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Abstract

Two novel laser systems for ultrafast applications have been designed and built. For the
seeding of a high energy cryogenically cooled Yb:YLF laser, a novel 1018 nm fiber laser
system is demonstrated. It produces >35 n] pulse energy and 5 nm spectral bandwidth.
A double-cladd amplifier and an appropriate filter to optimize the system for the
amplifier seeding application were employed. This is the highest pulse energy with
narrow spectrum at 1018 nm. For a photonic analog-to-digital conversion system
operating at 1250 nm, a fiber laser system generating 4 W of femtosecond Cherenkov
radiation at that wavelength was built. The characteristics of the Cherenkov radiation
were well studied.
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Chapter 1

Introduction

Lasers have transformed the world since the first working laser was developed in
1960. Fiber lasers were invented in 1961 by Elias Snitzer and his colleagues. Fiber
lasers have the advantage of robustness, low-cost, portability, excellent beam
quality and insensitivity to thermal problems. In this chapter, we introduce the basic

knowledge of the all-normal dispersion (ANDi) fiber laser and Cherenkov radiation.

1.1 ANDI fiber laser

Before the ANDi fiber laser was invented, most femtosecond fiber lasers need a
dispersion compensation device like a prism [1], diffraction gratings [2], or chirped
mirrors [3] to form an anomalous dispersion in the cavity, which along with the
balance of the fiber nonlinearity constitutes a pulse-shaping mechanism. In recent
deéades, with the development of in-line components like photonic-crystal fiber
(PCF) and hollow-core fiber [4-6], anomalous dispersion in single fiber becomes
possible. In 2004, Buckley et al. theoretically showed that a frequency filter helps
stabilize the mode-locking operation in a cavity with anomalous group velocity

dispersion (GVD) [7]. It also introduces self-phase modulation to allow nonlinear-
11



polarization evolution to work as a fast saturable absorber in the laser cavity.
However, in Buckley et al. s work, an additional grating pair is still needed to ensure
the mode-locking. Andy Chong et al,, in 2006, built a laser cavity using only normal-
dispersion elements and generated ~100 fs pulses [8]. This concept gives rise to the
compact portable femtosecond laser sources, noticeably reducing the size and cost

of a femtosecond laser.

1.1.1 Mathematical description of theANDi fiber laser

The mathematical description of the pulse shaping in an ANDi fiber laser is given in

the following equation [9]:

2
D BT e of )+ (B e

where A(z,7) is the envelope of the field, z the propagation distance and 7 the

pulse local time. The pulse energy is given by
Tp/2 ,
E,.= | |4@z7)de
Ty /2
where T}, is the cavity round-trip time. Typical parameters can be found in

reference [8]. The split-step Fourier transform method is used to incorporate the

nonlinear effects and dispersion effects.

1.1.2  Properties of the ANDi fiber laser
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An ANDi laser has many advantages over traditional fiber lasers. First, it has no
costly and bulky anomalous-dispersion elements, making all-fiber laser design much
easier. Second, it can bear a larger nonlinear phase shift inside the cavity, around
16m, so that higher pulse energy can be obtained from the cavity. In contrast, the
largest bearable nonlinear phase shift in a soliton fiber laser (or stretch-pulse fiber
laser), is only ~0.1m (or ~m) [9]. Third, the spectrum is tunable within a certain
range, making the laser versatile.

ANDi lasers have other unique features that make them useful in many
applications. First, the output spectrum looks like a transmission curve of a notch-
filter. This is due to the narrow band-pass filter used in the cavity to cut off the
spectrum and also the pedestal of the pulses. Second, the pulse energy is an order of
magnitude higher than the pulse energy from the stretch-pulse fiber lasers, and two
order of magnitude high than that in a soliton mode-locked fiber laser. Third, given
no fundamental environmental change, the pulse is always self-sustained and self-
starting. Stable mode-locking operation can be kept for weeks in the lab
environment. Fourth, the pulse duration increases almost linearly along the cavity,

and only sharply decreases at the saturable absorbers.

1.2 Fiber-optic Cherenkov radiation

Fiber-optic Cherenkov radiation (FOCR), also known as dispersive wave generation
or Vavilov-Cherenkov radiation, is radiation from a soliton pulse propagating in an
optical fiber that is perturbed by high-order dispersion [10-14]. It is used primarily
as a wavelength conversion technique for generating isolated spectra in the visible

13



wavelength range. With the development of photonic-crystal fibers (PCFs), FOCR
has attracted more research interest [15-25]. In 2005, Fei Lu and Wayne Knox
studied the FOCR and four-wave mixing using millimeter-scale dispersion
management technique in holey fibers [26]. The longitudinal properties of FOCR
generation were studied and used to generate broad bandwidth. G. Chang et al.
recently introduced the coherence length to quantify the behavior of FOCR
generation, and studied the FOCR in the few-cycle regime for visible wavelength
generation with high efficiency both theoretically and experimentally [27]. Chris
Xu’s group recently has demonstrated generation of Cherenkov radiation in high-
order mode (HOM) fiber using a commercial femtosecond fiber laser with a few nJ of
pulse energy [28]. Further efficient femtosecond Cherenkov radiation generation in
his recent work showed conversion efficiency about 20% and a pulse duration as

short as 134 fs [29].

1.2.1 Mathematical description of Cherenkov radiation

The mathematical description for the ultrashort pulse propagation is given in the

generalized nonlinear Schrodinger equation (GNLS):

@ n—l an . . a ‘ '
(Z;ﬁ - 6T”J zy(1+-a§——a7j(A(z,T)_[ R(t )|A(z,T—t)|2dt)

0

where A(z,?) is the envelop of the field, S, the nth order dispersion valued at the

central wavelength @,, and y the nonlinear parameter of the fiber. R(t) describes
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the behavior of the instantaneous scattered Raman-soliton in the fiber.

R() = (1- f)8) + fol(f, + £ ) (O + fihy ()]
Typical parameters can be found in the ref. [18].
The phase matching condition of A = 0 for the FOCR generation is given in the
following equation [26]:
Ws

0B = B(w) — Bls) ————

g

—yE

where f is the propagation constant. ws and w are the soliton and Cherenkov
radiation frequencies, respectively. v, is the group velocity, y the fiber nonlinear
coefficient, and P the soliton peak power.

A coherence length was also introduced to describe the phase-mismatch that causes

a spectral narrowing effect:

1[4 T .
PN |5 (=) g, (wg) - 152

L(w) =

where the symbols have the same meanings as before.

1.2.2 Properties of Cherenkov radiation

Theoretical study of FOCR using numerical method was carried out in Ref. [26, 27].
At its initial buildup, the Cherenkov radiation is much weaker than the soliton. As it
evolves along the fiber, quadratic growth of power will occur. The spectrum of FOCR
is often limited due to the large frequency separation between the FOCR and its
pump soliton. In terms of coherence length, when the distance between the FOCR

and the pump soliton is L., a destructive inference occurs and dampens the rapid
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power buildup process.

1.3 Organization of the thesis

The rest of this thesis is organized as follows:

Chapter 2 describes the idea of building an ANDi laser system at 1018 nm with
tens of nJ pulse energy for seeding Yb:YLF amplifier . The motivation for this
oscillator is discussed. Some simulation method and results are provided for better
understanding of the fiber laser characteristics. The experimental design and results
are also given in the context. Simulation for the oscillator is also discussed in detail.

Chapter 3 describes the idea of using a 3 GHz high power laser and a dispersion
compensation device to generate high power Cherenkov radiation pulses.
Experimental results showed a record high efficiency for generating Cherenkov
radiation. This Cherenkov radiation has pulse duration in the picosecond and sub-
picosecond regime.

Appendix A gives a list of components for re-producing a 1018 nm fiber laser
system. Specifications of some components are also provided.

Appendix B provides a sample MATLAB code for simulation the 1018 nm fiber
laser system. This code can be adapted for simulating other pulsed fiber laser

systems.
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Chapter?2

High energy 1018 nm femtosecond

fiber laser system

This chapter describes an Yb-fiber laser system generating stable 1018 nm narrow
bandwidth femtosecond pulses with >35 n] pulse energy. This is by far the highest
pulse energy with compressible pulses at 1018 nm generated from an ANDi fiber
laser. By suppressing the thermal issue around the splicing point in the power

amplifier, pulses with energy over 100 nJ should be possible.

2.1 Introduction and motivation

High energy and high power has been a focus of pulsed laser systems for decades.
The ytterbium laser has been widely studied in the past decades because of its high
optical-to-optical efficiency for generating high power and high energy pulses. To
achieve tens of microjoule level pulse energy at 1 um, regenerative amplifiers have
to be used to accommodate the nonlinearity during the amplification stage. Among
ytterbium doped materials, Yb:YLF crystals have many advantages such as wide

spectral emission range [30], low nonlinearity and high thermal conductivity; they
17



can generate over 30 mj energy femtosecond pulses at tens of Hertz rates and have
the potential tor increasing the repetition rate to kilo-Hertz rates if a thin-disk laser
is used to help remove the thermal issue [31]. A good fiber-based seed laser will
facilitate the regenerative amplification, suppressing the amplified spontaneous
emission (ASE) and incorporating the advantage of low-cost and compactness of the
fiber. However, Yb:YLF regenerative amplifiers have a very narrow gain bandwidth
of about 5 nm around 1018 nm, which is at the low-gain region of the ASE. Little
work in the past has been devoted specifically to 1018 nm femtosecond fiber lasers.
Research has been focused on 1018 nm high power continuous-wave lasers [32, 33].
Yb-doped phosphosilicate fiber and Yb-Doped double-clad fiber were used in both
oscillator and amplifier to generate a 1018 nm centered spectrum. A high energy
pulsed ytterbium fiber laser operating at 1018 nm has not been reported. Here we
demonstrate a 1018 nm femtosecond ANDi fiber laser with over 35 nJ pulse energy

and a spectrum matching the emission spectrum of Yb:YLF materials.

2.2 Limitation and design

While a fiber laser is promising for making high energy 1018 nm seed oscillator, it
has some intrinsic limitations.

The first limitation comes from the special wavelength. The gain bandwidth of the
Yb:YLF is only around 5 nm around 1018 nm. This is not at the peak of the regular
emission curve of the Yb-doped fiber, which is shown below in Fig.2.1. Typically
pumped at 975 nm, the highest gain is at 1031 nm. Due to the broad gain bandwidth

of Yb-doped fiber, the ASE amplification and the energy-shifting to longer wavelength
18



will suppress the amplification of the signal if the incoming signal at 1018 nm is not
strong enough. It may also cause parasitic lasing [32]. To avoid these issues, some
high-efficiency CW lasers and amplifiers at 1018 nm were designed [32, 33]. We
choose a special doped double-clad Yb-fiber that has a flattened absorption but a
smaller peak at 1018 nm on its emission curve, which corresponds to the green and
purple curves shown in Fig.2.2. This Yb-fiber has a similar emission cross section to
that of the Yb-doped phosphosilicate fiber used in Ref. [32], but also preserves the
convenience of easy splicing and strong cladding-pumping, making it promising for

building a 1018 nm fiber amplifier.
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Fig.2.1: Absorption and emission cross section of yitterbium-doped germanosilicatesglass.

(source: http://www.rp-photonics.com/ytterbium_doped _gain_media.html)
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Comparison of cross-sections of Yb-doped
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Fig.2.2: Absorption and emission cross section of different Yb-doped fiber.

(source: www.coractive.com)

Another limitation is on the repetition rate. With limited pump resource, the
amplified power for a femtosecond pulse train is typically restricted to hundreds of
milliwatts for a single-mode amplifier, a few hundreds of watts for a double-clad fiber
amplifier, and a few hundred watts for a rod-type fiber amplifier. For the purposes of
generating high pulse energy, and saving the cost of expensive pulse-pickers and
amplifier stages, people want to have a seed fiber laser with the lowest achievable
repetition rate. However, the repetition rate has never been achieved close enough to
the damage threshold (about 5 W/um?2) of the fiber amplifier. Significant work has
been done on achieving a repetition rate less than 10 MHz [34-43]. But there is some
limitation on the lowest repetition for fiber lasers. Around year 2000, most relative
stable fiber lasers had repetition rates higher than 20MHz and less than 100 MHz
[34]. In Ref. [34], mode-locking was studied at 10, 15, 20, and 30 MHz. For repetition
rate below 20 MHz, very careful adjustment of the waveplates was needed to mode-

lock the laser, and it frequently jumped into the multi-pulsing regime. In Ref. [35], W.
20



H. Renninger et al successfully amplified 3 MHz pulses with giant chirp and
compressed them to 670 fs. In 2006, S. Zhou et al. designed a hybrid cavity that
employs both a single-wall carbon nanotube saturable absorber and the NPR
mechanism to mode-lock the laser [36]. However, the pulse energy was only 0.23 nJ.
With the development of robust SESAMs (semi-conductor saturable absorber
mirrors) [37] and chirped mirrors [38], and the demand for micro-joule level fiber
laser systems, several other schemes [39-42] have been proposed, using multi-path
cavities (MPC) or long fibers, for building a long cavity. But either the pulses were
stretched to the nano-second level and the researchers were not able to compress
them back to the femtosecond regime, or the bandwidth of the spectra were limited
by the saturable absorber. In 2009, H. Sayinc et al. demonstrated that a 1.8 MHz fiber
laser system can have both stability and compressible pulses (93 fs) using both
SESAM and NPR techniques [43].

The highest pulse energy allowed in the oscillator is typically less than 1 n] for
soliton mode-locked lasers, a few nJ for stretched-pulse mode-locked lasers, and 20
n] for ANDi fiber lasers because of the maximum nonlinear phase shift they can
tolerate inside their cavities [44].

For our application, the laser should have a relatively low repetition rate so that
fewer amplifier stages are needed, and should preserve high pulse energy in the
suitable wavelength range for seeding the regenerative amplifier. To this end, we

chose to build an ANDi fiber laser with repetition rate about 13 MHz.

2.3 Simulation

21



A block diagram of an ANDi fiber laser is shown below for simulation.

<

b-fiber |mmmmlp| Passive fiber

WDM--passive fiber -

%

E— NPR |

Fig.2.3. Block diagram of the ANDi fiber laser for simulation.

When the pulse is propagating through the fiber, the nonlinear effect and
dispersion effect will make changes to the pulse. While they in fact act
simultaneously, we treat them separately in simulation using a split-step Fourier
Transform method. Several reference papers [45-48] suggest the typical values of
the parameters for our simulation:

For passive HI1060 fiber, B2 = 22.0 fs2, B3 = 74.0 fs3, nz = 2.36e-20 m2/W, Aeft =

2 1 i G
28.27 pm2,y = ﬁ; Ly, = 5, Esaturation = inf, 2= 5000 nm. For Yb-4/1200 fiber,
B2 = 23.0 fs?, B3 = 74.0 fs?, nz = 2.36e-20 m2/W, Aerr = 15.20 pm2, y = Mz—’;” B =
*My*Ag

plTy' Esaturation=3~16, g2 = 350 nm. Here 2 is the second-order dispersion, (33 the third-

order dispersion, n2 the nonlinear coefficients, Aeff the effective mode-area, Esatwration
the saturation level, reflecting the pump power and adjustable, Ly, the nonlinear
length, and g2 the gain-bandwidth.

For the NPR, we model it as a fast saturable absorber, and the saturation depth
and response time are adjustable. 70% of the power was coupled out from the cavity.
The filter is modeled in the frequency domain.

The real code contains both Visual Fortran and Matlab software. A pseudo code

flow of the simulation is in the box below:
22



Program main

{
set parameters:
fiber lengths, dispersion, nonlinear coefficients, Raman-coefficients,
For each roundtrip
{
If not converged then
Call Progagation(first segment of fiber)
Call Progagation(second segment of fiber)
Call Progagation(in third segment of fiber)
Call NPR and OC
Call filter
else break and save the field
end
}
}
Function Propagation // split-step FT
{
Call dispersionEffect(dz/2)
Call nonlinearkffect(dz)
Call dispersionEffect(dz/2)
}
Function dispersionEffect()
{
}
Function nonlinearEffect()
{
}
Function NPRs()
{
}
Function filter()
{
}

Table.2.1 Code flow for simulating the oscillator

Simulation results for a 13 MHz fiber oscillator are shown below in Fig.2.4. From
top to bottom are: the output spectrum, the field intensity in time-domain, and the

Fourier transform-limited (TL) pulse. Lengths of the fibers were set to 1400 cm, 25
23



cm, and 50 cm, respectively for the three segments. Esat for the Yb-fiber was set to 4

and the small signal gain was set to 40 dB.

As can be seen, the spectrum is centered at 1018 nm and spans about 6 nm, which
is suitable for our application. The direct output pulse duration is about 4 ps, which

may need to be stretched further to above 10 ps for the amplifier. The TL pulse

duration is about 320 fs.
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Intensity profile
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Fig.2.4 Simulation results: (top to bottom) pulse spectrum, pulse intensity in time-domain, and
transform-limited pulse
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2.4 Experiment setup and results

A schematic diagram of the laser configuration is shown in Fig. 2.5. It consists of an
oscillator, a fiber stretcher, a bandpass filter, and a fiber amplifier. The oscillator is
an ANDi fiber laser as shown in the block diagram in the previous section, using
nonlinear-polarization rotation (NPR) and a spectral filter as the mode-lock
mechanisms. The first segment of WDM-isolator fiber is about 1400 cm. The Yb-
fiber is 25 cm Yb1200-4/125 highly doped fiber. The third part of the coupler-
collimator fiber is about 50 cm. A bandpass filter (BPF) with 3.5 nm bandwidth and
flat-top shape (Appendix A.1) was employed to facilitate the mode-locking and tune
the center-wavelength of the spectrum so that it covered 1018 nm. Typically, a
Gaussian-shaped birefringence filter (Lyot filter) works best for ANDi fiber lasers
[49]. However, it needs too many birefringence filters to make a 3-nm-bandwidth
filter and adds too many knobs into the cavity. Since the Yb-4/1200 fiber does not
have a high gain at 1018 nm, careful adjustment is needed to mode-lock the laser
usihg this 3.5 nm narrow bandpass filter. A 40:60 coupler was used and the 60%
portion was coupled out into a fiber-based isolator and then launched into a
segment of 20 m long HI-1060 fiber stretcher. Another BPF was employed and
tuned between the stretcher and the double-clad amplifier to select the signal
wavelength for amplifying and cut unwanted signal spectrum. Leaving out this BFP
will make the output spectrum from the amplifier shift to higher wavelength than
1030 nm. The amplifier consists of a (2+1) beam combiner and 50 cm of absorption-
flattened Yb-doped double-clad fiber (FP fiber). This kind of FP fiber has a higher

gain at 1018 nm than 1030 nm or higher wavelength, enabling efficiently amplifying
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the signal wavelength. According to the experimental results, either using the filter

or the FP gain fiber alone cannot guarantee correct amplification at 1018 nm.

............................................................................................................

combiner
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: grating 1
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i gratin
Sl Stretcher!

Fig.2.5. Configuration of 1018 nm laser system. ISO: isolator; BPF: band-pass filter; RM:
reflecting mirror; PD: photodiode; Yb SM: ytterbium-doped single-mode fiber; Yb DC:
ytterbium-doped double-clad fiber.

With the NPR mechanism combined with a spectral filter as the mode-locking
mechanism, the seed oscillator worked at repetition rate as low as 12.86 MHz using
a 976 nm pump with 300 mW optical power. The spectra of outputl and output2
are shown in Fig.2.6. The output pulse from the coupler in the oscillator has a pulse
duration around 3 ps. After the fiber stretcher and band-pass filter, the direct output
pulse width was measured to be 4.3 ps (Fig.2.8 inset). With 1W multimode 976 nm

optical pumping, 450 mW 1018 nm narrow band output was achieved,
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corresponding to 35 n] pulse energy. A pair of diffraction gratings with 600 gr/mm
and distance of 30 cm compressed the amplified pulses and the autocorrelation
trace of the compressed pulse is 781 femtosecond, as shown in Fig.2.8. The
retrieved pulse width is 513 fs. This is within 20% of the transform limited pulse
width of the spectrum, confirmed by our simulation results in the previous section.
The pulse is relatively clean considering the high pulse energy and short pulse
width. The pedestal in the compressed pulse is due to the uncompensated high

order dispersion introduced by the grating pair, which can be further compensated

by prism pairs with high efficiency.
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Fig.2.9. Simulated output spectrum of the 1018 nm pulse.

Figure 2.6 shows the oscillator spectrum. This is a typical spectrum of an ANDi
fiber laser, with sharp edges on both sides showing the strong effect of the
frequency filter. The fringes on the spectrum are a sign of nearly-overdriven
nonlinear polarization rotation. Figure 2.7 shows the final output spectrum in linear
and logarithmic scales. This is a correct fit for the Yb:YLF regenerative amplifier
considering its gain characteristics. The measurement resolution is 0.1 nm.

Figure 2.9 is the simulated spectrum from the oscillator. A Gaussian-shaped
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filter was assumed and the 1/e2 bandwidth was set to 4 nm. Compared to Fig.2.6, we
can see, it resembles the real spectrum in the bandwidth and shape. The difference
on the top comes from the difference between the real window-like filter and this
Gaussian filter in our modeling, and the difference between the gain shape in
experiment and in simulation. Simulation suggests that over 200 n] pulses are
possible, but that involves either a CPA system or another double-clad fiber
amplifier stage.

Figure 2.10 is a photo showing the whole setup and the compactness (only 60
cm by 60 cm) of this system including all the electronics except the controller of the

laser diodes. It makes the laser a great source for many large complex laser systems.

Fig.2.10. A photo of the setup.
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Further increasing the pump power for the amplifier simply increases the
output pulse energy to the over-100 nJ level. However, no passive fiber should be
attached to the double-clad Yb-doped fiber. Otherwise significant nonlinearity will
occur and the pulse shape will be distorted. The output was collimated by a free-
space collimating lens to avoid this pulse degradation. Mode-locking was stable and
self-sustained for a week. However, the repetition rate was somewhat low to
maintain a self-starting operation for a long time because accumulated
birefringence caused by temperature fluctuation and mechanical perturbation is too
high for the nonlinear polarization rotation mechanism to make the mode-locking
self-starting in such long fiber in a long run. Further adjustment of the waveplates is
needed to restart the mode-locking.

Since the laser is running at a relatively low repetition rate, multi-pulsing can
occur if some perturbation happened to the oscillator. That can be mechanical
disturbance of the fibers, temperature fluctuation, or acoustic noise induced
birefringence change. A typical reflection of those changes is the modulation on the
spectrum; an example is given in Fig.2.11 (left). To get a super-stable mode-locking
operation, auto-adjustment mechanics and the temperature controller have to be
implemented into the system. Another key point is using the narrow bandwidth
bandpass filter and the special DCYb-8/125 fiber at the same time. Since the double-
clad fiber has relatively low absorption at 975 nm, meters of this gain fiber should
be used. On the other hand, the longer the gain fiber, the more energy will be
transferred to, and amplified at, longer wavelength. This is because fiber
intrinsically has higher absorption at shorter wavelength than longer wavelength. If
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the seeding signal is weak or has a spectrum residual that is close to 1030 nm, the
residual will sees a higher gain. That situation is reflected in Fig.2.11 (right). In
summary, the double-clad Yb-doped fiber amplifier tends to have an output at
longer wavelength. To get the clean spectrum at the desired wavelength, one or

more filters are necessary depending on how much power to expect from the

amplifier.
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Fig.2.11 left: amplified spectrum with energy shifted to longer wavelength; right: amplified
spectrum with modulation.

2.5 Conclusion

In conclusion, we designed, simulated and built the highest energy narrow band
1018 nm femtosecond fiber laser system to date. This laser system is able to deliver
over 35 n] femtosecond pulses with spectral bandwidth about 5 nm. Two spectral
filters were used to constrain the seeding spectrum for the amplifier. The pulse
duration can be compressed to 513 fs. It is a promising seed laser for a Yb:YLF
regenerative amplifier. This system incorporates a low-cost ANDi fiber laser seed, a

narrow band filter for selective amplification, and absorption-flatten double-clad Yb
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fiber for amplification with suppressed ASE, which has the advantage of

compactness and easy maintenance.

Chapter 3

High power Cherenkov radiation

In this chapter, we discuss in detail the high power Cherenkov radiation. A novel
device with high order mode fiber was employed to provide large anomalous
dispersion for Cherenkov radiation generation. 155 fs pulses with 3 GHz repetition

rate were achieved with a 2.4W input pulse.

3.1 Introduction and motivation

Femtosecond laser pulses at around 1200nm have many applications in biomedical
and bio-imaging area. Over the last few decades, works have been devoted to soliton
frequency shift as well as energy transfer to this particular wavelength [50-55].
Because of the lack of anomalous dispersion devices at this wavelength, early laser
sources were restricted to wavelengths greater than 1300 nm [50, 51]. With the
recent development of photonic-crystal fibers (PCFs), dispersion becomes
controllable and tunable sources for a wider wavelength range are available.

Unfortunately, the pulse energy required for stable Raman-shifted solitons is on the
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extreme ends, either just sub-n] for the PCF or hundreds of n] for the photonic-
crystal bandgap fibers (PBGFs), because of the high nonlinearity of the PCF and the
low nonlinearity in the PBGF, respectively [56]. For the purpose of generating
Raman-soliton pulses with few n] pulses, Siddharth Bhardwaj, a fellow graduate
student, developed a high order mode fiber that preserve relatively large effective
area and large anomalous dispersion around 1200 nm [19]. This facilitates the
generation of compressible Raman-soliton pulses but alongside produces nontrivial
portion of Cherenkov radiation [57]. Here we use this device to generate

compressible Cherenkov radiation with the highest reported optical power.

3.2 System design, experimental results and discussion

To generate the most possible output power, we used the 3 GHz laser system in
reference [57]. This system delivers over 3 n], 100 fs compressed pulses as
excitation pulses for Cherenkov radiation generation. The device is a concatenation
of a segment of HI780 fiber, a piece of fiber Bragg-grating, and a segment of high

order mode fiber. A schematic of the device is shown below:

. LPOQ
Spiice grating
Device '\ A
structure = J e —
HI780 fiber splice LPy, positive fiber
pigtail protection
sleeve

Fig.3.1. Structure of the device.
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Only the high order mode of the LP02 positive fiber provides anomalous
dispersion for the soliton propagation and Cherenkov radiation generation. Its
nominal insertion loss is about 0.5 dB in total for 1 um pulses. The dispersion curve
for the LP02 positive fiber is given below in Fig.3.2. This suggests that in a short
segment of fiber we can generate Raman-solitons below 1200 nm and in a long

segment, we can produce Cherenkov radiation above 1200 nm.
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Fig.3.2. Dispersion curve of the LP02 positive fiber with ZDW points indicated.

Simulation suggests that the Cherenkov radiation with maximum power can be
obtained with 0.75 m LP02 positive fiber and no HI780 fiber in the front end. This is
shown in Fig.3.3. An initial pulse with Gaussian profile and 100 fs pulse duration

(FWHM) is assumed.
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Fig.3.3. Spectra of simulated input host pulse and output frequency-shifted pulse.

The system setup is shown in Fig.3.4. A half-wave plate is placed before the
LP02 positive fiber for optimizing the output Cherenkov radiation. A long pass filter

after the output lens eliminates the Raman-soliton pulse and the residual host pulse.

HWP LPO2 fiber 1160LP

lens @ lens
[BGHziaser ]— ----- —H--). .-H—-—) {Autocorrelator ]

Fig.3.4. Cherenkov radiation system setup: HWP: half-wave plate; 1160LP: 1160 nm long-
pass filter.
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Figure 3.5 shows the output power of the pulse after the LP02 positive fiber
with different fiber lengths and a fixed incoming pump power. As is shown, when
the fiber is long, the output power gets a little higher. However, when the fiber is
less than 4 m, the output power is around 3W, relatively stablely. In Fig.3.6,
however, the optical power of the filtered Cherenkov radiation decreases noticeably
with decreasing LP02 positive fiber length, with a fixed incoming pump power. A

fitting line of the points shows that the relation is almost linear.
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6000:
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3000;
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1000
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3000 3500 4000 4500 5000 5500 6000
Seed Power (mW)

Fig.3.7. Pulse duration of the direct output Cherenkov radiation with different fiber length
and different incoming pulse energy.

The maximum power we got is 3W with about 30% optical conversion

efficiency when the fiber length is about 5 m and input power about 10W, but the
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fiber tip burned several times. By cutting back the fiber length, we achieved
Cherenkov radiation with different output power and a fixed incoming power at 8W.
This is due to the intrinsic characteristics of the mechanism of Cherenkov
generation. The highest power in Fig.3.7 is 2 W when using 5 m fiber, whereas the
output for 0.75 m fiber length is only around 0.6W. Similarly by cutting back and
varying seed power at the same time, we measured the uncompressed pulse
duration of the Cherenkov radiation (Fig.3.7). The black, red, green, and blue curves
correspond to LP02 positive fiber with length of 2.75 m, 1.75 m, 1 m, and 0.75 m
respectively. As the fiber length gets shorter, the Cherenkov radiation exhibits
shorter pulse duration. When the fiber length is around 0.75 m, the autocorrelation
trace of the uncompressed pulse duration is almost constant and has a FWHM
around 200 fs. This optimal length is consistent with our simulation work
mentioned before. However, when the fiber length is longer than the optimal length,
the output pulse duration increases almost linearly with the input and output
optical power. For 2.75 m long fiber, the pulse duration can be much longer.

This showed a trade-off: for the most output power of Cherenkov radiation, we
need longer LP02 fiber. However, to get the minimum direct output pulse duration,
the fiber length should be at the optimal length around 0.75m.

We are currently short of diffraction gratings with good efficiency to further
compress the pulse at its highest power, partly due to the distorted shape of the
output pulse when the fiber is long, and partly due to the poor degree of polarization

of the output pulse.
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Fig.3.9. AC trace of direct output Cherenkov radiation with 2.75 m fiber and different
incoming seed power: left: 3.2 W; right: 1.7 W.
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Fig.3.10. AC trace of direct output Cherenkov radiation with 0.75 m fiber and different
incoming seed power: left: 3.0 W; right: 2.4 W.

Figure.3.8 shows the autocorrelation trace of the output Cherenkov radiation
from a segment of 5 m LP02 positive fiber. The pulse is highly distorted due to the
high peak power accumulated nonlinearity along the fiber. In Fig.3.9, it is clear that
as the fiber was cut to 2.75 m, the pulse shape becomes much cleaner and shorter
than the pulse duration with 5m LP02 fiber. As the fiber was cut further to 0.75 m in
Fig.3.10, no pedestal appears in the autocorrelation trace. With 2.4 W incoming host

pulses, the FWHM of the autocorrelation trace of the direct output Cherenkov

radiation is only 155 fs.
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Fig.3.11. Spectra of output Cherenkov radiation with different fiber length.

Figure 3.11 shows the spectrum change with different fiber length with a fixed
incoming seed power. The host pulse shifts more of its energy to the Cherenkov
radiation pulses when the fiber length increases. To get the most in long

wavelengths, the fiber should be long enough for the soliton to transfer energy.

3.3 Conclusion

We have demonstrated a system that can generate above 3 W average power of
Cherenkov radiation by launching 3 GHz repetition rate femtosecond pulses into the

LP02 positive fiber. The spectrum, conversion efficiency and direct output pulse
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duration change dramatically with the length of LP02 positive fiber. The shortest
pulse duration of the output Cherenkov radiation is 155 fs with an average power

about 0.6 W.
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Conclusion and future work

In this thesis, we have demonstrated a novel way of generating optical pulses at 1018 nm
with above 35 nj pulse energy and 5 nm spectral bandwidth. Pulses can be compressed
to the femtosecond regime. This laser system has a variety of applications particularly in
seeding Yb:YLF regenerative amplifiers. We also developed a system that efficiently
generated over 3W of Cherenkov radiation. The shortest Cherenkov pulse duration was

155 fs, which makes it a promising laser source for biomedical applications.

Future work of the 1018 nm laser system will be devoted to further increase the
pulse energy while keep the compressibility. Simulation suggests that sub-microjoule
pulse energy is possible if the pulse is stretched to 0.5 ns, which in turn either introduces
tremendous third order dispersion if we use a fiber stretcher, or introduces the

experimental implementation difficulty of using a diffraction grating pair as the stretcher. ‘

Future work of the Cherenkov radiation will be focused on generating higher energy
Cherenkov pulses and using transmission grating pair to compress them to under 500 fs.

Simulation shows that over 5 n] Cherenkov radiation is possible from this setup.
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Appendix A

Implementation of the 1018 nm laser

system

A.2 List of fiber components

Name # Description specification
HI1060 fiber 20m Used for fiber pre-stretcher
Yb1200- . Absorption: 1200
4/125 fiber 30 cm Highly doped Yb fiber db/m@976 nm
1030 2 piece collimato 10 cm working distance,
collimator preces imator 0.03 dB Insertion loss
FWDM-9830- . . Reflecting wavelength:
B-H-1-0-1w | ©Piece Filter WDM 1020-1100nm
ISOS-30-B-1- 4 pieces Polarization insensitive single | 1030 nm, Max IL: 4.0dB,
0-0.08W p stage isolator Min isolation: 25dB
PBS 2 pieces Polarization beam-splitter
0,
BPF 2 pieces Bandpass filter 3:5nm BW, .92./0 peak
transmission
. Half waveplate, for rotating the
HWP 3 pieces polarization of the beams
Quarter waveplate, for
. transforming the elliptical
QWP 2 pieces polarization beam into linear
polarization beam
DCF-YB- Im Yb-doped double-clad fiber Absorption: 10.8
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8/128P-FA with flattened-top absorption dB/m@976nm

M].P()CE:?Izbs(l _ Input Signal Fiber &
10,/125- 1 piece 980,/1030 beam combiner Output Fiber: 10/125
DCF fiber, 0.08/0.46NA
70x12x8

Table.A.1 List of fiber components

A.2 Filter for 1018 nm

100
1101-1030
90

80 | =0
70 | &
—_ 0
E)
< 60
2 50
E 50
£ w0
o
= 3 a0
30 30
20 0
10
10 [
]

0 1010 1012 1014 106 1ms 1020 12 1024 1026 1008 1030
1000 1010 1020 1030 1040 1050 1060

Wavelength (nm) — 1011030

Fig.A.1. Transmission curve for the Maxline-1030 filter with normal incidence (left) and with angled
incidence (right).

(source: www.semrock.com)

Formula (*) was used to calculate the center wavelength of the transmission curve

when beam incidences with angle 0:

A(6) = 2(0) /1 i *)
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Appendix B

Matlab simulation code for the 1018 nm
oscillator

B.1.Introduction

This simulation model is already introduced in the previous section. The code was
originally written in Fortran by Fatih Omer Ilday. A software with GUI can be downloaded
at http://ultrafast.bilkent.edu.tr/UFOLAB/Home.html . Thanks to the development of Matlab
Simulink library, we can wrap things up in a more compact and efficient way. Critical
parameters for an oscillator simulation are: dispersion (k2, k3), saturation energy (Esat),
gain bandwidth (g2), raman coefficient (Raman), output percentage (OC section), and

modulation depth (NPR section).

B.2.Sample Code for the oscillator

Here we show a sample code for the simulation. This code can be adapted for simulating
several kinds of fiber lasers (soliton-like/stretch-pulse/similariton mode-locked lasers),
fiber amplifiers, fiber stretcher and diffraction grating compressors. Only the main code is
provided. Some key functions are hidden. Contact the author if you want to know the

detail.
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Main code:

tres = 408¢; %%
Elast = zeros(tres,l);
Elastl = zeros(tres,1l);
criteria = zeros(5,1);

totalpasses = 1000;

saveevery = 10;
TO = 4;
%%dz = 1.0/totalsteps;

for t = l:tres
Elast (t) = (1.665%T0+rand*t)/ (tres+0.01);
end
EEEEEESESEEEEELLFLILLLLLE LTRSS
atart = 0000;
conv = 1.665;

Treal = 100.0/conv;

Power = 1500.90;

Lambda = 1030.0;

Dtot = 0.0;

Ltot = 10.0; %% free space length

%%redord the parameters.dat

RS EEEESTEEEETLEETILEEREEEETESREELSS

%%/mw*¢w* set parameters m&wwwﬁw*www%%/

LS ESLLEELSLLLLTLLRRERLREESRLESS

L = [250.0, 20.Q, 50.0]1';

numFachSegment = [12, 40, 4]';

gain = [0.0001, 4.0, 0.0001]°';

Esat = [1000.0, 3.0, 1000.0]'*T0; %% gain 30 db for small signal
g2 = [5000.0, 100.0, 5000.01°'; %% gain bandwidth

Raman = 5.0%T0/ (Treal*l1.0)*[1, 1, 11°';

k2 = [22.0, 22.0, 22.0]';
k3 = [74.0, 74.0, 74.0]"';
n2 = [2.36, 2.36, 2.36]";

2eff = [28.27, 15.20, 28.27]"';

Gamma = 2.0%pi./Lambda.*n2./Reff./10.0;

L2d = Treal.”2./k2./10.0;

L3d = Treal.”3./k3./10.0;

dz = l./numEachSegment;

InL = 1.0./ (Power.*Gamma) ;

Lg = L./(1.15.*%gain};

EELLLEEEHLAEELLLLETELLLEL LR ERLLLER

Isat= 1.00;

Iglcbal = 0.0;

et e L L LR R R R R AL

for pass = start+l:totalpasses
sprintf('*******************\n Roundtrip — %d',pass);
Iglobal = 0.0;
Energy = sum(abs(Elastl)."2);
Ipeak = max(abks(Elastl).”2);
sprintf ('Total energy out cavity is: %.8f pJ°',
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Energy*Power*Treal/ (T0%1.0)/1000.0);
EEEEEELESEEE LT EEEFTEEEIELEEEE3%%%Converge Check
criteria(mod(pass,5)+1) = Energy;
disp(criteria');
c= criteria;
if ((c(5)-c(4))<le-6*c(5) && (c(4)-c(3))<le-6*c(4) && (c(3)-c(2))<le-
6*c (3) && (c(2)-c(l))<le-E*c(2))
disp('The field has converged!!!');
fid = fopen('Converged.dat', 'w');
for £t = l:tres
Ereal = real(Elastl(t));
Eimag = imag(Elastl(t));

Phi = -atan2(Eimag, Ereal);
fprintf(fid,'%.8f %.8f %.8f \r\n', t, Ereal, Eimag);
end
fid = fclose(fid);
break;

end
%%Go through each segment of fiber/components
for i = 1:3
for stepNum = l:numEachSegment (1)
Elast = Propagate (Elast, dz (i), L(i), L2d(i), L3d(i), LnL(i),
Lg(i), Esat(i), g2(i), Raman(i));
Ipeak = max(abs(Elast).”2);
Iglcbal = max(Iglcbal, Ipeak);
Energy = sum(abs(Elast)."2);
end
end

sprintf ('Overall peak Power 13 %.6f W', Iglobal*Power);

%% Saturable Absorber action
Icenter= Ipeak;
Elastl = Elast;
Elast = Elast.%sgrt(l1.0 - 0.7./(l+abs(Elast)."2/Isat));
Elastl = Elastl - Elast;

%% Output Coupler action
Elast = Elast¥sgrt(0.3);
%% filter Coupler action

fact = 50; %%4096/100/10 = 4 nm
facter = (l:tres)';
factor = exp(fact* (factor-tres/2)."2/tres"2)/exp(fact/4);

Elast = ifft (fft(Elast,tres).*factor, tres);
end %%/end all passes

Table.A.2 Sample of simulation code
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