while that of the locked

_f]:ep iS "’75 HZ.

5.4. Summary

We demonstrate a >12-W (> 4-nJ) 3-GHz Yb-fiber laser system with compressed pulse
duration of ~100 fs. This system can be readily applied to the generation of other useful ultrafast
sources as described in the following chapters. Moreover, the short compressed pulse duration
<100 fs satisfies the rule of thumb for that needed to produce SC with good coherence. The

construction of the 3-GHz frequency comb should be promising.
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Chapter 6

Application I: 3 GHz Yb-fiber Laser
Based Few-Cycle Source at the
Ti:sapphire Wavelength

6.1. Motivation

Kerr-lens mode-locked Ti:sapphire lasers have become the workhorses of 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 [15]. 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 [1].

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 the diode-pumped mode-

locked laser based on Cr**-doped colquiriite crystals such as Cr**:LiSAF [86], Cr**:LiSGaF [87],
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and Cr**:LiCAF [88]. These solid-state lasers provide broadly tunable ultrashort pulses around

800 nm with duration as short as ~10 fs [89,90].

In this chapter, 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 the wavelength range of 750-950 nm with an average
power of 94 mW, 184 mW, and 380 mW for fiber lengths 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 for multi-GHz mode-locked Ti:sapphire lasers for applications in optical frequency

metrology and multi-photon coherent microscopy.

6.2. Frequency Up-Conversion using Fiber-Optic Cherenkov Radiation

The presented alternative source is derived from an ultrafast Yb-fiber laser. The state-of-the-
art Yb-fiber oscillators are able to produce ultrashort pulses centered at 1.03 pm with duration less
than 10 optical cycles after external compression [91,92]. 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 (or GDD < 0), they emit dispersive waves
due to the high-order fiber dispersion—a phenomenon known as FOCR [92-95]. 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
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wavelength [96,97]. FOCR has become a wavelength conversion technique [98—100], 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 [101-103]. Most of the reported results produce narrowband (10-20 nm), isolated

FOCR spectra [99,100,104].

Despite originating from the ¥ nonlinear susceptibility of an optical fiber, FOCR shares a
universal feature with other well-known y ® nonlinear effects (e.g., second-harmonic generation):
they all require phase-matching to achieve efficient power conversion. In a previous study, our
group has introduced the concept of coherence length L. to quantify the FOCR bandwidth and its
dependence on the PCF length [105,106]. 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 [106].

FOCR can be accurately modeled by the generalized nonlinear Schrédinger equation
(GNLSE) that takes into account dispersion, self-phase modulation, self-steepening, and

stimulated Raman scattering [60}:
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where A(z,t) represents the input pulse's amplitude envelope. B, = Py is evaluated at the

central frequency ap of the input pulse. y is the nonlinear parameter of the fiber and f(w) the fiber’s
dispersion curve. R(?) describes both the instantaneous electronic and delayed molecular
responses (i.e. SRS) of fused silica, and is defined as R(t)=(1—fr)O(t) +1fr[ (faTf)halt) +1shs(t)].

77



Typical values of fk, fa fb, and f. are 0.245, 0.75, 0.21, and 0.04, respectively [107].
Isotropic Raman response hq(f) and anisotropic Raman response hy(t) are defined as
ha(0)=O(1) (t /2 +122)/ (Tt )exp(—t/t2)sin(t/t;) and hu(t)=O(t)(2ts—1)/ts’bexp(—1t/ts), where 11, 12,

and 7, have values of 12 fs, 32 fs, and 96 fs, respectively. @(1) is the Heaviside step function.
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Fig. 6-1. Simulation of FOCR by solving the GNLSE. (a) FOCR evolution versus fiber
length assuming 780 p] 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-p]
pulse energy where a broadband FOCR continuum forms. The spectral intensity in
both figures is presented on a logarithm scale.

To be consistent with the following experimental results, we simulated an optical pulse
centered at 1.045 um propagating inside PCF NL-3.2-945 available from NKT Photonics. The
fiber exhibits zero-dispersion at 0.945 pm. Figure 6-1(a) shows the spectral 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 c¢m, the optical spectrum starts to rapidly extend to the shorter
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wavelength region; at the 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 6-1(b)
shows another simulation with the fiber length fixed at 3.7 cm and the
input pulse energy varied. The spectrum evolution in Fig. 6-1(b) follows a similar pattern as is in
Fig. 6-1(a), and shows that a broadband FOCR develops for input pulse energy around 780 pJ

designated by the dashed line.

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 repletion-rate.
Therefore, to achieve comparable average power we can use our 3-GHz Yb-fiber laser system to

generate the FOCR ultrafast source.

6.3. Proof-of-Principle Experiment with a 29 MHz Yb-Fiber Laser

We first perform a proof-of-principle experiment based on a 29-MHz ultrafast Yb-doped
fiber oscillator [108]. Yb-doped fiber oscillators can be implemented in many variants. Depending
on the amount of net intra-cavity dispersion, they may operate at different mode-locking regimes
(i.e. soliton, stretched-pulse, similariton, and dissipative soliton) with the intra-cavity pulse
duration ranging from sub-ps to ~10 ps[109,110]. Appendix B gives more detail about the
modelocked Yb-fiber at different mode-locking regimes by simulation. These oscillators normally
emit positively chirped pulses, requiring external compression to reach their transform-limited

duration. Due to the relatively narrow Yb-fiber gain bandwidth (~40 nm), most Yb-fiber oscillators
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produce pulses with duration >50 fs after external compression. Intentionally increasing intra-
cavity nonlinearity can overcome the gain narrowing effect and generate optical pulses with much
broader spectral width, which accommodates even shorter compressed pulses. However, such a
strong nonlinear intra-cavity spectral broadening usually generates structured output spectra with
highly nonlinear phase, rendering pulse compression extremely difficult to reach the
transform-limited duration. Nonetheless, Yb-doped fiber oscillators incorporating substantial
spectral broadening and precise external pulse compression have produced ~20-fs pulses albeit
with considerable temporal pedestals [91,92]. To validate the generation of high-quality few-cycle
pulses at the Ti:sapphire laser wavelength rage, we successfully perform frequency upconversion
of an Yb-doped fiber oscillator using fiber-optic Cherenkov radiation (FOCR); the resulting
ultrafast source produces ~11-fs pulses centered at 850 nm with 170-nm spectral width at 29 MHz

repetition rate.
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Fig. 6-2. Schematic setup of the generation of 11 fs pulses. QW: quarter-wave plate;
HW: half-wave plate; PBS: polarization beam splitter; DG: diffraction grating pair;
SPF: 950-nm short-pass filter; and DCM: double-chirped mirror.

Figure 6-2 shows the schematic setup of the laser source, consisting of four parts:

1) an Yb-doped fiber oscillator mode-locked by nonlinear polarization evolution, 2) a diffraction-
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grating pair to compress the output pulses, 3) a short piece of photonic crystal fiber (PCF) for
FOCR generation, and 4) several double-chirped mirrors (DCMs) to compress the resulting pulses
at 850 nm. The Yb-doped fiber oscillator (29-MHz repetition-rate and 226-mW average power)
operates in the stretched-pulse mode-locking regime with the output spectrum centered at
1030 nm. The output pulses pass through an optical isolator (Thorlabs 10-3D-1030-VLP) with
90% transmission efficiency and are then compressed by a diffraction-grating (600 line/mm) pair,
GD2. The average power of the compressed pulse is 140 mW for a grating-pair efficiency of 70%.
As Fig. 6-3 shows, the measured autocorrelation (AC) duration of the compressed output pulse
(black line) is 94 fs; the inset shows the corresponding optical spectrum centered at 1030nm with
43-nm bandwidth. As a comparison, the autocorrelation trace of the transform-limited pulse
calculated from the optical spectrum is plotted as the red dotted line in Fig. 6-3 as well, showing a

duration of 76 fs.
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Fig. 6-3. The measured AC trace of the Yb-fiber oscillator output pulse (black line)
and the calculated AC trace of the transform-limited pulse (red dotted line)
corresponding to the optical spectrum shown as inset.

Compressed pulses of 84 mW (pulse energy of 2.9 nJ) were coupled into a piece of PCF,

which has a core of 3.2 um in diameter with its zero-dispersion wavelength (ZDW) at 945 nm.

81



A half-wave plate (HW3) was placed before the PCF to mitigate the detrimental effect caused by

the fiber’s residual birefringence. As the coupled ultrashort pulses propagate in the PCF, they emit

dispersive waves at shorter wavelength due to high-order fiber dispersion.
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Fig. 6-4. The output spectrum of (a) the 3.7cm-long PCF (black solid curve) and (b)
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Fig. 6-5. (a) Filtered optical spectrum. (b) AC duration vs. number of DCM bounces
(blue dashed line). (c) The measured AC trace of the compressed FOCR (black line)
pulse and the calculated AC trace (red dotted line) of the transform-limited pulse

corresponding to the (a) filtered optical spectrum.

Figure 6-4 presents the output spectra for two PCFs at different length. Due to a broader

FOCR phase-matching bandwidth, the spectrum in Fig. 6-4(a) produced from 3.7-cm PCF

develops a smooth broadband continuum extending down to ~750 nm well into the Ti:sapphire
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wavelength range. As we increase the PCF length to 4.8 cm, the phase-matching bandwidth
decreases substantially; phase-matching can be only fulfilled in a narrow wavelength range around

750 nm, producing an isolated and narrowband FOCR spectrum (Fig. 6-4(b)).

Since the FOCR is initiated by nonlinearity interacting with higher-order dispersion, the
compressibility of the FOCR continuum remains in question. To answer this question, we use
a 950-nm short-pass filter to slice out the FOCR continuum from the output spectrum shown in
Fig. 6-4(a). The filtered continuum, shown in Fig. 6-5(a), has >170-nm full width at half maximum
(FWHM) with an average power 7.5 mW, corresponding to 9% conversion efficiency. Such a
broad spectrum supports 8.5-fs transform-limited pulses. We then compensated for the spectral
phase using double-chirped mirrors (DCM). Each mirror comprises 80 alternating layers of TiO:
and SiO. Each bounce provides a group-delay dispersion of -56 fs?. The corresponding pulses
were measured by an autocorrelator. Figure 6-5(b) shows the autocorrelation duration versus the
number of DCM bounces. The compressed pulses reach the shortest duration after 8 bounces.
Figure 6-5(c) shows the measured shortest autocorrelation trace (black line); it has a duration
(FWHM) of 15 fs. Also shown in this figure (red dotted curve) is the calculated autocorrelation
trace (red dotted line) of the transform-limited pulse corresponding to the filtered FOCR spectrum;
the autocorrelation duration is 12 fs. We estimated that the compressed pulses using 8§ DCM

bounces have a duration of ~11 fs assuming a deconvolution factor of 1.4.

In summary, in the proof-of-principle experiment we demonstrate that a combination of an
30 MHz Yb-doped fiber oscillator and FOCR provides new capabilities to ultrafast laser
technology: 1) generation of pulses ~11 fs with smooth spectrum and 2) broadband wavelength
coverage overlapped with Ti:sapphire lasers. To scale up the average power, in the next section

we derive our FOCR ultrafast source from a 3-GHz Yb-fiber laser system, and demonstrate
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a 3-GHz source at the Ti:sapphire laser wavelength with up to 380-mW average power and

>200 nm bandwidth (FWHM).

6.4. Experiment with the 3-GHz Yb-Fiber Laser System
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Fig. 6-6. Schematic setup of the 3-GHz ultrafast FOCR source. HW: half-wave
plate; PBC: polarization beam combiner; 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.

To further scale up the FOCR power, we replace the 29 MHz Yb-doped fiber oscillator with
our 3 GHz Yb-fiber laser system. Figure 6-6 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) several double-chirped

mirrors (DCMs) to compress the resulting pulses at 850 nm.
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Fig. 6-7. (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 p] pulse energy corresponding to the
broadband FOCR.

Each key element of the 3 GHz Yb-fiber laser system has been discussed in the previous
chapters. The 3-GHz Yb-fiber oscillator, centered at 1027 nm with 3.5 nm bandwidth (blue line in
Fig. 5-2), produces 32 mW average power. The design and implementation of such a 3 GHz
Yb-fiber oscillator has been described in Chapter 2 [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
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spectrum is broadened to 7 nm (red line in Fig. 5-2). Before the pre-amplified pulses enter the
power amplifier, we employ the pre-chirp management method demonstrated in Chapter 3 [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-um core diameter) spliced to a PM (6+1) x 1 beam combiner.
The amplified pulses are spectrally broadened to 30-nm bandwidth (green line in Fig. 5-2) 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. 5-2. 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.
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Fig. 6-8. (a) Measured output spectra versus coupled pulse energy into 3.7-cm PCF
NL-3.2-945. Spectral power 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 power is shown on a linear scale.

To compare with the simulation results in Fig. 6-1(a), we couple the compressed pulses into

37-mm PCF NL-3.2-945. A half-wave plate (HWS in Fig. 6-6) placed before the PCF mitigates
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the detrimental effect caused by the fiber’s residual birefringence. Figure 6-7(a) records the
measured spectra from the PCF output as a function of coupled pulse energy. In order to visualize
the spectral evolution more clearly, the waterfall plots of Fig. 6-7 are also shown in Fig. 6-8 for
reference. A comparison between Fig. 6-7(a) and Fig. 6-1(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. 6-7),
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. 6-7(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 plJ, 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. 6-7(b) denotes the average power of the filtered spectrum,
which increases monotonically for higher pulse energy. At 780-plJ pulse energy, 184-mW average

power (i.e., 61-pJ pulse energy) is achieved.

It is noteworthy that 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 6-9(a) plots the three broadband FOCR spectra after the short-pass optical
filter. Normalized to their peak at 940 nm, the three spectra are of similar spectral shape centered
at around 850 nm with >200-nm bandwidth (FWHM). The average powers of the filtered spectra

are 94 mW, 184 mW, and 380 mW, respectively.
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Fig. 6-9. (a) Filtered spectra of broadband FOCR at three different fiber length: 28
mm (red line), 37 mm (green line), and 48 mm (blue line). These three spectra
are generated at different input pulse energies: 1430 pJ (28-mm PCF), 780 p]
(37-mm PCF), and 440 p] (48-mm PCF). The spectra are all normalized to their
spectral peak at 940 nm. (b) Blue solid line: measured autocorrelation trace of
the compressed FOCR pulse using DCMs to compensate for the phase from the
FOCR spectrum (i.e., green curve in (a)) generated from the 37-mm PCF with
780-p] input pulse energy. Red dashed line: calculated autocorrelation trace
of the transform-limited pulse given by the FOCR spectrum in the inset.
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Again, 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. 6-9(a). The mirror comprises 96 alternating
layers of TiO2 and SiO»; each bounce provides a group-delay dispersion of -70 fs2. The black solid
curve in Fig. 6-9(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. 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 curve in Fig. 6-9(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 pm [111].

6.5. Summary

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
spectrum and 2) broadband wavelength coverage overlapped with Ti:sapphire lasers. Despite
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 optical frequency metrology
(e.g., astrophysical spectrograph calibration [28] and multi-photon coherent microscopy [1]).

Since the compressed FOCR pulse is derived from the Yb-doped fiber oscillator, and thus
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‘synchronized with the 1.03-pm oscillator output pulse, it is well suited for seeding an optical
parametric amplifier with the pump derived from the same fiber oscillator as well. More
specifically, we can split the fiber oscillator output into two copies—one for 850-nm pulse
generation as the seed and the other after frequency doubling to serve as the pump. The excellent
power scalability of Yb-fiber laser technology makes such an ultrafast laser system truly appealing

for applications in high-field and attosecond science.
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Chapter 7

Application II: 3 GHz, Watt-Level
Femtosecond Raman Soliton Source

7.1. Motivation

Femtosecond laser pulses with multi-GHz repetition-rate are desired in many applications,
including optical arbitrary waveform generation, laser frequency combs for astrophysical
spectrograph calibration, high-speed photonic analog-to-digital conversion, nonlinear bio-optical
imaging, to name a few. To date, all the demonstrated multi-GHz femtosecond lasers operate at
three wavelengths: 0.8 um (e.g., Ti:sapphire laser [112,113]), 1.03 um (e.g., lasers with gain
materials of Yb-fiber [21], Yb-KYW [73], Yb-KGW [37], Yb:glass [75] etc.), and 1.55 pm
(e.g., Er/Yb co-doped fiber laser [38]). Some important applications, however, require such high
repetition-rate femtosecond pulses in a wavelength regime that cannot be directly covered by
available ultrafast lasers. For example, most live biological specimens exhibit a minimum light
attenuation in the range of 1.2-1.35 um [114]. Using femtosecond pulses of this wavelength range
for nonlinear bio-optical imaging (e.g., two-photon fluorescence excitation microscopy,
second-harmonic generation microscopy etc.) allows deeper penetration through turbid specimens.
To avoid photo-induced damage caused by pulse energy rather than average power, increasing

pulse repetition-rate to multi-GHz while keeping the pulse energy relatively low will improve the
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signal-to-noise ratio, reduce the data acquisition time, and increase the image frame rate [2].
Another application is photonic analog-to-digital conversion (ADC) to overcome an aperture jitter
of conventional ADCs by using low timing jitter of mode-locked femtosecond lasers [13].
Multi-GHz mode-locked lasers can support high sampling rate and the wavelength range of
1.2-1.3 pm is compatible with mature SiGe technology, allowing a photonic ADC in a monolithic

electronic-photonic integration platform.

In this chapter, we present a 3-GHz femtosecond Raman soliton source tunable between
1.15-1.35 pum, producing ultrashort pulses with up to 0.9 W average power at 1.35 pm. Such a
Raman soliton source exhibits both the highest repetition rate and highest average power to the

best of our knowledge.

7.2. 3 GHz Raman Soliton Femtosecond Source Generation

7.2.1 Experimental Setup

- PBC1 = PBC2

3 GHz Yb-fiber oscillator

e O Q

= WDMI WDM?2
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Transmission \l/ w
Grating HW4  HW3 Re -
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 —— 9——['—) Grating
HWS5 LPF Raman Soliton

Fig. 7-1 Schematic experimental setup of the 3 GHz Raman soliton source.
HW: half-wave plate; PBC: polarization beam combiner; BC: (6+1)x1 beam
combiner; LPF: long -pass optical filter; and DCM: double-chirped mirror.

92



Figure 7-1 shows the experimental setup consisting of a 3-GHz Yb-fiber oscillator,
a three-stage Yb-fiber amplifier chain, two diffraction-grating pairs to manage the pulse chirp for
high-quality pulse amplification and compression, and a piece of photonic crystal fiber (PCF)
for Raman soliton generation. A detailed description of this high-power Yb-fiber master-oscillator-

power-amplifier system can be found in Chapter 5.

7.2.2 Simulation of Raman soliton in Three Different PCFs

Table 7-1. Parameters of PCFs used in simulations.
(MFD: mode field diameter, ZDW: zero-dispersion wavelength, y: nonlinear
parameter, /3 - group-velocity dispersion, and f3 : third-order dispersion.)

PCF MFD  ZDW b b 3

(type) (pum) (pm) (W'/km) ps“/km (ps’/km)
NL-3.2-945 28 0.945 23 -14.0 0.057
NL-3.7-975 3.1 0.975 18 740  0.059
NL-5.0-1040 40 1.040 11 042 0.063

Raman soliton self-frequency shift arises from the interplay between intra-pulse stimulated
Raman scattering and soliton formation in an optical fiber with negative group velocity dispersion
(GVD) [60]. As a result, the Raman soliton’s center frequency red shifts continuously during the
propagation while maintaining its transform-limited hyperbolic secant profile. The resulting
Raman soliton source delivers wavelength tunable femtosecond pulses at the desired wavelength
that cannot be directly obtained from mode-locked ultrafast lasers [115-119]. The amount of
self-frequency shift depends on many parameters, such as fiber nonlinearity and GVD, input pulse
duration and energy, and fiber length. Semi-analytical methods have been developed to
qualitatively describe the complicated interaction among these parameters [120-122]. However,
an accurate modeling of Raman soliton evolution necessitates numerically solving the generalized

nonlinear Schrodinger equation (GNLSE) that takes into account nonlinear effects including
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self-phase modulation, self-steepening, and Raman scattering [60]. To be consistent with the
following experimental results, we solved the GNLSE to simulate an optical pulse centered at
1.042 pm propagating inside three different photonic crystal fibers (PCFs)—NL-3.2-945,
NL-3.7-975, and NL-5.0-1040—all commercially available from NKT Photonics. Table 7-1 lists

the parameters for these three PCFs.
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Fig. 7-2. Simulation of spectral evolution using GNLSE for three PCFs:
(a) NL-3.2-945, (b) NL-3.7-975, and (c) NL-5.0-1040. The input pulse is of
Gaussian shape with 110-fs FWHM duration and 333-p] pulse energy, which
corresponds to 1-W average power for a pulse train at 3 GHz repetition rate.
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Figure 7-2 shows the spectral evolution along the fiber length for an input Gaussian pulse
with 110 fs full-width-half-maximum (FWHM) and 333 pJ energy. Clearly PCF NL-3.2-945
(Fig. 7-2(a)) and NL-3.7-975 (Fig. 7-2(b)) enable Raman soliton formation that shifts towards
longer wavelength with increased propagation distance. For the same propagation distance, the
Raman soliton in PCF NL-3.2-945 exhibits longer center wavelength than its counterpart in
NL-3.7-975. After propagating 90 cm in PCF NL-3.2-945 (NL-3.7-975), the Raman soliton pulse
centers at 1.3 pm (1.2 um). It is noteworthy that both fibers generate phase-matched dispersive
waves at the shorter wavelength, with center wavelength at 0.7-um for PCF NL-3.2-945 and
0.8-um for PCF NL-3.7-975. For PCF NL-5.0-1040, its zero-dispersion wavelength (1.040 um) is
so close to the input pulse’s center wavelength (1.042 um) that half of the spectrum locates in the
normal dispersion regime (i.e., positive GVD) and the other half in the anomalous dispersion
regime (negative GVD). Together with the weaker nonlinearity (11 W-!/km), PCF NL-5.0-1040

shows minimal Raman-induced frequency shift.

7.2.3 Experimental Results

Guided by above simulation, we launched 1-W of compressed pulses generated from our
3-GHz Yb-fiber master-oscillator-power-amplifier system into 90 cm of these three PCFs, and
recorded the output spectra in Fig 7-3. As predicted by the simulation, PCF NL-3.2-945 and
NL-3.7-975 produce Raman soliton pulses centering at 1.3 um and 1.2 um, respectively. We chose
PCF NL-3.2-945 for a more detailed study since it generates a Raman soliton pulse with the largest
wavelength red-shift. Figure 7-3 records the output spectra from 87-cm PCF NL-3.2-945 for
different input average powers. As the power increases, the Raman soliton peak wavelength (Apeak)
is further red-shifted and a second Raman soliton starts to emerge. With 1.31-W input power, the

1*' Raman soliton peaks at 1.35 pm with 30-nm (FWHM) spectral width. We filtered out this
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Raman soliton spectrum and measured the autocorrelation trace (inset of Fig. 7-4), which is
210 fs (FWHM) in duration; it corresponds to a hyperbolic secant pulse of 136-fs with a

de-convolution factor 1.54.

—— NL-3.2-945
—— NL-3.7-975
— NL-5.0-1040

Intensity (a. u.)

0.7 0.8 0.9 1.0 11 1.2 13 14
Wavelength (um)

Fig. 7-3. Output spectra from three different PCFs: NL-3.2-945 (green), NL-3.7-975
(Red), and NL-5.0-1040 (blue). All fibers are 90 cm long and the average power
coupled into the fibers is 1-W. The spectra are normalized to the Raman soliton peak.

We also measured the peak wavelength (Apeak) and average power of the 1% Raman soliton
generated from PCF NL-3.2-945 at three lengths: 87 c¢cm, 54 c¢cm, and 30 cm (Fig. 7-5). As
Fig. 7-5(a) shows, when shorter PCFs are used to generate Raman solitons at the same wavelength
higher input power is required. For example, the power requirement to produce a Raman soliton
pulse at 1.35 pm is 1.31 W, 1.91 W, and 4.90 W for PCF length of 87 cm, 54 cm, and 30 cm,
respectively. Figure 7-5(b) plots the average power of the 1% Raman soliton as a function of its
peak wavelength for the three PCF lengths. As expected. the average power increases

monotonically with respect to the peak wavelength. At the same peak wavelength, using shorter
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PCF leads to stronger Raman soliton pulse; especially, the Raman soliton pulse peaking

at 1.35 um from 30-cm PCF NL-3.2-945 has an average power of 900 mW.
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Fig. 7-4. Raman soliton generation as a function of input power for 87-cm PCF
NL-3.2-945. The average power coupled into the PCF is also shown for each
spectrum. Inset: autocorrelation trace of the Raman soliton pulse at 1.35 pm.
The spectra are normalized to the peak of the first Raman soliton spectrum.
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soliton as a function of the first Raman soliton peak wavelength for PCF NL-3.2-945

at three different lengths.
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7.2.4 Relative Intensity Noise of Different Order Raman Solitons

The intensity noise of our Raman soliton source is evaluated by measuring the relative
intensity noise (RIN). We measured the RIN of the pulse train directly from the 3 GHz Yb-fiber
oscillator, after the power amplifier, and after Raman shifting to 1.35 pm in a 54-cm PCF. As
Fig. 7-6 shows, the Raman shifting in the PCF increases the intensity noise. The dramatic increase
of low-frequency noise (<10-kHz) is attributed to PCF input-end vibration and thermally caused
instability due to the high average power coupled into the PCF. Nonetheless, the total integrated

RIN is as low as 0.33% from 100 Hz to 10 MHz.
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Fig. 7-6. RIN and integrated RIN for the 3 GHz Yb-fiber oscillator, power amplifier,
and the Raman soliton, respectively. The Raman soliton pulse peaks at 1.35 pm
generated by the 54-cm PCF NL-3.2-945.

7.3. Summary

We demonstrate a 3-GHz repetition-rate (wavelength tunable between 1.15-1.35 pm) source

using Raman Soliton generation in a PCF with, to the best of our knowledge, the highest average
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power of 0.9 W at 1.35 um. The delay nature of the Raman scattering effect transfers the input
pulse energy to a longer wavelength with >35% efficiency within the wavelength tuning range of
the PCF. Further wavelength shifts or power scaling are possible using different PCFs, such as
topographic PCFs or large mode area PCFs [123,124]. This high power 3 GHz wavelength tunable
laser source will find interesting applications in high-speed photonic analog-to-digital conversion,

nonlinear bio-optical imaging, and mid-IR source generation, to name a few.
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Chapter 8

3 GHz Passive Frequency Comb via
Difference Frequency Generation

8.1. Motivation

The ultimate goal of this thesis work is to build a 3-GHz fiber laser frequency comb that will
enable the implementation of next-generation astro-combs based on multi-GHz Yb-fiber laser
technology. Since we have validated the feasibility of building a frequency comb based on a
narrow bandwidth oscillator using the pre-chirp management method in Chapter 4, we first
perform an experiment similar to the one shown in Fig. 4-5 to detect and stabilize the fceo beat
note. The compressed pulses from the 3-GHz laser system are coupled into the same 60-cm long
PCF with ZDW at 945 nm. The generated SC spectrum as shown in Fig. 8-1 spanning from
660 nm to 1400 nm is launched into a 1{-2f interferometer which includes the same PPLN for
second harmonic generation (SHG) of the 1360 nm wavelength range. The red dotted vertical lines
indicate the two wavelengths, 680nm and 1360nm, for the 1f-2f interferometer. However, after
compensating the group delay mismatch between the fundamental frequency and the SHG
frequency by a tunable delay path, the detected signal has a substantially enhanced white-noise
background such that the heterodyned fceo beat-note becomes undetectable, which indicates a SC

of low coherence. This problem does not appear when building the 280 MHz frequency comb.
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Fig. 8-1. The supercontinuum spectra from the 60-cm and the 30-cm
PCFs NL-3.2-945. The red dotted vertical lines indicate the wavelengths for
1f-2f interferometer.

To achieve higher SC coherence, we need a shorter PCF, a shorter pulse, or lower intensity
noise of the pulse in order to reduce the overall noise amplification by modulation instability and
therefore increase the SC coherence [80,83,125-131]. A straightforward way to solve this is to
replace the PCF with a shorter PCF because a longer the PCF leads to SC with worse
coherence [83,125,126]. We then reduce the length of the PCF from 60 c¢cm to 30 ¢m in the
experiment. Figure 8-1 also shows the generated SC from the 30-cm PCF. Furthermore, the
repetition rate of the 3 GHz Yb-fiber oscillator is locked to a RF reference (as introduced in
Chapter 5) in order to greatly reduce the low-frequency timing jitter. Although this is not required
in the 280 MHz fio locking, we believe the improved timing jitter shown in Fig. 5-6 will
significantly enhance the SC coherence because the timing jitter of the input pulse will be
amplified and also be converted to the RIN and phase noise of the SC at the PCF output.

Nonetheless, the heterodyned fceo beat-note remains undetectable. Therefore, we need to come up
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with a different method in detecting fceo in order to improve the coherence and eventually build a

3-GHz frequency comb.

In this chapter, a passively phase-locked laser source based on the 3-GHz Yb-fiber laser
system is introduced. The carrier envelope offset frequency is set to zero via difference frequency
generation between the dispersive wave at 613 nm generated from PCF NL-3.0-850 and the
compressed pulse centered at 1045 nm. A frequency comb with such a high repetition-rate has not

been demonstrated in the Er-doped fiber laser wavelength.

8.2. Investigation of Supercontinuum Coherence

As mentioned in Section 5.3.1, in the 3-GHz laser system the high power double-clad
Yb-fiber amplifier is pumped by four multimode pump diodes, which have much higher RIN than
single mode diodes. We compare the measured integrated RIN from 10 Hz to 10 MHz of the
280 MHz system (which employs only single-mode pump diodes) and the 3 GHz system.
The integrated RIN of the 280 MHz system is ~0.1% while that of the optimized 3 GHz system
is <0.2 %; the 3-GHz oscillator itself has a RIN of ~0.1%. Because of the necessity of using
multimode diodes in the high power 3-GHz laser system, further reducing the intensity noise of
this laser system becomes extremely challenging. Therefore, we resort to a different way to
generate the fceo beat note. In the previous section, the finding of the fcro beat note is done by
beating the SHG of 1360 nm Raman soliton with the 680 nm dispersive wave. Raman soliton is
actually noisy due to the spontaneous Raman scattering and the modulation instability [132,133].
Also, when the PCF is long, the Raman soliton will trap the dispersive wave and the noisy Raman

soliton will thereby affect the dispersive wave; the dispersive wave will become noisy as well.

To investigate how the intensity noise affects the resulting SC coherence, we calculate the
coherence of a noisy pulse at a PCF output. The noise of a pulse could be from the quantum shot
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noise and the technical noise in the experiment environment. Normally in the literature, only
quantum shot noise is taken into account to calculate the SC coherence. The quantum shot noise
is usually modelled semi-classically by adding one photon with random phase to each frequency
bin; the intensity noise (laser technical noise) is modelled by adding a random intensity within a
specified percentage of the overall intensity in each time bin. In our simulation, we only consider
the technical intensity noise because the quantum shot noise is orders of magnitude less; it is the
technical noise that results in the deteriorated SC coherence such that the fcro beat signal becomes
undetectable or buried in the noise. In the simulation, 30 single-shot calculations are performed.
The resulting coherence is defined as the modulus of the complex degree of first-order

coherence calculated over a finite bandwidth at each wavelength in the SC:

<EHAWEAL)> ‘ The angle brackets indicate an ensemble average over

J<IEn)

g (A1, _tz)l = > >
><|Ey (A, 8)| >

independently generated SC pairs, E;(t;, A7) and Ex(t;, A2). We apply the ensemble average to the
simulation results that yields 435 SC pairs obtained from input pulses with different values of

integrated relative intensity noise. Because we are interested mainly in the wavelength dependence
of the coherence, we calculate | gg) | at ¢;-12=0, which, in practice, corresponds to measuring the
fringe visibility at the center of the fringe pattern in a Young two-source experiment [80,83,125-

131].

Figure 8-2(a) shows the simulated coherence of a 0.7-nJ pulse propagating in a 60-cm long
PCF with ZDW at 945 nm with four different levels of added intensity noise, 0.1%, 0.2%, 0.3%,
and 0.6%. The average spectrum with 0.3% intensity noise is shown in green. At 680 nm and
1360 nm (indicated by the two vertical red dotted lines), the 0.1% intensity noise, as in the

280 MHz system, leads to excellent coherence while 0.6% intensity noise, as in the 3 GHz system,
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renders serious coherence degradation (close to zero). This simulation helps understand why we

cannot detect fceo in the 3-GHz system with the conventional method.
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Fig. 8-2. (a) The calculated coherence and average spectrum of a 0.7 nJ pulse
propagating in a 60-cm long PCF with ZDW 945 nm. (b) The calculated coherence
of a 0.7 n] pulse propagating in a 1.8-cm long PCF with ZDW 845 nm.

To overcome the issue of the deteriorated coherence arising from the intensity noise, our idea
is to use a piece of PCF (<5 cm) that can generate FOCR at ~520 nm and beat this FOCR with the
SHG of the compressed pulse centered at 1045 nm to find the fceo beat note. The advantage of this
scheme is that (1) the PCF is short so that the Raman soliton has not yet existed and hence there is
no Raman soliton trapping the FOCR occurs. The coherence of FOCR will be significantly

improved. (2) The SHG of the compressed pulse itself has excellent coherence. Beating this SHG
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rather than the SHG of a Raman soliton with FOCR will definitely render a much better fcro beat
note. (3) The power level of the SHG of the compressed pulses is much larger than that of the SHG
of Raman soliton. Figure 8-2(b) shows the coherence at the output of a 1.8-cm long PCF that
generates FOCR at ~520 nm. The resulting coherence is much better than the SC coherence in
Fig. 8-2(a) even when the intensity noise is as high as 1%. Therefore, we should be able to either
beat the 520 nm FOCR with the SHG of the compressed pulse centered at 1045 nm to generate
and stabilize fceo. In this experiment, we used a 4-cm long PCF NL-2.8-850-02 to generate

FOCR at ~522 nm.

Figure 8-3 shows the normalized spectra of the FOCR, the compressed pules, and the SHG
of the compressed pulses. The spectrum of the SHG overlaps with that of the FOCR. However, we

failed to detect fceo beat note with all these efforts.
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Fig. 8-3. The spectra of the FOCR, the compressed pules, and the SHG of the
compressed pulses.
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8.3. Passive Frequency Comb based on Difference Frequency Generation

The experiments and simulation in the previous section have excluded the possibility that it
is the intensity noise that makes fcro beat note undetectable. The main reason could be that the
optical linewidth of the 3 GHz laser is too broad or the timing jitter is too large such that the
signal-to-noise ratio of the fceo beat note is too low and the beat note is buried below the

background noise of the RF spectrum.

Therefore, we can employ a totally different way of building a CEO-stabilized frequency
comb via difference frequency generation (DFG) to avoid the fcro locking part because the
resulting DFG source has zero CEO frequency. We performed the DFG in periodically-poled
lithium niobate (PPLN) using the FOCR as the pump and part of the compressed pulse as the signal
to generate a DFG wavelength at around 1550 nm. Then a passive frequency comb can be built by

only stabilizing frep.

8.3.1 Passive Frequency Comb (fceo = 0)
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Fig. 8-4. The n* optical frequencies, f;, of the comb lines from a modelocked laser
where fu = fecgo+ n*frep.

The n' optical frequency of the comb lines from a modelocked laser shown in Fig. 8-4 can
be written as fu = fceot nfrep, Where fCro is the carrier-envelope-offset frequency and frep is the
repetition rate. fceo is related to frep by feeo= (ADPcE/2m) -frep Where A®ck is the carrier-envelope
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phase shift and is attributed to the pulse propagation in a dispersive medium, causing the pulse
envelope and carrier wave to travel at different velocities in the laser cavity. Without active
stabilization, fcpo and frep would drift due to a host of environmental disturbances, leading to
changes in the laser's cavity length, refractive index, and nonlinear dynamics. By stabilizing two

parameters (i.e. fcro and frep), we can implement a frequency comb.

In our experiment, since fcro is still undetectable, we can build the 3 GHz frequency comb
by avoiding the need for locking fceo. That is, we can perform difference frequency generation by

mixing two frequencies, fu1 and fr2. The DFG frequency is:
JOFG= fal - fa2= (fCEO+ M2 frep) — (feEOT N1 frep) = (N2- N1)frep.
In this case, the DFG source has zero CEO frequency and a passive frequency comb can be built

by only stabilizing the repetition rate, frep.

8.3.2 Experimental Setup and Results
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Fig. 8-5. Schematic experimental setup of the 3 GHz DFG source. HW: half-wave
plate; PBC: polarization beam combiner; BC: (6+1)x1 beam combiner;
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LPF: long-wavelength-pass optical filter; DM: dichroic mirror; and
PPLN: periodically-poled lithium niobate.

To build a DFG comb, we aim to generate a DFG wavelength at 1.5 pm which is in the
Er-doped fiber laser wavelength so that the generated DFG can be further amplified to a higher
power level for future applications. Besides, the only single-mode narrow linewidth external cavity
diode laser (ECDL, Photonetics Tunics-PR/PRI) available in our lab has a wavelength of 1.5 pm.
We can investigate the DFG linewidth by beating the DFG source against the ECDL. The
experimental setup is shown in Fig. 8-5. As demonstrated in section 5.3.2, the repetition rate, frep.
is always stabilized to a RF synthesizer (Agilent E8257D) during the experiment. One part of the

compressed pulse from the 3 GHz laser system is coupled into a PCF.
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Fig. 8-6. (a) The spectra of the pump (compressed pulses) and the FOCR generated
by a 4-cm PCF NL-3.0-850. (b) The FOCR spectra with different PCF input power.

We choose the PCF NL-3.0-850 to generate the FOCR at around 620 nm. The PCF is only
4-cm long such that the generated FOCR can hold good coherence. The remaining part works as
the pump and is later combined with the FOCR at the PCF output by a dichroic mirror.

The combined beam is then coupled into a 2-mm-long MgO doped PPNL crystal
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(Covesion MSFG612-0.5) to generate the DFG source. The spectra of the pump and the FOCR are
shown in Fig. 8-6(a). The FOCR spectrum varies with the coupled power into PCF as shown in
Fig. 8-6(b). When 0.92 W power is coupled into the PCF, 3-4 mW FOCR is generated at 617 nm.
Although the higher coupler power increases the efficiency of dispersive wave, the wavelength is
more blue-shifted such that it is out of phase-matching condition of the PPLN. By tuning the
relative time delay between two pulses, we can achieve different DFG spectra as shown in
Fig. 8-7. Typical DFG power near 1.5 pm was ~10 pW after two long-pass filters (Edmund optics
#48-565 and Semrock BLP0O1-1319R-25). The PPLN polling period was 10.85 um at the crystal

temperature 110°C. Note that this is just a preliminary result. Higher DFG power can be reached

by using a longer PPLN crystal.
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Fig. 8-7. The spectra of the DFG comb with different relative time delays between
the pump and the FOCR.

110



8.3.3 Optical Linewidth of the 3 GHz passive comb

To check the optical linewidth of this stabilized DFG comb, we performed the heterodyne
beat note measurement between one of the DFG comb lines and the ECDL at 1.5 um whose typical
FWHM linewidth is ~100 kHz. The DFG comb is coupled into one port of a 50/50 fiber beam
combiner with the coupling efficiency of 20% and the fiber-coupled output of ECDL is coupled
into the other input port. The combined output is then detected by a photodetector
(New Focus Model 1601-AC). The measured RF spectrum, with ~-68 dBm peak power, of the
beat note is shown in Fig. 8-8. The signal-to-noise ratio is ~15 dB because of the low DFG power

at 1.5um. The beat note fitted to a Lorentzian shape shows a linewidth of ~1.5 MHz.
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Fig. 8-8. The measured heterodyne beat note between one of the DFG comb line and
the ECDL at 1.5 um. The beat note fitted to a Lorentzian shape shows a linewidth of
~1.5MHz.
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8.4. Summary

To summarize, the 3 GHz passive comb is implemented by difference frequency generation.
To the best of our knowledge, this is the frequency comb with highest rep-rate within the
telecommunication wavelength range. Ongoing work includes increasing the power of the DFG
comb and narrowing the comb linewidth. The DFG wavelength is within the Er:fiber wavelength

and can be further amplified to a higher power level for future applications.
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Chapter 9

Conclusion and Future Work:
Towards a 3-GHz Yb-Fiber Astro-Comb

9.1. Conclusion

In this dissertation, we demonstrate 3 GHz femtosecond laser sources are demonstrated.
These sources are useful for applications in optical coherence tomography, optical frequency
metrology, multi-photon biological imaging, photonic analog-to-digital conversion, etc. First,
a 3-GHz fundamentally mode-locked Yb-fiber laser is demonstrated with the highest rep-rate
among all femtosecond Yb-fiber lasers to date. We then numerically and experimentally study the
optimization of femtosecond YDFAs in order to achieve both high-quality and high-power
compressed pulses for the 3 GHz high power fiber laser system. Using the 3 GHz high power
femtosecond Yb-fiber laser system, a few-cycle ultrafast laser source at the Ti:sapphire laser
wavelength is demonstrated as a promising substitute for multi-GHz mode-locked Ti:sapphire
lasers. In addition, a watt-level femtosecond Raman soliton source, wavelength-tunable from
1.15 pm to 1.35 um, is implemented. Such a Raman soliton source exhibits both the highest
repetition rate and highest average power to the best of our knowledge. At last, we also show the

preliminary work on a 3 GHz passive frequency comb via difference frequency generation at
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1.5 um, which is currently the highest rep-rate frequency comb in the telecommunication

wavelength range.

9.2. Current Issues

We have introduced several experiments on improving fceo and finding fceo beat note in the
3 GHz laser system. Because fcro is still undetectable, we resorted to building a passive frequency
comb via difference frequency generation. A typical fiber laser frequency comb has a linewidth of
~100 KHz or even narrower. As shown in Fig. 8-8. The measured heterodyne beat note between
one of the DFG comb line and the ECDL at 1.5 um. The beat note fitted to a Lorentzian shape
shows a linewidth of ~1.5MHz. On the other hand, we can estimate the
optical linewidth from the comb-line equation. Consider the comb line of the DFG comb at
1.5 um, forG = fa1 - fa2= (n2- n1)-frep Where frep = 3 GHz, the mode number of the comb line (n2- ni)
is 2/3x105. The linewidth of the locked fip in Fig. 5-9(b) has a linewidth of
~75 Hz (Afrep = 75 Hz). Therefore, we can get the estimated value of the DFG linewidth by
AforG = (n2- n1)- Afeep = 2/3%10°x75 = 5 MHz. It turns out the measured linewidth 1.5 MHz is close

to the estimated value.

We also tried to measure the optical linewidth with the 3 GHz oscillator. However, at that
moment the only two single-wavelength laser diodes we could borrow at MIT were at 1064 nm
and 1500 nm. Since the output spectrum from the oscillator does not contain 1064 nm, we instead
measured the optical linewidth of the 3 GHz high power laser system at 1064 nm and the linewidth
is ~20 MHz. In this case, we can have a rough estimation of Afceo being larger than 10 MHz. This
might explain why fceo is undetectable. It is too broad such that the signal-to-noise ratio of fcgo is
very poor. Consequently, to improve the DFG linewidth to one order narrower ~100 kHz, one

solution is that we can work on improving the frp linewidth Afrep. If we can reduce the fiep linewidth
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one order of magnitude smaller, we should be able to achieve a passive comb with optical linewidth

~100 kHz. The task now becomes how to reduce the frp linewidth of the 3 GHz oscillator.

Among the three 3 GHz Yb-fiber oscillators we built, we found the free-running frep linewidth
of the DESY one (Fig. 2-9) has a frep linewidth of ~1 kHz which is one order smaller than those of
the other two oscillators (~ 11 kHz). The only difference in these oscillators is that in the DESY
oscillator we employed a new model of a standalone diode driver controller (Thorlabs CLD1015).
Figure 9-1 shows the RIN measurement of the same pump diode using different diode controllers
in our labs. The Thorlabs controller produces the lowest intensity noise among all the other diode
controllers.
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Fig. 9-1. RIN measurements of the same pump diode driven by different diode driver
controller. The dashed curves are the integrated RIN.

9.3. Future Work
9.3.1 Optical Linewidth Improvement
The next plan on improving the optical linewidth is to lock the frep of the 3 GHz oscillator

with the Thorlabs diode controller and measure the optical linewidth directly from the 3-GHz
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oscillator. We can also replace the pump diode with a single-wavelength pump diode. This
experiment can be done at DESY because there is an ultra-stable cavity-stabilized laser

at 1030 nm.

9.3.2 A Simpler Way to Build the 3 GHz Frequency Comb
Eventually a simpler way to implement a 3 GHz frequency comb is to lock the frep first and
then lock one of the comb lines from the oscillator to an ultra-stable cavity-stabilized laser at 1030

nm.

9.3.3 Blue and Green Astro-Comb

Once we have a frequency comb, we need to perform nonlinear wavelength conversion from
1 um to the green or blue spectrum. This requires the generation of fiber-optic Cherenkov radiation
as demonstrated in Chapter 6. Furthermore, we might not be able to generate the green or blue
spectrum to be as broad as we want. This requires the aid of numerical calculation on pulse

propagation in a PCF taper to estimate the tapering ration, the length and the type of the PCF.

9.3.4 All-fiber 10-GHz Yb-fiber Oscillator
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Fig. 9-2. The proposed schematic setup of an all-fiber 10-GHz Yb-fiber oscillator.
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Finally, to achieve an even higher repetition rate up to 10 GHz, an all-fiber 10-GHz Yb-fiber
oscillator is proposed in Fig. 9-2. The output coupler coating is directly coated on one end of the
1-cm long Yb-fiber and that end can be directly connected to a fiber end of a WDM by a mating
sleeve. With such a design, a very robust and relatively low-loss connection is obtained compared
to free space coupling of the pump into the gain fiber. Besides, the SBR can be mounted on a fiber

connector so that it can be connected to the other end of the Yb-fiber by another mating sleeve.
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Appendix A

Chirally-Coupled-Core Modelocked
Yb-Fiber Oscillator |

A.1. Introduction

Power/energy scaling of ultrafast Yb-fiber oscillators has experienced rapid progress largely
driven by many real-world applications that desire high peak and average power femtosecond
pulses. For moderate pulse energies, high power/energy Yb-fiber oscillators may replace current
complicated master-oscillator-power-amplifier (MOPA) systems. The bottleneck in constructing
high power/energy Yb-fiber oscillators arises from the accumulated nonlinear phase due to tight
confinement of ultrashort pulses circulating inside the fiber. Stable mode-locking limits the
nonlinear phase below a certain threshold to avoid the onset of detrimental effects, e.g., multiple
pulsing. Two orthogonal approaches are being pursuit to overcome this limitation: 1) temporally
elongate the pulse inside the fiber and 2) spatially relax the confinement exerted by the fiber to the
optical beam. The first approach is implemented via managing laser cavity dispersion. Depending
on the amount of net cavity dispersion, the intra-cavity pulse exhibits a duration ranging from
sub-ps to ~10 ps, corresponding to different mode-locking regimes (i.e. soliton, stretched-pulse,
similariton, and dissipative soliton) [134]. For example, dissipative soliton lasers possess large
positive net cavity dispersion. Its intra-cavity pulse is strongly chirped and stretched which in turn

substantially reduces the acquired nonlinear phase and thus facilitates formation of high energy
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pulses. Recently, a 30-nJ dissipative soliton laser based on double-clad single-mode Yb-doped
fiber has been demonstrated [135]. The second scaling approach relies on the use of large-mode-
area (LMA) Yb-fibers that have been widely incorporated into high power/energy fiber amplifiers.
To retain a diffraction-limited beam quality—one of the most important merits for fiber lasers,
special care must be taken to ensure that the LMA Yb-fiber operates at fundamental mode
(i.e. LPO1 mode) although it also accommodates higher-order modes. Using a photonic crystal
LMA Yb-fiber (4000 pm? mode-area) as the gain medium and a fiber-based mode filter to improve
intra-cavity beam quality, pulses with sub-pJ energy and sub-ps (711 fs after compression)
duration have been generated [136]. For generation of ultrafast (~100 fs after compression) pulses,
pulse energies >100 nJ are demonstrated using the same type of fiber with smaller mode-
area [137,138]. Despite remarkable success in implementing high power/energy laser system,
photonic crystal LMA fibers suffer from high splicing loss and cannot be tightly coiled for compact
packaging, which offset key advantages (e.g. robustness and monolithic integration) offered by

conventional single-mode fiber technology.

Yb-fiber oscillators normally emit positively chirped pulses. Dechirping these pulses to
their transform-limited duration necessitates external compression. Most systems exploit a pair of
dielectric diffraction-gratings working at a double-pass configuration to accomplish the
compression. Dielectric gratings outperform their standard metal-coated counterparts in terms of
power/energy handling capability. Nonetheless, diffraction-grating based compressors demand
critical alignment and lack robustness. Even a slight misalignment may introduce noticeable spatial
chirp and pulse front tilt, thus degrading the excellent beam quality warranted by the fiber oscillator

itself. Furthermore, diffraction-grating based compressors introduce a loss of at least 20%.
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To address these drawbacks arising from photonic-crystal LMA Yb-fiber and diffraction-
grating based compressors, we adopt two rapidly advancing technologies: chirally-coupled-core
(3C) LMA fiber that only transmits pure fundamental-mode and high-dispersion mirror (HDM)
that permits loss-free, spatial-distortion-free pulse compression. In this appendix, we first
demonstrate an Yb-fiber laser system that delivers 25-nJ, 80-fs pulses at 39 MHz repetition rate
with diffraction-limited (M?=1.05) beam quality [26] and then demonstrate high-power (>10 W),
300-fs mode-locked oscillators at 83-MHz repetition rate using air-clad Chirally-Coupled-Core

Yb-fiber with 37-pm central-core diameter, corresponding to a 30-um mode-field-diameter.

A.2. Key elements: 3C LMA fiber and HDMs

In contrast to traditional LMA fibers that require special care to ensure fundamental
mode propagation, 3C LMA fibers intrinsically support only the LP0Ol mode, making them
indistinguishable from conventional single-mode fibers [139-142]. As shown in Fig. A-1, a typical
3C fiber consists of a large straight central core and at least one smaller side core that is chirally
wound around the main core [140]. Higher-order modes of the central core are efficiently coupled
to the side core where they are strongly attenuated by a high propagation loss. Thus 3C LMA fibers
are effectively single-mode and do not rely on any external mode management or require coiling
in any specific geometry. The fibers allow simple low-loss (~0.05-0.1 dB) splicing for both
passive-to-passive and gain-fiber-to-passive without causing modal distortion. 3C LMA
Yb-fibers have been incorporated into CW fiber lasers achieving up to 250-W of output
power [141] and a MOPA system (as the amplifier) generating 150-W, 10-ns pulses at 250-kHz
repetition rate [142]. However, a mode-locked oscillator employing this new class of fiber

has not been demonstrated.
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Fig. A-1. Chirally coupled core fiber uses a central guiding core with at least one
satellite core wrapped helically around it. Upper left figure shows fiber end
face [140].

Chirped multilayer coatings, such as HDMs, represent another breakthrough in laser
technology and have experienced tremendous developments for more than one decade [143]. They
are widely used in solid-state (especially Ti:sapphire) lasers to provide broadband dispersion
control of few-cycle pulses. Recently, there is considerable research interest in developing HDMs
and incorporating them into ultrafast solid-state lasers [144—146]. A HDM provides negative
group-delay dispersion (GDD) in the range between -1000 fs* and -2000 fs*, about three orders of
magnitude less than what can be achieved from a diffraction-grating pair. At first glance, HDMs
are by no means a substitute for diffraction-gratings to compress chirped pulses in a fiber laser
system. This is definitely true for a fiber MOPA system employing chirped-pulse amplification, in
which the pulse is typically pre-stretched to > 100 ps. The chirped pulse directly emitted from an
Yb-fiber oscillator, however, is typically at the ps level in duration; in this scenario, a compressor
constructed from HDMs is entirely possible. As a proof of concept, we successfully dechirp a
sub-ps pulse (generated by a 3C Yb-fiber oscillator) to 80-fs duration using 6 bounces from home-

designed HDMs (-2000 fs? GDD for each bounce).
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A.3. Experimental Setup and Results
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Fig. A-2. Schematic setup of the laser system. DM: dichroic mirror;
QWP: quarter-wave plate; HWP: half-wave plate; LPF: long-pass filter;
PBS: polarization beam splitter; SAM: saturable absorber mirror;
HDM: high-dispersion mirror. The fiber’s cross-section shows the
central core and the side core.

Figure A-2 illustrates the schematic setup. The 976-nm pump with 45-W maximum power
is delivered by a 400-pum core-diameter fiber with 0.22 NA. A dichroic mirror transmits the pump
and reflects the lasing pulse that circulates counter-clockwise inside the ring-cavity. Arbor
Photonics provided 3C fiber (4.2 m) with an Yb-doped central core of 33.5-um diameter
(21-pm mode-diameter, 0.059-NA) and a 250-um 0.46-NA hexagonal-shaped inner cladding
(inset of Fig. 1). The coupling efficiency of pump light into the 3C fiber length is 75%. The growth
of total forward and backward ASE (i.e. amplified spontaneous emission) has a threshold of 4 W
absorbed pump power. Mode-locking is initiated by a commercially available saturable absorber
mirror (SAM) that has 35% modulation depth and 500-fs relaxation time. A combination of wave
plates (i.e. QWP1, HWP, and QWP2 in Fig. A-2) and polarizer (i.e. PBS1 in Fig. A-2) provides
an additional mode-locking mechanism via nonlinear polarization evolution (NPE) that
significantly reshapes the intra-cavity pulse. Rotation of these three wave plates leads to different

mode-locking states. A pair of 600-line/mm diffraction-gratings at a double-pass configuration
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provides negative group-delay dispersion to control the net cavity dispersion. A long-wavelength
pass filter with a cutoff wavelength at 980 nm blocks the unabsorbed pump to prevent it from
causing damage on the SAM. An optical isolator ensures unidirectional circulation of the
intra-cavity pulse. Single-pulse operation is monitored using a long-range autocorrelation and

optical/RF spectral measurements.

By changing the net intra-cavity dispersion, the laser may run in the similariton or
dissipative soliton regime, leading to output spectra with sharp falling edges and spiky features
that impose a large pedestal onto the externally compressed pulse. To avoid compromising pulse
quality, the net cavity dispersion in the current setup is slightly negative and the laser operates in
the stretched-pulse mode-locking regime. The direct output pulse ejected from PBS1 exhibits
positive chirp with sub-ps duration. In our system, we use home-designed HDMs as the
compressor. As shown in Fig. A-3, the HDM includes 55 alternating layers of Nb,Os and SiO2;
each bounce provides a dispersion of -2000 fs? with a reflectivity >99.99%. The optimal structure
in terms of layer number and thickness is determined by minimizing the integrated phase distortion
ratio (PDR) with uniform weighting, which minimizes the fraction of optical pulse energy pulled
into phase distortions in each bounce [147]. While this is not necessarily equivalent to minimizing
the resulting pulse width, per se, optimizing the PDR has been empirically shown to yield shorter
pulses than optimizing GDD or GD [14]. Figure A-4 shows the auto-correlation (AC) trace
duration of the compressed pulse versus number of bounces from HDMs. The inset (a) plots the
designed and measured group delay as a function of wavelength and the inset (b) indicates the
corresponding spectrum of the pulse. The AC trace duration continuously deceases from initial
510 fs to 210 fs after 6 bounces and then starts to increase with more bounces. The measured

transmission of the compressor with 6 bounces is >99%. It is noteworthy that each bounce shortens
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the AC duration by about 60 fs prior to the 6 bounce, which agrees with the fact that the optical
spectrum has 10-nm bandwidth (inset (a) Fig. A-4), corresponding to a 120fs FWHM transform
limited pulse having a 170-fs AC duration. The deviation of our best compression
(210-fs AC duration, inset (b) in Fig. A-4) from the transform-limited duration is mostly due to
the discrete nature of the dispersion compensation using HDMs with -2000 fs* dispersion per

bounce.
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Fig. A-3. Structure of the home-designed high-dispersion mirror.

In an Yb-fiber laser system that employs a diffraction-grating compressor, optimization of
compression is achieved by varying grating separation which results in a tunable dispersion to
match the input chirped pulse. As a contrast, the total dispersion from a HDM compressor cannot
be continuously adjusted. We can, however, vary the emitted pulse’s chirp to match the HDM
compressor by tweaking laser parameters, such as pump power, separation of diffraction-grating
pair, mode-locking state owing to NPE etc. Changing the settings of NPE followed by fine tuning
of the pump power can significantly improve the compression and bring the compressed pulse
close to its transform-limited duration. Figure A-5 presents an optimized compression of the laser
pulse resulting from a different mode-locking state with increased intra-cavity power. The
spectrum (inset (a) in Fig. A-5) has twice the bandwidth of the former mode-locking state. The

laser emits 970-mW average power corresponding to 25-nJ pulse energy. After 6 HDM bounces,
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the measured AC trace (red, solid line) has a duration of 110 fs, only 10-fs longer than its calculated
counterpart (blue dashed line) using the transform-limited pulse. The full-width-half-maximum
duration of the experimentally compressed pulse is estimated to be 80 fs, slightly longer than its
transform-limited duration. The RF spectrum, shown in the same figure as inset (b), exhibits a

>60 dB signal to background ratio; and the integrated relative intensity noise is less than 1%.

550+
50
450 -
400 -
350 -
300 - '

250025 (0

-

o

o
"

" — I=3esigne(=1 -
(a) == Measured

Group delay [fs].
(@]

—_
o
o

1.01 1.02 1.03 1.04 1.05-
Wavelength [um]

—_

200 -° 102 104 106 108

| Wavelength [um] ) . . . !

150 -

0 1 2 3 4 5 6 7 8
Number of HDMs

Duration of autocorrelation [fs]

Fig. A-4. Duration of AC trace versus number of HDM bounces. Inset: (a) designed
(blue, solid line) and measured (red, dashed line) group delay as a function of
wavelength and (b) the optical spectrum of the pulse.
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Fig. A-5. Compression of a broadband pulse. Two curves represent the measured AC
trace (red, solid line) and calculated AC trace (blue, dashed line) corresponding to
the transform-limited pulse, and. Inset: (a) optical spectrum and (b) RF spectrum

measured at resolution bandwidth of 300 kHz.
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Fig. A-6. Beam profile and M? measurement of the compressed pulses. M2=1.05
indicates that the HDM based compressor preserves the diffraction-limited beam
quality of the 3C Yb-fiber oscillator

In the laser community, M? has become a standard measure to quantify the optical beam
quality. Measuring M? is widely performed for CW or nano-second pulsed fiber lasers; it rarely
appears in the work of high power/energy ultrafast LMA-fiber lasers. To the best of our knowledge,
M2 measurements of compressed pulses from LMA fiber lasers have not been reported. To verify
that the HDM compressor does preserve incident beam quality from the 3C Yb-fiber oscillator, we
have measured M? of the optical beam before and after the compressor under a variety of laser
operation states: non-lasing (i.e. pump power below threshold or cavity blocked), CW lasing, and
mode-locking at different states. All the measured values fall into a range of 1.03-1.07.
Figure A-6 plots the beam profile and M? ‘measurement for the compressed pulse shown in
Fig. A-5. M*=1.05 evidently confirms that the Joss-free compressor based on HDMs maintains the
diffraction-limited beam quality that originates from the 3C Yb-fiber. Note that single-mode
operation of the 3C fiber has been tested separately by feeding in a broadband optical source and

recording the transmitted optical spectrum (similar to S* measurement [148]); no noticeable
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modulation is observed, which indicates that the fiber is truly single-mode (i.e. LPo1). Therefore
the M? measurement undoubtedly confirms that the HDM compressor is distortion free and we do

achieve diffraction-limited beam quality.

A.4. Discussion

As discussed, the key to energy scaling of fiber lasers is reducing the fiber-optic nonlinear
effects by 1) increasing spatial mode-area inside fiber and 2) increasing intra-cavity pulse duration.
As for our laser configuration, these two methods translate to demanding a 3C Yb-fiber with larger
mode-area and 2) more dispersion from a HDM compressor to dechirp a longer emitted pulse.
Work with significantly larger core 3C fibers is ongoing. In the current setup, we use 6 HDM
bounces for optimal compression. Compressing longer emitted pulses requires more bounces.
Eventually it is the fabrication error on layer thickness that limits the maximum permitted number
of bounces before reaching an unacceptable compression quality. By taking into account
fabrication errors, 10 bounces on our HDMs introduce negligible phase error for an optical pulse
with 40-nm bandwidth. Further optimization should allow a robust mirror design less susceptible

to fabrication errors [147].

In conclusion, we demonstrate a high-energy femtosecond laser system that incorporates
two rapidly advancing technologies: chirally-coupled-core large-mode-area Yb-fiber to ensure
fundamental-mode operation and high-dispersion mirrors to enable loss-free pulse compression
while preserving the diffraction-limited beam quality. Mode-locking is initiated by a saturable
absorber mirror and further pulse shortening is achieved by nonlinear polarization evolution.
Centered at 1045 nm with 39-MHz repetition rate, the laser emits 25-nJ, positively chirped pulses

with 970-mW average power. 6 bounces from double-chirped-mirrors compress these pulses down
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to 80 fs, close to their transform-limited duration. The loss-free compression gives rise to a

diffraction-limited optical beam (M?=1.05).

A.5. Further Power Scaling with Air-clad CCC Fiber

Progress in developing high power/energy femtosecond Yb-fiber oscillators has rapidly
advanced in recent years, primarily due to the use of large-mode-area (LMA) Yb-fibers to reduce
the intracavity nonlinear phase. Using LMA (mode-field diameter of 75 pm) photonic crystal
Yb-fiber, 0.8-uJ ultrashort pulses at 60 W have been achieved [149]. However, such photonic
crystal Yb-fibers are sensitive to bending, and cannot be tightly coiled, which contrasts sharply
with the key advantages (e.g. robustness, monolithicity, compactness, etc.) offered by conventional

single-mode fiber technology.

Recently, chirally-coupled core (CCC) fibers have emerged as a new technological platform
for the next generation fiber lasers. CCC fibers consist of two cores placed in optical proximity.
The core in the center is straight along the fiber axis for the signal transmission. The second core
(i.e., side core), is chirally wound around the center core. Much smaller in diameter, the side core
exerts substantial propagation loss on the higher-order modes inside the center core so that only
the fundamental mode propagates in the center core with minimal loss. Providing robust single-
mode core-size scaling without the need of external mode-filtering or mode-matching methods,
CCC fibers can be spliced together and coiled for compact packaging. Therefore they are well
suited for fabricating standardized CCC-fiber pigtailed components with single-mode

throughput [139,150].

Using the first-generation CCC Yb-fibers with 21-pm mode-field-diameter (MFD), two
groups have demonstrated femtosecond mode-locked oscillators operating in the stretched-pulse
regime (25-nJ pulse energy) [26] or all-normal dispersion regime (40-nJ pulse energy) [151].
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Further energy/power scaling necessitates CCC Yb-fibers with much larger MFD. Recently,
air-clad CCC Yb-fibers with 30-pum MFD were fabricated, leading to a demonstration of a 511 W
fiber MOPA system featuring single-frequency and single-transverse mode [152]. Use of air-clad
structure facilitates high pump-absorption (i.e., 8-dB/m), making this CCC Yb-fiber especially
suitable for constructing high repetition-rate (e.g., ~100 MHz) and high-power oscillators
employing short fiber length. In this section, we demonstrate a femtosecond, all-normal-dispersion

oscillator operating at 83-MHz repetition rate with pulse energy > 140 nJ (average power > 10 W).

As Fig. A-7 shows, the oscillator consists of 1.7-m air-clad CCC fiber with an Yb-doped
central core of 37-um diameter (30-um MFD, 0.07-NA), a 260-um 0.6-NA inner cladding, and a
443-pm outer cladding. The 976-nm pump with 75-W maximum power is delivered by a 400-um
core-diameter fiber with NA=0.22. The dichroic mirror transmits the pump and reflects the lasing
pulse that circulates counter-clockwise inside the ring-cavity. A combination of wave plates
(i.e. QWP1, HWP, and QWP2 in Fig. A-7) and a polarization beam splitter (i.e. PBS in Fig. A-7)
initiates the mode-locking via nonlinear polarization evolution (NPE) that significantly
reshapes the intra-cavity pulse. Rotation of these three wave plates leads to different mode-locking
states. Mode-locking is further stabilized by a bandpass filter with 4-nm full-width-half-maximum
(FWHM). The optical isolator ensures the intracavity pulse circulating uni-directionally.
The output pulse ejected from PBS exhibits a positive chirp with picosecond duration
depending on the modelocking states. The output pulse is then compressed by a pair of gratings

(600 line/mm line density) configured at double pass with ~50% transmission efficiency.
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Fig. A-7. Schematic setup of the oscillator (left) and the fiber cross-section (right).
DM: dichroic mirror; QWP: quarter-wave plate; HWP: half-wave plate;
BPF: bandpass filter; PBS: polarization beam splitter.

Adjusting the wave plates varies the output coupling ratio, and leads to various self-starting
modelocking states. The broadest output spectrum shown in Fig. A-8(a) has a 32-nm FWHM
bandwidth and 5-W average power before the compressor. The spectral modulation indicates that
the pulse experiences strong self-phase modulation when propagating inside the CCC fiber. We
use an autocorrelator with 150-ps scanning range together with optical/RF spectral measurements
to confirm single-pulse operation. The autocorrelation traces for the output pulse (black curve) and
the compressed pulse (red curve) are shown in Fig. A-9(a); also plotted in the same figure
is the calculated transform-limited pulse (blue curve) from the spectrum in Fig. A-8(a).
The autocorrelation durations of the uncompressed and compressed pulses are 4 ps and 140 fs,
respectively. The corresponding RF spectrum (inset in Fig. A-9(b)) and the RF measurement of
the repetition-rate are shown in Fig. A-9(b). The signal-to-background ratio is larger than 40dB.
By adjusting the wave plates, we increased the output coupling ratio and consequently increased
the output power to 12 W. In this modelocking state, the output spectrum, shown in Fig. A-8(b).

has only 6-nm FWHM bandwidth as a result of reduced intracavity power. This narrow spectrum
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exhibits only slight modulation implying that the pulse experiences reduced self-phase modulation

from propagating in the CCC fiber due to the higher output coupling ratio. The autocorrelation

durations of the compressed pulses is 420 fs.

1 T

(a) | (b)

08 Jl 08
;-_o.e- go.s
1= 1S

@

§0.4 { 204
o o

02} 102

C 1 1 4 ? 1

1 12 104 106 108 o 1® 18 14 106 106

Wavelength (um) Wavelength (um)

107

Fig. A-8. Optical spectra measured at NPE output of the oscillator operating at an
output power of (a) 5W and (b) 12W.
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Fig. A-9. (a) Autocorrelation traces of the pulses. (b) Fundamental RF spectrum.
Inset: Broadband RF spectrum.

In conclusion, we have demonstrated a high-energy femtosecond oscillator that incorporates

an air-clad CCC Yb-fiber to ensure single-mode operation. Stable mode-locking is achieved using

NPE together with a bandpass filter. The 300-fs mode-locked oscillator emits output power as high

as 12W with 83-MHz repetition rate, corresponding to ~144-nJ pulse energy [27].
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Appendix B

Modeling of Femtosecond Yb-Fiber
Oscillators

B.1. Introduction

It is well known that compensation of group-velocity dispersion (GVD) in a fiber laser cavity
is a prerequisite to generating femtosecond pulses. Most femtosecond fiber lasers have dispersion
maps with optical segments of positive and negative GVD. The cavity’s net GVD can be positive
or negative. With large net negative GVD, soliton-like pulses can form due to the balance between
negative GVD and positive nonlinearity (i.e., self-phase modulation). As the net GVD approaches
zero, stretched-pulse operation occurs [110], which allows the intracavity pulse energy an order
of magnitude higher than can be achieved in a soliton laser. Recently, Chong ef al [153] has
reported another kind of mode-locked Yb fiber laser whose pulse shaping is dominated
by spectral filtering of a highly-chirped intracavity pulse. The cavity contains no negative-GVD
components. Different from soliton or stretched-pulse mode-locking, this all-normal-dispersion
(ANDI) laser exhibits various pulse shapes and evolutions [154]. The pulse energy from an ANDi

laser has been scaled to the 20 nJ level, and higher energies are possible.
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To investigate the pulse dynamics in different mode-locking regimes, numerical simulation
of the fiber oscillator is of particular importance. The theory behind mode-locked lasers has been
well explored. For classical solid state and dye lasers advanced analytical theories exist; the master
equation developed by Haus [155] has successfully modeled many types of mode-locked lasers.
However, the mast equation linearizes the effect of cavity elements on the pulse, and thus is only
adequate if these effects are weak in each round trip. In fiber lasers, however, this is not the case,
and hence more advanced models based on numerical calculations have to be developed. The

model used in this appendix is based on solving the NLSE numerically [156].

In this appendix, numerical simulation of the mode-locked Yb-fiber oscillator is presented
using a rigorous, distributed model. Intracavity elements, such as gain fiber, passive fiber,
saturable absorber, and dispersion compensation optics, are treated separately; the pulse
propagation inside fibers is modeled by NLSE solved by the split-step Fourier method.
Implemented using the fourth-order Runge-Kutta method in the interaction picture, the simulation
provides an accuracy of O(h*) at less numerical expense. An adaptive step size algorithm
(known as phase rotation method) is used to reduce the computation time. This model enables us
to explore three different mode-locking regimes: 1) the stretched-pulse regime near zero
net-dispersion, 2) the self-similar regime, and 3) the all-normal dispersion regime. Unlike previous

published work, the non-negligibly large third order dispersion from grating pair is also included.

B.2. Numerical Solution to the NLSE

Analytical solutions to the full Maxwell wave equation for a nonlinear optical system do not
exist. Even numerically solving the wave equation becomes extremely difficult due to the large
parameter space. The vector form of the wave equation is a four-dimensional (three spatial, one

temporal), second-order partial differential equation. Thus, approximations based on propagation
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conditions and experimental results are needed in order to solve an approximate scalar form of the
wave equation, i.e. the NLSE:

0A(z,1) _ —i& 0’ A(z,7) +& O’ A(z,7)

. 2
% s o o op Tl Ared, ()

where A(z,7) is slow varying electric field envelope, z the propagation distance, T the time in the
moving frame of the pulse, and y the nonlinear parameter. The dispersion and nonlinear
coefficients of single-mode fiber (SMF) used in the simulation are =23 fs? /em, 3= 30 fs’ /m,

and y = 0.0047 (Wm)™!, respectively. grpuise denotes the net gain function for the Yb-doped gain
fiber. The pulse energy is given by Epyise— J.j};//zzfA(z, r)\zdr where 7R is the cavity round-trip time.

Gain saturation is modeled according to grpuise =go( 1 + Epuise/Esa) , where g, corresponds to
small-signal gain (2~6 m™' assumed). The gain is introduced in the frequency domain and has a
Lorentzian line-shape of 40-nm bandwidth centered at 1030nm. The gain saturation energy Esa is
set according to the pump power. In the simulation, Fsa varies from 0.3 to 3 nJ. In this modeling,

we neglect self-steepening and stimulated Raman scattering in the NLSE.

B.2.1 Fourth-order Runge-Kutta Method in the Interaction Picture
NLSE is often solved using the split-step Fourier method (SSFM) [62], in which dispersive
and nonlinear effects are separately integrated, and the results are combined to construct the full
solution. The dispersive term is evaluated in the frequency domain through the use of the fast
Fourier transform (FFT), while the nonlinear term is treated in the time domain. It is also

possible to construct higher order split-step schemes such as the fourth-order scheme of

Blow and Wood [157].
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In general, global accuracy cannot exceed the accuracy of the method that is used to
integrate the nonlinear step. For this purpose, Runge—Kutta or implicit schemes are normally used.
A highly efficient and accurate algorithm, called the fourth-order Runge—Kutta in the interaction
picture (RK4IP) method [62], has been developed to solve the Gross—Pitaevskii equation. RK4IP
method has successfully been implemented to numerically study nonlinear phenomena arising
from Bose-Einstein condensates. Closely related to the SSFM, RK4IP method transforms the
problem into the interaction picture, which allows using conventional explicit techniques to step
the solution forward. A higher efficiency is achieved by combining a fourth-order Runge-Kutta
technique for stepping, with an appropriate choice of separation between the normal and
interaction pictures. Memory efficient and easy to implement, the method exhibits fourth-order
global accuracy. The RK4IP algorithm has a local error of fifth-order O(%’) and, thus, is a globally
fourth-order accurate method O#?). In this appendix, we use the RK4IP algorithm rather than

SSFM to solve the NLSE to achieve higher accuracy.

B.2.2 Adaptive Method

For the SSFM or RK4IP method, the time-domain resolution is selected according to the
maximum bandwidth of the signal during propagation, and the available discretization bins that
are limited by the memory of the computer and the acceptable computational time. The time
domain resolution therefore depends on the properties of signal and computer, and is fixed during
the simulation. The longitudinal step size, however, does not have to be constant. If nonlinearities
are low, the step size can be increased because the error in splitting dispersive and nonlinear
processes is negligible. If both dispersion and nonlinearity are significant, a smaller step size is
required. Since the balance between dispersion and nonlinearity can change during propagation

due to decreasing peak power and broadening of the pulse, an algorithm is required to estimate the
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current local error and to adapt accordingly. Since there is no mathematical restriction on the step-
size h for the SSFM or RK4IP, keeping / very small would produce high accuracy at the cost of
more computation time. Furthermore, choosing A smaller than the carrier wavelength Ao is
physically meaningless, since the carrier frequency term in 4(#,7) is dropped in the derivation of
the NLSE. On the other hand, choosing /4 to be too large imposes an artificial loss to the simulated

system.

To optimize computational speed and achieve higher accuracy compared to the fixed step-
size method, an efficient adaptive step-size method (called nonlinear phase-rotation method [158])
is employed. The nonlinear phase-rotation method is a variable step-size method designed for
systems in which nonlinearity plays a major role. Within one simulation step, the effect of the

nonlinear operator increases the phase shift. An upper limit on the nonlinear phase increment

imposes bound on the step size, < g Originally applied to simulate soliton propagation, this
¥l

criterion for selecting the step size is widely used in optical-fiber transmission simulators.
B.3. Modeling of a Yb-fiber Oscillator Configured in a Ring Cavity
Fast
Gain SMF Grating Satuars;;ble :> Output
Fiber Fiber Pair Coupler
Absorber J

Fig. B-1. Illustration of the fiber laser ring cavity elements used for the simulations.

Our fiber oscillator model is based on iteratively simulating each part of the oscillator
separately by solving the NLSE (Eq. 1) [154]. The simulation flow is shown in Fig. B-1. The

NLSE describes the temporal and longitudinal dependence of the slowly varying (complex) pulse
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envelope A(zt) along each nonlinear dispersive element (e.g. the fiber segments). For the gain
fiber, the frequency dependent g(w) is evaluated by a multiplication in the frequency domain.
Similar to the cavity described in the paper of Ilday et.al. [110], the saturable absorber is
approximated with an infinitely fast response time, which is appropriate for any absorber based on
the Kerr effect (Kerr lens or nonlinear polarization rotation). The ideal saturable absorber is
modeled with monotonically increasing transmission 7=1-/,/[1+P(1)/Psa] where [,=0.5 is the
unsaturated loss, P(7) is the instantaneous pulse power, and Psa is the saturation power. Details of
the mode-locked spectrum can be changed by choosing different Psat but overall characteristics do
not change substantially. Once the transmission function deviates severely from the ideal one
(e.g., the sinusoidal transmission curve of nonlinear polarization evolution) the simulation starts
to show dramatically different results. We remove the detailed effects of the saturable absorber, in
order to focus on other parameters. To this end, Psx is adjusted within the range (0.05-13 kW)
according to the pulse energy, so that the same pulse shape but with different peak powers

experience the same point on the saturable absorber transmission curve.

The losses and output coupling are accounted a 50% loss after the saturable absorber mirror
(SAM). The remaining power propagates through a dispersion compensation stage before entering
the single mode fiber, which closes the loop. Figure B-1 illustrates the cavity configuration with

all the simulation parameters similar to those used in Ref. [159].

The net cavity dispersion is calculated by GDDue=B.Gain* LaintB.smr* Lsmit GDDgrating, where
GDDgrating is group delay dispersion induced by the grating pair which we employ as the dispersion
delay line (DDL). In the simulation, we can adjust GDDue by tuning GDDguating; that is, the
separation between the grating pair is adjusted. Each grating has a fixed groove period of

600 mm™!' and the light beam is incident at 45°. In the simulations, a pulse is iterated over many
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round trips until a steady solution is reached. The convergence is evaluated by the relative change

[ -Xlaf

g in the N round-trip, & = - ! , where A;is the complex field amplitude. Three

S

different mode-locking regimes of an 80-MHz Yb-fiber ring lasers are investigated, i.e., the
stretched-pulse regime near zero net-dispersion, the self-similar regime, and the all-normal

dispersion regime.

B.4. Simulation of an Yb-fiber Oscillator in Three Different Regimes

Without Dispersion Map

A

( \

Dispersion
|

Anomalous GDD

< —p

Normal GDD

Fig. B-2. Operating mode-locked regimes according to the dispersion map.

To clarify the three regimes that we are going to simulate and investigate, the classification
of four main mode-locking regimes is summarized in Fig. B-2 according to the net cavity
GVD [109]. Clearly, soliton mode-locking occurs for a cavity that consists of only negative-GVD
elements. With a dispersion map, the solutions are generally dispersion-managed (DM) solitons.
For large net anomalous GVD, the pulses approximate static solitons, but as the net GVD
approaches zero the solutions breathe. These regimes are based on some balance of negative GVD

and positive nonlinearity. DM solitons can even exist at small net positive GVD. In soliton-like
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pulse shaping, self-amplitude modulations mostly play a secondary role, namely starting and
stabilizing the mode locking. As the net cavity GVD changes sign from negative to positive,
different pulse-shaping mechanisms take over. With a dispersion map, self-similar operation can
appear. Finally, stable pulse shaping can occur in an ANDI laser cavity comprised of only

positive-GVD components.

Since single-mode Yb-doped fiber exhibits positive GVD, we will focus on simulating
three mode-locking regimes (DM soliton, similariton, and ANDi laser) to explore energy

scalability.

B.4.1 Stretched-pulse Regime (GDDne:=—0.025 ps?)
The parameters of numerical simulation are listed in Table B-1. The grating pair has a
separation of 6 cm, which leads to the net cavity GDD of —0.025 ps®. The initial Gaussian pulse

with 1-ps duration is sent to the laser cavity and iteratively propagates until the pulse converges.

Table B-1. Parameters of simulating DM soliton.

Gain Fiber SMF Grating FSA oC
L=06m -
g=2/m 2630”;7 0=45°  Lo=50%
¥ =0.0047 ¥ (Wm)- A =600 mm? Pa=100 To=50%
E ("i’“&)s nJ Ew=03n] @ Lsp=06cm W
sat — .

As we can see in Fig. B-3, the initial 1-ps Gaussian pulse converges to the steady state after
many round trips. Figure B-4 shows the number of roundtrips (N) before the pulse converges. It
also shows that the steady state solution has a soliton-like shape in both spectral and temporal

domain which indicates that the oscillator operates in the DM soliton regime.
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Fig. B-3. The convergence of the DM soliton to the initial condition in (a) the time
domain and (b) the spectrum domain.
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Fig. B-4. (a) The spectral shape and (b) the temporal shape of DM soliton at the
output coupler. (c) The convergence with respect to the round-trip number.
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For the stretched-pulse mode-locking, the intracavity pulse duration experiences a large
change in a round trip, which effectively reduces the pulse peak power, and thus facilitates the
generation of higher pulse energies. The intracavity pulse is stretched and compressed twice in
each cavity round-trip; it reaches minimum duration in the middle of each segment and acquires
both signs of chirp [160]. To prove this phenomenon, we further simulate the pulse dynamics in
the cavity. As shown in Fig. B-5, the pulse does breathe twice during each round trip. The pulse
before the grating pair is originally of positive chirp. After the compression from the grating pair,
it becomes negatively chirped. As the pulse propagates through the fiber, it is compressed and then
dispersed again by the fiber’s normal dispersion. It is noteworthy that the pulse is asymmetric
along the cavity, caused by the third order dispersion (TOD) of 862800 fs* mainly from the grating
pair. In the literature, the grating-pair’s TOD is normally neglected; consequently, the pulse

possesses a symmetric temporal and spectral profile.
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Fig. B-5. The pulse propagation dynamics in the cavity in the stretched pulse regime.
GF: gain fiber; SMF: single mode fiber; OC: output coupler; GP: grating pair; FSA: fast
saturable absorber.
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B.4.2 Self-similar Regime (GDDpe: = +0.025 ps?)
To achieve higher pulse energy, we can adjust the net GDD to be positive and set the
mode-locking state in the self-similar regime. The simulation parameters are listed in Table B-2.

The grating pair has a separation of 2.5-cm, which leads to net cavity GDD of 0.025 ps?.

Table B-2. Parameters of simulating similariton.

Gain Fiber SMF Grating  FSA oC
; :=Oé?mm Ll 6j=45" Lo = 50%
00023 (Wmy! ¥~ 00023 (Wm)' A=600mm! 07N To=50%
! E t =3 nl Ea =3 nJ Lscp =25cm @t
Sal

Figure B-6 shows the number of roundtrips (N) before the convergence and the steady state
solution has a parabolic shape in the frequency domain, which indicates that the oscillator operates

in the self-similar regime.
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Fig. B-6. (a) The spectral shape and (b) the temporal shape of the similariton at the
output coupler. (c) The convergence with respect to the round-trip number.
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The main feature of the self-similar evolution for the intracavity pulse is that the pulse

duration evolves monotonously in the active fiber and its spectrum approaches a parabolic shape.

The finite gain bandwidth of the Yb-fiber ultimately limits the self-similar evolution, preventing

further energy scaling [68,69,161]. To explore this phenomenon, we also simulate the pulse

dynamics in the cavity in Fig. B-7. The pulse only stretches in the fiber. The pulse before the

grating pair has a positive chirp. After the compression of the grating pair, it is still positively

chirped. Besides, the pulse evolves almost symmetrically despite the existence of net TOD of

132,500 fs?.
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Fig. B-7. The pulse propagation dynamics in the cavity in the time and frequency
domain. GF: gain fiber; SMF: single mode fiber; OC: output coupler; GP: grating pair;

FSA: fast saturable absorber.

B.4.3 All-normal Dispersion Regime (GDD;e: = +0.06 ps?)

To further achieve higher intracavity pulse energy, the negative GVD segment should be

removed and replaced by a spectral filter, resulting in an all-normal-dispersion (AND1) oscillator.
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Pulse shaping inside ANDi fiber oscillators relies on intracavity spectral filtering of the highly
chirped intracavity pulse, which cuts off the temporal wings of the pulse. The new illustration of
the ring cavity is shown in Fig. B-8, with simulation parameters listed in Table B-3. Here, the
grating pair is replaced by a Gaussian spectral filter with 10-nm bandwidth centered at 1030 nm.
The intracavity cavity dispersion in this case is +0.06 ps®. The initial 1-ps Gaussian pulse is sent

to the laser cavity and iteratively propagates until the pulse converges.

. Fast
Gain SMF Spectral Output
Fiber Fiber Filter
Q Absorber J

Fig. B-8. Simulation flow of an ANDi oscillator.

Table B-3. Parameters of simulating an ANDi oscillator.

Gain Fiber SMF Spectral Filter FSA oC
;:23& L=2m FWHM=10nm | _ .
A = -1 - = 0
y = 0.0047 (Wm)"! Y 0.00417 (Wm) centered at Po= 50 W To=10%
Eer=3nl Esaa=3nl 1030 nm
sat —

Figure B-9 shows the number of roundtrips (N) before the convergence. In the spectral
domain, we can see side lobes on the wings develop. The main characteristic operation of ANDi
lasers is the spectral filtering of the chirped intracavity pulse, and the development of spectral
spikes as the pulse propagates inside the fiber [162]. To investigate this phenomenon, we also
simulate the pulse dynamics in the ANDi laser. As shown in Fig. B-10, pulse stretches
monotonically in the fiber and becomes shortened by the spectral filter, which also narrows the
pulse spectrum. This indicates that the pulse before the spectral filter is highly chirped. The spectral

filter does have a strong pulse shaping mechanism. Therefore, the main pulse-shaping mechanism
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of an ANDI fiber laser is sometimes described as chirped-pulse spectral filtering. As the pulse
propagates along the fiber (Fig. B-10(b)), spikes grow up on the edge of the spectrum which is a

characteristic of ANDi lasers. Despite the net TOD of 78,000 fs®, the pulse evolves almost

symmetrically.
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Fig. B-9. (a) The spectral shape and (b) the temporal shape of the ANDi laser at the
output coupler. (c) The convergence with respect to the round-trip number.

Furthermore, comparing these three regimes reveals that the pulse energies of DM soliton,
similariton, ANDi laser are 0.04 nJ, 0.72 nJ, and 3 nJ, respectively. It shows that ANDi lasers

sustain the highest mode-locking pulse energy. However, it should be noted that although
ANDi laser can produce relatively high energy pulse, the pulse quality after external

GDD compression is poor and would have pedestals around. Usually, people who design
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an ANDI laser will put an output coupler at the end of the single mode fiber to obtain high pulse
energy. In this configuration, Fig. B-11(a) shows that the output is a 7-ps chirped pulse whose
spectrum supports a transform-limited pulse of 60 fs in Fig. B-11(b). Clearly, the transform-limited
pulse is of poor quality featuring noticeable pedestal. A pulse with better quality but lower energy
can be achieved by taking the output at different positions of the cavity. This is clearly seen in Fig.
B-11. If we take the output at OC rather than at SMF, the pulse spectrum is smoother but at the

cost of losing pulse energy; the corresponding transform-limited pulse exhibits negligible pedestals.
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Fig. B-10. The pulse propagation dynamics in the ANDi laser in the time and
frequency domain. GF: gain fiber; SMF: single mode fiber; BF: bandpass filter;
OC: output coupler; FSA: fast saturable absorber.
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Fig. B-11. (a) The temporal pulse and (b) the transform-limited pulse at the end of
the single mode fiber in the ANDi laser.

B.5. Conclusion

In this appendix, numerical simulations of the mode-locked Yb-fiber oscillator are presented
using a rigorous, distributed model. We have introduced and numerically explored the
characteristics in three different mode-locking regimes. The pulse dynamics inside the cavity is
also studied. These numerical simulations reveal the physical mechanism for Yb-fiber oscillators.
Future implementation can take into account cross-phase modulation, self-steepening, and

stimulated Raman scattering to have a more accurate modeling when the pulse energy is higher.
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