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SUMMARY

Thanks to its plentiful merits, such as high efficiency, vibration proof and maintenance
free, high power Ytterbium-doped pulsed fiber lasers (YDPFLs) at 1 pm wavelength
region have seen rapid development driven by the broad industrial applications over the
past decades. However, there is still a lot of room for innovation and the performance
enhancement for the YDPFLs is valuable.

This thesis focuses on the analysis of high power YDPFL at 1 pm wavelength region.
Firstly, the theoretical modeling of YDPFLs and design of pulsed pump YDPLs with
adjustable pulse duration and pulse repetition rate are investigated. Large amount of
stored energy is the basis for high power YDPFLs. The more energy stored in the laser
cavity, the more available gain for signal pulse laser injection. At the same time, the more
inter-pulse Amplified Spontaneous Emission (ASE). When the ASE is not properly
controlled, undesired laser treatment outcomes or self-lasing may occur. Pulsed pump is a
superior avenue to address this issue. By modeling and simulation an ytterbium-doped
double-clad fiber amplifier (YDFA), the most crucial factors of pulsed pump, pump
power (Pp) and pump duration (#,), have been investigated. For YDPFLs with adjustable
pulse duration and pulse repetition rate, I proposed a new pulsed pump method. By using
this pulsed pump scheme, the performance of the YDPFL is improved without additional
pump or cost.

Secondly, high average power and high peak power YDPFLs have been constructed and
studied. High power YDPFLs have progressed rapidly and been widely utilized for
material processing. When laser-material interaction occurs, the energy of the laser pulse

whose peak power is higher than the ablation threshold power of the material contributes
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to the final desired treatment outcomes. The rest of the laser pulse energy is wasted. In
order to characterize this, a new parameter, Usable Pulse Energy Ratio (UPER), is
proposed. Through this parameter, whether the workpiece can be laser processed or not,
how much the pulse energy is wasted, and the width of Heat-Affected Zone (HAZ) after
laser treatment can be perceived qualitatively. Then a high average power YDPFL with
output power of 160 W has been designed. The YDPFL operating with four pulse
duration (80 ns, 56 ns, 34 ns and 10 ns) has been studied. The optical-to-optical
conversion efficiency of ~ 67% for the main amplifier and the 46 beam quality (M2) of
1.7 is obtained. The limiting factors for high power YDPFLs (such as ASE, Stimulated
Raman Scattering (SRS) and Stimulated Brillouin Scattering (SBS)) are cautiously
studied and addressed. A high peak power YDPFL with adjustable pulse duration from
350 ps to hundreds of ns seeded by an superluminescent light emitting diode (SLED) is
also demonstrated. The monolithic YDPFL is constructed with MOPA configuration
which consists of three cascade amplifiers and the 350 ps laser pulses are generated
through gain switch.

Finally, laser applications can not only verify the design of the laser, but also provide
the design requirements for the laser. Instead of using expensive and bulky ultra-short
lasers, high power nanosecond YDPFL is applied to the blackening of a bulk Al alloy
substrate with an alumina surface application. The laser induced porous
nanostructures/microstructure (NSs/MSs) layer is formed and located beneath the alumina
surface of the BSBs. This is the first time to reveal the porous NSs/MSs formed beneath
the alumina surface by a nanosecond YDPFL to the best of our knowledge and the

NSs/MSs layer is suggested to be responsible for the structural color. From the application
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point of view, the properties of the output laser of an YDPFL and the blackening effect
are directly related. This in turn emphasizes the strong bond between the application and

the laser design.
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aluminum substrate is not smooth which causes the inconsistent alumina surface.

Fig. 5-13. CIE L* value with the offset between the plate surface and the focal position of the
laser system.

Fig. 5-14. The structure of the surface absorber (This picture is from the catalog of OPHIR
Inc.).
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Chapter 2 BACKGROUND INFORMATION AND LITERATURE REVIEW

Chapter 1 INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

Laser, associated with the high brightness, small divergence and non-contact process,
has been widely applied in lots of fields which include industry, research, medical
treatment and military etc., ever since the invention. Fiber, which is invented for the
telecom communication applications, is also proposed to be a suitable waveguide for high
power laser [1,2]. When being doped with rare earth ions, it becomes gain fiber from a
passive component which can be utilized for not only guiding light, but also amplification
light. When the laser and gain fiber come together, we “obtain” fiber laser. By using the
fiber as gain media and light waveguide, the high optical-to-optical efficiency, promising
heat dissipation resulting from the large surface area, and vibration proof induced from
the monolithic configuration etc., are achieved. For a 1 um wavelength fiber laser doped
with Yb** ions, the laser firstly has high quantum efficiency due to the relatively small
wavelength difference between the pump and the signal laser and this is crucial for high
power fiber lasers design. Secondly, Yb*" ions possess a wide absorption and emission
spectra and this renders a greater range of options of the pump laser wavelength. The
wavelength of the output laser can also be set according to design requirements.

In 1961 E. Snitzer proposed a laser with an optical fiber cavity [3] and in 1964, Koester
and Snitzer utilized a 1-meter-length fiber with a neodymium-doped core in a laser
amplifier [4]. The fiber laser at 1 um wavelength has progressed rapidly especially after
the concept of double-cladding-fiber and multi-mode high power pump became available.

YDPFLs have drawn the interest of a large number of researchers during the past two

17



Chapter 2 BACKGROUND INFORMATION AND LITERATURE REVIEW

decades. Recently, higher peak power, larger pulse energy, novel laser cavity
configurations and better efficiency etc. are still among the popular research topics.

From the market data from Strategies Unlimited [5], fiber lasers have emerged as the
most widely utilized industrial lasers, accounting for 57% of the total revenue of all types
of lasers in 2016. The revenue of it has the fastest growth in the past two years which is
16% for 2015 and 11% for 2016. When coming to the marking/engraving applications
where high power YDPFLs are mostly utilized, the YDPFL has the dominant share of 73%
in 2016.

When YDPFL is used for material processing, it is essentially a laser-material
interaction. The properties of the laser pulses strongly associate with the treatment effects.
After laser treatment, the unique features of the surface morphology that allow
modification of the mechanical, optical, chemical, tribological and other properties of the
surface attract the attention of researchers in many fields. The full explanation on the
formation dynamics by laser pulses is still an unfinished task due to the complicated laser-
material interaction.

Due to the many merits and wide implementation of high power YDPFLs, the
performance enhancement for the lasers is valuable, and there is still a lot of room for
innovation. By exploring and investigating the laser-material interaction, a better
understanding of the high power YDPFL is achieved. This understanding, in turn, is
critical to the design of high power YDPFLs with better performance.

This is my motivation to analyze high power pulsed fiber laser at 1 pm wavelength. The
research focuses on high power YDPFLs and furthermore, the laser-material interaction

by the lasers.
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1.2  OBJECTIVES

As described in the Background and Motivation Section, YDPFLs possess a number of
superiorities, which are expected to play a key role in many applications. The objectives
of this work are to analyze and improve the performance of high power YDPFLs. At the
same time, to study the mechanism behind the laser-material interactions by the high

power YDPFLs.

1.3 MAJOR CONTRIBUTIONS

The original contributions in this thesis are listed as follows:

® [ propose a pulsed pump design for YDPFLs with adjustable pulse repetition rate
and pulse duration. By using such a pulsed pump scheme, the pump power (Pp) is
kept at the maximal reachable pump power level or a fixed level, and the pump
duration (#,) for each seed pulse is modulated according to the pulse duration. The
experimental results show the efficiency is improved by ~10% at 2 kHz and ~6%
at 5 kHz for long (130 ns) and short (20 ns) pulse duration respectively comparing
to the CW pump scheme. There is the same trend obtained from both the
numerical simulation and experimental results.

® [ propose a new parameter, Usable Pulse Energy Ratio (UPER), to characterize the
laser pulse of a nanosecond high power YDPFL by considering the laser-material
interaction. UPER is defined as the ratio of the pulse energy of the part of the
nanosecond laser pulse whose peak power is higher than the predefined ablation
threshold power to the maximum reachable pulse energy. With this parameter, we

qualitatively perceive whether the workpiece can be laser processed or not, how
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much pulse energy is wasted, and how wide the heat affected zone (HAZ) is after
laser treatment. High power YDPFL with pulse shaping has been analyzed with
UPER.

I design a novel high average power MOPA YDPFL with adjustable pulse
duration and pulse prepetition rate. The average output power reaches 160 W. To
mitigate the SRS component and enhance the pulse energy, a triangular seed pulse
shape is adopted for the laser. The laser with pulse energy of 1.45 mJ has been
achieved with 80 ns seed pulse, and the power in the 1% Raman peak at ~ 1115 nm
is at -20 dB compared to the center wavelength of the signal laser. In order to
address SBS, an SLED seed source with 3 dB optical spectrum of 20 nm, has been
utilized to produce the seed pulses. The inter-pulse ASE has been suppressed
through the proposed pulsed pump scheme in this thesis. The optical-to-optical
conversion efficiency of ~ 67% for the main amplifier and the 46 beam quality
(M?) of 1.7 is obtained.

I design a novel high peak power YDPFL with adjustable pulse duration in the
range of 350 ps to hundreds of ns seeded by an SLED. Due to the ~ 20 nm optical
spectrum of the SLED, SBS is avoided for this laser. The 350 ps laser pulse
generated through gain-switching technique reaches the peak power of 275 kW
and pulse energy of 92 pJ after amplification. The ASE component of the laser is
investigated and the laser proportion is ~ 53%. The pulsed pump technique
proposed in this thesis is implemented to the laser to suppress inter-pulse ASE for
laser operating at pulse repetition rate less than threshold pulse repetition rate. For

the laser with 183 ns seed pulse duration, pulse energy of 3.2 mJ and peak power
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1.4

of 137 kW is achieved. The beam quality (46 M?) of this laser is 2.7 and 2.8 for
the X and Y directions, respectively.

I reveal the high power nanosecond YDPFL induced porous
nanostructures/microstructures (NS/MS) layer beneath the alumina surface. The
NS/MS layer is suggested to be responsible for the structural black color. The
black square blocks (BSBs) and the gray square blocks (GSBs) formed after laser
treatment are characterized qualitatively and quantitatively. The reflectance for the
BSB is much lower than the original sample from 280 nm to 2500 nm and the
reflectance is considerably uniform in visible light range. The feasibility of this

application is studied and proved.

OUTLINE OF THE THESIS

In this thesis, the analysis of high power YDPFL at 1 um wavelength is focused. An

introduction of high power YDPFL has been presented in Chapter 2. In Section 2.1, the

history and current state of fiber lasers are reviewed. Due to the superiority of fiber lasers

and the demand from industry, the power scale of fiber lasers has developed rapidly since

the invention of double-clad fiber (DCF) and high power multimode pump diodes. In

Section 2.2, the fundamental elements of YDPFLs have been introduced, including DCF,

Ytterbium-doped fiber, and limiting factors for pulsed fiber laser at 1 um wavelength. For

DCEF, the influence of fiber geometry on the pump absorption efficiency is summarized.

For ytterbium ions fiber, the energy level, absorption and emission spectra are reviewed.

Aluminosilicate (Al) and phosphosilicate (P) glasses are also compared. In Section 2.2.3,

the limiting factors such as thermal damage, self focusing, SPM, gain saturation, SBS,
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SRS and mode instabilities are described. The comparison between the step-index LMA
fiber and photonic crystal LMA fiber for high power fiber laser is performed in Section
2.2.4. A few applications of the YDPFLs have been shown in Section 2.3.

Large amount of stored energy is the basis for high power YDPFLs. However, if the
ASE is not properly controlled, undesired laser treatment outcomes or self-lasing may
occur. Pulse pump is an effective avenue of suppressing ASE between laser pulses of high
power YDPFL, especially when the laser operates at a low pulse repetition rate. In
Chapter 3, I focus on the pulsed pump design of high power YDPFLs. For pulsed pump
design, the most important factors to be determined are the pump power and pump
duration. In Section 3.2, the pulsed pump YDFA is numerically studied and the
relationship between the pulse energy, efficiency and ASE with pump power and duration
is investigated. In Section 3.3, the pulsed pump design for YDPFLs with tunable pulse
repetition rate and pulse duration is studied. By using this pump scheme, the Pp is kept at
the maximal reachable pump power level or a fixed level. The ¢, for each seed pulse is
modulated according to the pulse duration. When the laser is operating with pulse
repetition rate less than the threshold pulse repetition rate (f;), the efficiency is improved
by ~10% at 2 kHz and ~6% at 5 kHz for laser pulses with long (130 ns) and short (20 ns)
pulse duration respectively comparing with CW pump scheme. Numerical simulation
results indicate the same trend as that of the experiments.

I dedicate Chapter 4 to the high power YDPFL design. In Section 4.2, a new parameter,
UPER, to characterize the laser pulse of high power YDPFLs by considering the laser-
material interaction, is proposed. The gain saturation effect for a high power YDPFL with

three seed pulse shapes, rectangles, triangles and rectangle-with-triangular-top (RWTT)
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shapes have been experimentally investigated. The UPER of the laser with triangular and
RWTT is lower when the ablation threshold power is higher than 3 kW. However, it
grows to 70.3% for a laser possessing a triangular seed pulse shape and is about 5%
higher than that of the rectangular seed pulse shape at a lower ablation threshold power 2
kW. The nonlinear effects (SBS and SRS) associated with the laser of these seed pulse
shapes have been studied. SBS spikes are frequently captured for the laser with triangular
seed pulse shape. However, for the seed laser with RWTT shape, no SBS has been found
in the experiment. In Section 4.3, a high average power YDPFL with output power of 160
W has been constructed and investigated. The properties of the output pulsed laser with
four different pulse durations (10 ns, 34 ns, 56 ns and 80 ns) have been analyzed. The
ASE, SBS and SRS are cautiously addressed during the laser design. The pulse repetition
rate can be varied from one shot to 1 MHz and the 46 beam quality is ~1.7 for both X and
Y direction. The optical to optical power conversion efficiency reaches ~67%. YDPFLs
with wide adjustable pulse duration are appealing and valuable for industrial applications.
In Section 4.4, we demonstrate a novel high peak power MOPA YDPFL with adjustable
pulse duration from 350 ps to several hundred ns seeded by an SLED. For the 350 ps laser
generated through gain-switching technique, a peak power of 275 kW and pulse energy of
92 W is reached after amplification. The laser proportion is ~ 53% for the final output
laser excluding ASE component. For the laser with 183 ns seed pulse duration, the peak
power of 137 kW and pulse energy of 3.2 mJ is obtained. The 46 M? is 2.7 and 2.8 for the
X and Y directions, respectively. Due to the ~ 20 nm optical spectrum of the SLED, SBS
is avoided. The pulsed pump technique proposed in Section 3.3 is implemented to this

laser to suppress the inter-pulse ASE at lower pulse repetition rate operation.
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In Chapter 5, the application of blackening aluminum alloy with alumina surface is
achieved and investigated with a nanosecond YDPFL. The surface blackening effect is
quantitatively studied by the CIE L* value. The surface profile and optical properties of
the surface with and without laser treatment are analyzed. The NSs/MSs layer formed
under the alumina surface is revealed and considered to be the cause of the structural
blackening color. The potential application of ns YDPFL induced blackening has been
discussed. And the feasibility of blackening for mass production is studied. From this
application, it is recognizable that the duration of the laser pulse, pulse energy, the final
output laser beam quality is extremely linked with the processing effects. It illustrates the
strong relationship between laser applications and laser design.

Finally, the conclusion of this thesis and the suggestions for future work are presented

in Chapter 6.
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Chapter 2 BACKGROUND INFORMATION AND LITERATURE

REVIEW

2.1 HISTORY AND CURRENT STATUS OF PULSED FIBER LASER WITH 1

MICROMETER WAVELENGTH

Fiber lasers are lasers in which the waveguide is an optical fiber and the gain medium is
doped in the fiber core. Optical fibers possessing the superiority of high-capacity channels
and low-attenuation waveguides have been extensively studied and practiced in the world
as suitable transmission media for light waveguide and optical communication [1,2].
However, the utilization of optical fibers in lasers is even longer than in the field of
telecommunications. The first fiber laser was invented one year after the laser was born.
In 1961 E. Snitzer proposed a laser with an optical fiber cavity [3] and in 1964, Koester
and Snitzer utilized a 1-meter-length fiber with a neodymium-doped core in a laser
amplifier [4].

Lasers benefit from the utilization of optical fiber as gain media. First, the area-to-
effective volume ratio of the fiber geometry is large, resulting in excellent heat dissipation,
as this is essential for generating high power lasers [6]. Second, the waveguide structure
of the fiber is stable over long distances, which allows a large gain to be obtained because
of the long interaction path between the signal and the gain medium [7]. The high gain
also allows a simple laser cavity, such as the main oscillator power amplifier (MOPA),
which benefits from less nonlinearity. Because of this waveguide structure, the basic
mode is almost unaffected by the thermal lens effect [8]. Third, the laser cavity can be

made up of FBG as refection mirrors, and FBG can be generated by a UV excimer laser or
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a picosecond laser in a fiber core. Along with the entire system joint by fiber splicing
without free space component, these characters make fiber laser free from mirror
alignment, free from mirror surface cleaning, free from maintenance and vibration proof
[9]. Finally, when compared to other types of lasers, fiber lasers have higher optical to
optical conversion efficiency, especially for ytterbium-doped fiber lasers with
wavelengths of ~ 1064 nm.

Fiber lasers have attracted intense interest from researchers all over the world, even
recently [10-16], because of the special properties associated with optical fibers
Continuous-wave (CW) and pulsed fiber lasers were developed rapidly, especially after
the double-clad pump and high power multimode diodes were introduced in the late 1980s.
Fig. 2-1 summarizes the power advance of CW and pulsed fiber lasers with diffraction-
limited or nearly diffraction-limited lasers over the past two and a half decades [7]. The
green diamond presents a 20 KW power scale fiber laser in 2013 but the beam quality

needs to be specified.
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Fig. 2-1. Progress of the average output power of diffraction limited or near-diffraction
limited fiber laser since 1989 for continuous and pulse laser [7].

In addition to the high average power of CW fiber lasers, another attraction
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characteristic of fiber lasers is the diversity of temporal output characteristics from CW to

attosecond pulses. Fig. 2-2 illustrates the progress of peak power and pulse energy for

nanosecond to femtosecond pulsed fiber lasers [17].
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Fig. 2-2. Fiber laser performances for (a) nanosecond pulse, (b) picosecond and femtosecond
pulse [17].

Many technologies such as Q-Switching, external modulation, directly modulated, gain-
switching, and mode-locked etc., [18-23] can be used to generate pulse trains with
different temporal duration from ns to ultrashort (fs) pulse with 1 pm wavelength. The
state-of-the-art peak power for ns pulse fiber laser is single mode, 1 ns pulse duration with
~ 4.5 MW peak power (4.3 mJ pulse energy, and 42 W for average power) produced by a
MOPA laser system, a 100 um PCF fiber used for final amplifier stage [24]. For fs pulsed

fiber laser, the peak power reaches GW [25, 26]. However, as the output power increases,

there is a new constraint called mode instabilities, indicated by the black dash line in Fig.

2-2b [27]. The reasons behind it have not been fully understood.
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2.2 FUNDAMENTAL ELEMENTS FOR PULSED FIBER LASER

2.2.1  Double cladding fiber (DCF)

In view of the tiny diameter of the fiber core (typically a few micrometers with a small
reception angle for single mode operation), only single-mode diode pump laser can be
used for effectively pump. This limits the output power scale since the power of the single
mode diode is relatively low compared to a multimode diode laser and the extraction
power from the laser cavity is associated with the pump power. For these fiber lasers, the
final output power level is normally tens of milliwatts [28]. After the concept of double
cladding fiber was demonstrated by Snitzer and Po [29, 30], the output power scale of the
continuous wave fiber lasers increases dramatically. Fig. 2-3 shows the schematic of a

rare earth-doped DCF.

7, Outer cladding Pump beam
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Low-index polymer-coating or glass
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Output beam
Core:
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Multimode waveguide to guide pump radiatio

Fig. 2-3. Schematic illustration of rare earth-doped double cladding silica glass fiber [7].

With a DCF configuration, multimode pump light with large numerical aperture (NA)
and high power can be emitted and guided in a multimode large-size inner cladding and
absorbed by rare earth doped ions in the fiber core. The signal laser is constrained in a
tiny single-mode core and is amplified as it travels along the fiber [31].

In order to improve pump light absorption efficiency, non-circular cladding geometries
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or offsets are used to increase the overlap of the pump light and the doped core by mode

mixing [32]. Fig. 2-4 shows the different types of cross-sections of rare earth doped DCF.

outer
c!addlng
J if)

Fig. 2-4. Different shapes of cross-section for DCF Circular, Offset and Rectangular [17].

According to Liu and Ueda [33], the pump light absorption efficiency of the offset or
rectangular cross-sectional shape is much higher than that of the circular shape. As for a
double-clad fiber with a symmetric structure, the skewed ray is more likely to propagate
at locations away from the center region, which results in low absorption efficiency.
When a small surface element on the entrance surface of the fiber is pumped by many
different pumping modes and the projections of lunching pump on the entrance plane
have the uniform distribution, the absorption efficiencies of the three different DCF inner
cladding shapes are shown in Fig. 2-5 [33]. The inner cladding has a size of 400 pm and a
doping concentration of 0.59 wt%. For circular shape, the absorption efficiency for ~10
m fiber is less than 25%, and the increase is minuscule even under the longer fiber length.
However, when an appropriate fiber length is selected for an optical fiber having an offset
or rectangular cladding structure, the absorption efficiency is increased to 100%. Other
cladding geometries in Fig. 2-4, such as D-shaped, Octagonal (or Hexagonal), and air-clad
fiber structure (PCF) [34] etc. can be selected to achieve high absorption efficiency for

active DCF.
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Fig. 2-5. Absorption efficiency versus core diameter at 12 pm, 20 pm and 30 um for a)
circular, b) offset and rectangular cross-section shape [33].

The near-diffraction limit average power developed rapidly from 1988 to 2008, from a
few watts in the early 1990s to 1 kW in 2002 and to 10 kW in 2009 by using the cladding-

pump technique with the rare earth-doped DCF fibers [35-39].

2.2.2  Ytterbium (Yb*') doped fiber

The first Yb-doped silicate glass lasers were made by Etzel et al. in 1962 [40]. However,
in the next two decades, the study of the laser diode became fairly quiet due to the lack of
suitable pump laser diode for Ytterbium ions. In the 1980s, a pump source with 808 nm
was achieved by using an AlGaAs active quantum well and it is a suitable pump source
for neodymium doped laser materials [41]. Lasers with Nd-doped materials have been
extensively studied and used in research and industrial fields because of their higher
efficiency than traditional broadband arc and flash-lamp pump lasers. In the 1990s, with
the development of erbium-doped fiber amplifiers (EDFA), the study of 9-xx nm diode
pumps advanced rapidly [42]. These led to the development of ytterbium-doped laser
materials that require a pump wavelength of 900 nm to 980 nm.

The energy level and cross-sectional structure of ytterbium ions are shown in Fig. 2-6
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[43-45]. ?Fs» and 2F7, are ground and excited states of the manifolds. There are 4
sublevels for 2F75 level and 3 sub-levels for 2Fs; because the Stark division. The narrow
line at 975 nm is the peak A for both emission and absorption, corresponding to transition
between energy level (a) and energy level I in the energy level diagram. The other peaks
B ~ E in the cross-section also correspond to the transition between the different levels in
the 2Fs;» and 2F7), states. The laser action in peak A forms a three level laser system. For
the peak D, it is a transition from energy level (e) to energy level (b), (c) and (d). This
forms a nearly four-level system as level (c) and (d) is essentially empty. Peak E
corresponds to the transition from energy level (f) to >F72 and its weakness is associated
with the small thermal population in that level [46, 47]. Fig. 2-6b shows a broad band of
the absorption spectrum of Yb*" ranging from ~ 850 nm to ~ 1080 nm. It allows for the
feasibility of multi-pump or multi-wavelength pump solutions, which in turn contribute to
power scaling [17]. Thermal control is a key part of designing high power multi-kilowatt
fiber lasers. Due to the broadband absorption spectrum, in-band pumping in the range of
~1010 nm to ~1020 nm can be achieved to increase quantum efficiency and thereby
reduce the amount of heat generated. In addition, a low-cost pump without a
thermoelectric control (TEC) controller is feasible due to the broadband absorption
spectrum. This results in a simplified design and reduces the overall cost and long-term
stability of high power fiber lasers [17]. Broadband emission spectrum makes it feasible

to implement wavelength tunable lasers and broadband ASE laser sources.
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Fig. 2-6. (a) Energy level structure of the Ytterbium ions in the silicate glass. (b) Absorption
(dotted) and emission (solid) cross-sections [47].

Fig. 2-7 show emission and absorption cross sections of aluminosilicate (Al) and
phosphosilicate (P) YDF (data from Coractive Inc.). The absorption and emission cross
sections of the phosphosilicate glass are lower than the absorption and emission cross
sections of the aluminosilicate glass. However, the absorption cross-section curve of the
phosphosilicate glass from ~910 nm to ~970 nm is flatter than that of the aluminosilicate
glass, and this feature favors the output laser's stability. Since most commercial low cost
high power multimode pump laser diodes are not equipped with an internal TEC for
controlling the temperature of the laser diode and the center wavelength of the pump laser
is associated with the temperature of the diode. For phosphosilicate glass fibers, due to the
flattening of the absorption cross section, the shift of the pump laser wavelength does not
give rise to a significant change in the power of the output signal laser. For fiber lasers
with a popular MOPA configuration, if the seed signal power fluctuation occurs at the
pre-amplifier stage, when the seed laser is insufficient to dissipate much of the energy
stored in the next amplifier stage and to keep the ASE at a safe level, this may trigger
damage to the laser cavity due to the ASE self-lasing. The phosphosilicate glass has a

much greater dopant concentration and has no significant clustering effect. In addition, the
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photo-darkening effect which is one of the main concerns of high power fiber lasers is

reduced or even eliminated [17].
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Fig. 2-7. Cross-sections of absorption and emission in phosphosilicate and aluminosilicate
YDF. Data is from Coractive Inc.

Comparing with neodymium ions doped in yttrium aluminum garnet crystal (~ 0.3 ms
upper-level lifetime), the energy-storage lifetime for ytterbium ions (~ 0.8 ms) is much
longer varying in different host fibers [45, 48]. There is no excited state absorption at the
pump and laser wavelength because the energy level consists of two manifolds (*Fs; and
2F71). The quantum defect is low as a pump of 9-xx nm and lasing of ~1064 nm [47]. The
quantum efficiency is ~ 92% (calculated from 980/1064*100%) when the wavelength of
the pump and signal laser is 980 nm and 1064 nm respectively. Since the wavelength
difference between the pump and the laser signal is small, it has a higher quantum
efficiency (lower quantum defect) when compared with the other type lasers, such as
erbium-doped laser at 1550 nm central wavelength with 9-xx nm pump. Small energy
defects lead to less heat load and nonlinearity, which is critical for high power fiber lasers.
Finally, ytterbium has a wide emission and absorption spectrum, allowing a wide range of

pump and laser wavelength options.
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YDFL beneficiary from the merits of ytterbium-ions and the development of the theory
of cladding pump has made great progress [49-53]. Since the mid-1990s, the power scale
with diffraction limited or near-diffraction limited beam quality for YDF laser has
increased by about 2 dB per year (Fig. 2-8). In addition, since 1999, all the record-

breaking output power of fiber lasers has been achieved from Yb-doped fiber lasers [54].
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Fig. 2-8. Power scale advances for fiber laser with diffraction limited or near-diffraction
limited beam quality since 1996 to 2011 [54].

2.2.3  Limiting factors for pulsed fiber laser with 1 pm wavelength

Fiber is the ideal waveguide for lasers, and the geometry of the fiber is the basis for
most of its merits, such as promising beam quality, high gain, and superior heat
dissipation from large surfaces. However, the tiny core and long cavity length results in
high power density in the core which forms a favorable condition for nonlinearities, such
as stimulated self-phase modulation (SPM), self-focusing, SBS, and SRS etc. All of these
effects not only limit the power scale of fiber lasers, but also cause the instability of the
laser cavity. The fundamental performance metrics for pulsed fiber laser is average output
power, peak power, pulse energy and pulse duration etc. However, limitations on the

performance of pulsed fiber lasers are usually set by pulse energy or peak power [54]. The
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main limiting factors for YDPFL are shown below (Fig. 2-9).

Limiting
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Fig. 2-9. Limiting factors for high power YDPFLs.

2.2.3.1 Thermal damage limitation

Optical damage limit for pulsed fiber laser due to high peak power has been studied by
many researchers [55-58]. The damage involves “the heating of conduction band electrons
by the incident radiation and transfer of this energy to the lattice. Damage occurs via
conventional heat deposition resulting in the melting and boiling of the dielectric material
[55]”. For pulse duration from 50 ps to 100 ns at 1.06 pm wavelength, the damage

threshold can be estimated by the following equation [54].

P =1,4,=X4,/Jt

2.1)

Where X =1.5 kW ns® /um?, and 7 is the pulse duration expressed in nanosecond. Ay

is the effective mode area.

When the pulse duration is less than 20 picoseconds, there is not enough time for the
electrons to couple to the lattice due to the short duration. The damage mechanism is
different from pulses with a pulse duration greater than 50 ps, which is characterized by

local ablation [59]. The threshold can be written as equation 2.2 [54].

EP__ <225mJW |um’ (2.2)

max
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Where E is the pulse energy.
2.2.3.2  Self-focusing and Self-phase modulation (SPM)
Due to the nonlinear contribution at high irradiance, the refractive index of the fiber
changes and can be written as:
n=n,+n,l (2.3)
Where n, is the refractive index at low irradiance, n, is the nonlinear refractive index
also known as Kerr coefficient, and I is the intensity. The nonlinear n, leads to the
broadening of optical spectrum. This is called self-focusing and is also related to self-
phase modulation (SPM) [60].
The critical power for self-focusing is defined by [61]:
P, =al’/(4nn,n,) 24
Where a is a constant value that is independent from the material property and A is the
signal wavelength in free space. The critical power of self-focusing is about 4 to 5 MW
for 50 um core radium of a straight step-index fiber with 0.06 NA, for smaller fiber core
radium, the critical power decreases [62, 63]. SPM plays a crucial role in straight fibers
with a core radius of more than 20 um [63] and it is the temporal analog of self-focusing
[64]. The phase shift of the laser pulses traveling along the fiber can be written as [65]:
@=nyk,z+yP(t)z (2.5)
Where nykyz is the linear phase shift because of signal propagation, and y = nyk,/
Agfr represents the nonlinear phase shift. P(t) is the power at each time point and z is the
position along fiber core. Pulse shape affects the effect of SPM-induced spectral

broadening.
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2.2.3.3  Gain Saturation

When propagating through the active fiber core, the signal is amplified due to the gain
resulting from the rare earth doped ions in the upper energy levels. However, the signal
cannot be infinitely amplified. The gain decreases as the power increases, and eventually
there is no excited ion in the metastable level, which can be used to amplify the signal by
signal-induced transitions. This is the gain saturation effect [66, 67], which caps the
power scale that can be extracted from the laser cavity.

For a CW single frequency YDPFL system, the gain of small signal is [68]:

a _ oL + -
v a L P

P sat

Where y, is the small signal gain, vs and v, are the signal and power frequency
respectively, @, represents the scattering loss at pump frequency, L is the length of the
fiber amplifier, P,"(0) and P, (L) is the pump power at both fiber end, N represents the
doping concentration, T g is the signal power filling factor, o, denotes cross-section of
absorption, and P is the saturation power.

The saturation power can be written as follows [68]:

hv, 4 2.7)

T (0, 0.)r

Where h is the Plank’s constant and 7 represents the spontaneous lifetime. o, denotes
cross-section of emission.

Gain saturation is related to a number of factors, such as the nature of the doped ion, the
concentration of ion in the host, the length of the active fiber, the pumping scheme of the

amplifier and the pump power etc. In general, a laser system with a shorter gain fiber, a

backward pump scheme rather than a co-pump and a higher pump power can mitigate the
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gain saturation effect to a certain extent [68].
2.2.3.4 Stimulated Brillouin scattering (SBS)

SBS and SRS are the most encountered nonlinearities for fiber laser. “The process of
SBS can be described classically as a nonlinear interaction between the pump and Stokes
fields through an acoustic wave [64]”. SBS generates backward-propagating light that is
formed by transferring energy from the pumping signal and destabilizes the laser cavity.
Due to stress and strong acoustic waves in the fibers, may lead to catastrophic fiber
damage [62]. The threshold of SBS can be estimated by the following equation [69],
where SBS is the main peak power factor of YDPFL [70].

8sFerly 1 Ay =21 (2.8)

Where g is the peak value of the Brillouin gain and Py is the critical power threshold
for SBS. A, represents the effective core area and L.y is the effective length of fiber
and can be calculated by equation (5-4) [64]:

L, =[1-exp(-al)]/a (2.9

Where « is the loss of pump signal propagation in the fiber and L is the fiber length.
The frequency shift for SBS can be described as (5-3) [64].

vy =Qy/2r=2ny,/1, (2.10)

Where 11, is the wavelength of the pump signal, n,, is the effective mode index at this
wavelength, and v, is the velocity of the acoustic wave. For lasers having a wavelength of
1.06 pm, the corresponding SBS frequency shift is ~ 16.244 GHz or ~ 0.088 nm. Due to
the minuscule frequency shift and relatively wide bandwidth of the pump signal for the
experiments in the following paragraphs, the frequency of the SBS overlaps with the

pumping signal and makes it arduous to distinguish the SBS component from the
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spectrum. However, the SBS peak can be examined by the oscilloscope through the
photo-detector.

Several methods have been proposed to mitigate SBS by researchers [71-74]. First, the
SBS threshold can be increased by broadening the line width of the pump signal and the
popular way to broaden the spectrum is by using phase or frequency modulation [11, 75].
Using rod type photonic crystal fiber (PCF) in the final amplifier stage and modulating the
seed with pseudo-random noise signal, SBS is managed and the peak power reaches 1.5
MW (~2mlJ pulse energy) with ~1.55 ns pulses at 10 kHz repetition rate [75]. In another
report, with a chirp of 2.5 X 10> Hz/s for the pump diode, an order of magnitude for the
SBS threshold is achieved in a 20-m-length fiber [76].

Second, SBS can be suppressed by broadening the SBS spectrum of the fiber when a
strain distribution or temperature distribution is applied to the fiber [77, 78]. An 8 dB SBS
threshold increase is achieved when applying a 40-step stair-ramp tensile strain
distribution in a 580-m-length dispersion shift fiber [79]. Yoshizawa et al. proposed a new
fiber cable which applies sinusoidal fiber strain distribution of £0.35% to expand the
Brillouin gain spectrum from 50 MHz to 400 MHz, and a more than 7 dB increase in SBS
threshold is obtained [80]. The SBS threshold is increased by threefold for a 100-m-length
highly nonlinear fiber when applying 140 °C of temperature gradient [81].

Third, the threshold can be raised by attenuating the Brillouin Stoke wave. Hojoon et al.
proposed a fiber with single or multiple Bragg grating inside, the grating is designed to
match the spectrum of the Brillouin scattering to filter the spectrum out. By doing so, 15
ns Q-Switch pulses with 2 kW peak power is transmitted through a 1 m fiber with little

energy loss [82]. A few researchers also use isolators to block the backward propagation
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Brillouin Stoke wave, by doing so, the threshold power is increased 1~ 2 dB in the
experiments [83].

Finally, the SBS threshold can be increased by reducing opto-acoustic interaction. The
SBS threshold is improved by 3 dB for a fiber which is specially designed to have large
acousto-optic effective area [84]. A 6 dB improvement for SBS threshold is realized by
minimizing the overlap of the fundamental optical mode and acoustic modes when using
the optical fiber with tailored acoustic speed profile [85].
2.2.3.5 Stimulated Raman Scattering (SRS)

SRS is first reported by Raman in 1928. When SRS happens in molecule medium, a
small fraction of power will be transferred from one optical field to another field. The
vibration modes of the molecule determine the frequency downshift amount [86]. From
the quantum-mechanical viewpoint, when the difference between the pump signal and
stock wave matches the energy of a vibration state of the molecule, the incident photon
with frequency of wp pumps the molecule from ground state to a vibration state with
higher energy level, at the same time, a photo with frequency of ws called Stokes wave is
generated. Fig. 2-10 shows the energy diagram of the SRS from the quantum mechanics
point of view [64].

__—_r_____“u '___Virtualstate

Vibrational states

Ground state

Fig. 2-10. Schematic illustration of the energy diagram of SRS from quantum-mechanical
viewpoint [64].

The Raman gain spectrum for silica fibers at 1 pm is a broadband spectrum up to 40
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THz with the peak located around 13 THz [87]. When the Stokes power at the fiber output
is equal to the pump power, then the input pump power is defined as Raman threshold
[68]. The forward Raman threshold P{® can be estimated by the following equation [68,
64]:

R Ly A, =16 (2.11)

Where the L,f; 1s the effective fiber length, A.ff is the effective core area, and gg is
the Raman gain coefficient. For backward Raman threshold, the equation still can be used,
but the numerical factor need to be changed from 16 to 20.

SRS is a significant and useful nonlinear effect for Raman amplifier, Raman laser and
Raman spectroscopy etc. [88-91]. SRS doesn’t produce giant pulse which could
permanently damage the laser cavity like the SBS will do. The laser line width sometimes
is not much cared especially when the laser is under CW operation conditions. However,
SRS is also one of the limitation factors capping the power extracted from the fiber laser
cavity. SRS reduces the gain of the signal and limits the output peak power for pulse fiber
laser when it happens. Several approaches have been proposed by researchers to suppress
SRS in fiber laser.

The first one is the implementation of a specially designed fiber to filter out the SRS
signal [92]. Fini et al. suggest using a filter fiber with a core-ring design into an YDF. The
core-ring has a predefined refractive index profile so that the ring performs a resonant
coupling of the index matched noise wavelength light out of the core. The ring is in the
cladding without gain, and the noise SRS is filtered to a certain extent. From their
experiments, the difference between the signal and the 1% Raman peak is 40 dB when

using a 16-m core-ring design filter fiber at 0.83 W output power. By contrast, the
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difference is 23 dB when a reference fiber without core-ring designs [92]. Dual-hole
assisted single-polarization fiber has the property of single-polarization propagation,
which means that the two polarization modes have differential cut-off wavelengths [93].
In this fiber, the propagation of light at wavelengths longer than the cut-off window
wavelength is strongly coupled to the cladding modes and thus experiences greater losses
than propagation in the fiber core [94]. The counter-propagating Raman amplified
spontaneous emission in the 300-m single mode dual-hole-assisted fiber measured is 23
dB reduction fiber comparing with SMF-28 with input power of 1W at the pump
wavelength of 1486 nm.

Another proposal to suppress the SRS is by implementing a lumped spectral filter in the
cavity of high power fiber laser and amplifiers [95]. Nodop et al. increasing the SRS
threshold by inserting long period grating in a fiber amplifier, the long period apodized
grating employed in the amplifier couples the Stokes wavelength from the core of the
DCEF to the cladding, thus reducing the gain of the SRS. The 1% Raman threshold for
each long-period grating is increased by 30% and the extraction output power from the
laser amplifier is doubled [96].

By using a double-clad fiber with a large mode area (LMA), the power density in the
fiber is reduced and the fiber length is shortened, resulting in a decrease in nonlinearity
[97]. However, lasers produced in LMA fibers are usually multimode by increasing the
diameter of the fiber core only, which results in poor beam quality, sensitivity to bending
and beam lunch conditions. Many researchers have turned to photonic crystal fibers
(PCFs) for high peak power and single mode operation of laser systems because the core

numerical aperture (NA) of PCF is reduced by its microscopic geometry [98, 99]. In 2006,
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a 4.5 MW peak power, 1 ns pulse duration, and 100 um Yb-doped PCF fiber MOPA
system were reported [98].
2.2.3.6 Mode instabilities

Mode instabilities are the limiting factor for extracting high average power from LMA
fiber laser cavity. A threshold like onset was observed six years ago when the mode
instabilities happened. The beam quality remains stable when the power of the laser goes
below the threshold. However, the beam quality deteriorates suddenly after reaching the
threshold power scale, and the power is transferred between fundamental mode and
higher-order modes [26]. The mode instabilities can occur in CW and pulsed fiber laser
operation, which means this phenomenon is independent of peak power [100, 101].

The mode instabilities of patterns have aroused strong interest from researchers all over
the world. Numerous experiments have been performed and several numerical models
have been developed [102-104]. The reason behind mode instabilities is not fully
understood yet. The origin of mode instabilities is most likely to be heat [105]. When two
transverse modes are excited and interfere with each other, a quasi-periodic intensity
pattern is formed in the active fiber core. This quasi-periodic intensity pattern eventually
produces a periodic temperature profile, and the profile modulates the refractive index and
induces a quasi-periodic change index due to the thermo-optical effect [26, 106].

Several methods have been proposed for mitigating the effects of mode instability. A
few of them are derived from novel fiber designs, such as reducing the overlap between
basic and high-order modes [107,108]. Reducing the wavelength difference between the
signal and the pump is a way to reduce the quantum defect and result in a lower thermal

effect, and in turn increase the threshold [109]. The mode instability is increased by
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manipulating the pump and signal irradiance through cladding and core size choosing,

injecting seed power etc. [110].

2.2.4  Step-index large mode area (LMA) fiber and photonic crystal fiber (PCF)
LMA

For many laser applications, a near-diffraction-limited laser beam is preferred. When a
high power YDPFL with near-diffraction-limited beam quality propagates along a
conventional tiny fiber core, the high-power density results in nonlinear effects, which
have been discussed in the previous section. Many researchers have suggested that the
main nonlinearities (such as SBS and SRS) can be suppressed or eliminated by LMA fiber.

From the definition of numerical aperture (NA) and the IV number of step-index fiber:

1
NA = (n? —n3): (2.12)
v=22NA (2.13)

Where n; and n, represent the refractive index of the fiber core and cladding. a is the
radius of the fiber core and A is the wavelength.

Obviously, when increasing the core radius of a conventional ytterbium-doped step
index fiber to reduce the power density, it is indispensable to simultaneously reduce the
NA to maintain the same value of V in order to maintain the fundamental mode of
operation. For strict single-mode operation of a step index fiber for 1.06 pm laser
operation, the maximum core diameter of the fiber is 13 pm (0.06 NA). This method of
increasing the fiber core radius but reducing the N4 at the same time works to some extent.
However, since it is hard to precisely control the NA of the fiber with MCVD type core,
there is always a lower practical limit for NA reduction [111]. When the core diameter is

scaling up beyond ~15 pm, it is exceedingly challenging for maintaining fundamental
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mode operation due to the reproducibility and uniformity requirements. Thus, in most
cases, conventional step index LMA fibers operate in several modes or multiple modes.
Researchers have proposed the method to control the output laser beam quality by pattern
matching of the input seed and carefully coiling to help leak any higher-order-modes
(HOMs) [112]. It helps to improve the quality of the laser beam but does not completely
solve this multimode issue and the mode compression caused by the coiling reduces the
effective mode area in the fiber which leads to a decrease in the threshold of nonlinear
effects [113].

Another approach is to use a PCF that has the same cladding as a conventional fiber but
includes a 2D periodic array of air holes along the length of the fiber [114]. A photonic
crystal is a structural material on an optical wavelength scale, a fraction of microns or less,
such as the hole in the cladding. The regular morphology of the microstructures
incorporated into the material will radically alter the optical properties of the material
[115]. Many forms of PCFs are reported by researchers over the past decades. The core of
a PCF may be ether solid or hollow hole. Holes in the core and cladding can be filled with
different types of liquids or metals to form PCF with specific properties [116]. Fig. 2-11

shows a cross-sectional view of a conventional fiber and PCF.

Fig. 2-11. (Left) Cross-section view of a standard optical fiber with 9 pm fiber core formed
using two bulk materials. It is single-mode in the infrared and guides several modes at
visible wavelengths. (Middle) an index-guiding PCF with 5 pm core diameter. It guides light
in a single mode over the entire optical spectrum range. (Right) a hollow core bandgap PCF
with 7 pm core diameter. It guides only over a limited range of wavelengths in the infrared
that correspond to the bandgap of the cladding material [115].
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For controlling the refractive index of the fiber, PCF gets the overwhelming superiority
over the conventional step-index fiber. The NA and uniformity of a PCF can be precisely
adjusted by varying the size of the embedded holes and the pitching between holes [117].
This makes it possible to fabricate a PCF core with very low NA and even “negative” NA
(i.e., smaller refractive index compared to the cladding background index) [111].

The manufacturing single-mode PCFs with core diameter from 10 um to more than 100
um are possible after carefully design the cladding structures and the high order mode
normally experience higher losses or less overlap with the core region during the
propagation. In summary, the PCF is a superior candidate for high power YDPFLs with

outstanding beam quality for the output laser.

2.2.5 Configurations of high power Ytterbium-doped pulsed fiber lasers

The typical configuration of high power YDPFLs is MOPA structure [21, 118, 119].
There is a seed source to produce seed laser pulses, and followed by one or multiple
cascade amplifiers. The seed laser can be generated through mode-lock, Q-switch and
directly modulated LD techniques etc [12-14, 16, 18-23]. By using the mode-lock
technology, laser pulses with high pulse repetition rate and ultrashort pulse duration can
be reached. For the Q-switch method, the gaussian-like-shape laser pulses can be
generated. When directly modulated LD is applied, the laser pulse duration and pulse
repetition rate can be tuned per application’s requirements. For the amplifier stage, the
forward, backward and bi-direction pump schemes are implemented by researchers. For
the forward pump, the forward ASE is lower, however, the output power is less especially
when the seed laser injected is with low pulse energy [120].

The state-of-the-art peak power for ns YDPFL is single mode, 1 ns pulse duration with
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~ 4.5 MW peak power (4.3 mJ pulse energy, and 42 W for average power) produced by a
MOPA laser system with a 100 um PCF fiber used for final amplifier stage [24]. For fs
pulsed fiber laser, the peak power reaches GW [25, 26]. Through spectral combination, an
average output power of 1.1 kW with 220 uJ pulse energy at 5 ns pulse duration has been
reached from YDPFL [121]. An YDPFL with 200 pm core radius fiber for the final
amplifier stage with 55 mJ pulse energy and 10 ns pulse duration has been demonstrated

in 2014 [119].

2.3 LASER APPLICATIONS BY HIGH POWER YTTERBIUM-DOPED PULSED

FIBER LASERS

Lasers are designed for certain applications. The application also provides the
requirements for laser design. YDPFLs have been widely used in varieties of fields, such
as industry, military, research and medical treatment etc., owing to the merits such as non-
contact processing, excellent beam quality and maintenance free etc. Fig. 2-12 shows part
of the applications for the high power ns YDPFLs. These applications include marking

and engraving on metals, plastics and ceramics etc.

Fig. 2-12. Part of applications by high power ns YDPFLs (Images are from JPT Inc.).
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2.4 SUMMARY

In this chapter, the background information of YDPFLs and the elements associated
with YDPFLs have been reviewed.

Fiber laser is a laser that whose waveguide is a fiber and whose gain media is rare earth
ions doped in the fiber core. It has a history only one year later than the invention of laser.
There are lots of advantages for using fiber as gain medium for a laser, such as the huge
area-to-active volume ratio, the higher optical to optical conversion efficiency and all
fiber monolithic configuration etc. Because of these merits, the power scale of both CW
and pulsed fiber laser advances quickly especially after the double-cladding pumping and
high power multi-mode diode technologies presented in the late of 1980s.

For DCF, the signal laser and pump laser propagate along the fiber core and cladding,
respectively. Several different shapes of DCF have been invented to improve the pumping
light absorption efficiency. For Yb*" ions doped to the host fiber to emit laser light at 1
um wavelength, the broadband absorption and emission spectra make it a suitable
candidate for using pump laser at a wide wavelength range and even intra-band pump.
Due to the high quantum efficiency of Yb3", the output power of YDF laser has increased
significantly over the past several decades.

Fiber is the ideal waveguide for lasers, and the geometry of the fiber is the basis for
most of its merits. However, the small core and long cavity length results in a high power
density, which provides favorable conditions for nonlinearities such as SBS, SRS, SFM
and gain saturation etc. Due to the extremely high laser power, several thermal limitations

also need to be addressed during the laser design. These limitations have been reviewed
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and the researchers have suggested a number of ways to suppress or mitigate them. For a
few laser applications, the near-diffraction-limited laser beam is preferred. When high
power laser pulses with near-diffraction-limited beam quality propagation along the
conventional small fiber core, the high power density will not just give rise to severe
nonlinear effects, but also induce catastrophic damage to the bulk and surface of the fiber.
The step-index LMA method works to some extent. However, due to the difficulty for
precisely controlling the N4 of the step index fiber with MCVD type core, there is always
a lower practical limitation for the NA reducing. The NA and uniformity of the PCF can be
precisely adjusted by varying the size of the embedding hole and the pitching. This makes
it possible to fabricate PCF cores with extremely small N4 to meet high power and near-
diffraction-limited beam quality requirements.

Due to the many merits associated with YDPFLs, they have been widely utilized in

varieties of fields, such as industry, military, research and medical treatment etc.
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Chapter 3 PULSED PUMP YTTERBIUM-DOPED PULSED

FIBER LASER

3.1 INTRODUCTION

The more energy is stored in the laser cavity, the more gain is available for the signal
pulsed laser injected. At the same time, there is more ASE component. Large amount of
stored energy is the basis for high power YDPFLs. However, if the ASE is not properly
controlled, undesired laser treatment outcomes or self-lasing may occur. Thus, the inter-
pulse ASE needs to be cautiously controlled. Fig. 3-1 shows the marking effect of
YDPFLs on ink paper. The image on the left side shows that the laser with large residual
energy in the cavity forms the unwanted tail. However, this does not occur to the image

on the right side.

Fig. 3-1. Marking results on ink paper with an YDPFL (Images are from JPT Inc.). (Left)
Residual energy stored in the cavity causes the unwanted tail. (Right) Marking result
without unwanted tail.

The energy stored in the laser cavity is related to the nature of the host material, the
properties of the rare earth ions, the pump power level, the pump method, and the signal

laser etc. In this chapter, I will investigate the relationship between these elements.
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3.2 NUMERICAL MODEL OF YTTERBIUM-DOPED PULSED FIBER AMPLIFIER

As discussed in the previous chapters, high power YDPFLs are widely used for industry
due to their many merits. The inter-pulses ASE is a concern for the lasers as it consumes
upper level populations leading to lower efficiency of the final output laser, heats the
components in the laser cavity which in turn affects the robustness of the laser, results in
self-lasing which causes the instability of the laser operation and affects the maximal
reachable pulse energy extracted from the laser cavity. By using pulsed pump instead of
CW pump to suppress the ASE is one of the widely used methods suggested by
researchers. For example, in 2009, Huang et al. achieved 30 dB gains from an ytterbium-
doped fiber amplifier through the pulsed pump to suppress the ASE for a 100-ns pulse
with 100 Hz pulse repetition rate [118]. In 2014, a fiber laser with 55 mJ pulse energy and
10 ns pulse duration at 10 Hz pulse repetition rate was reported [119]. The laser was made
up of seven cascaded amplifiers and a pulsed pump with different pump power and
duration was implemented.

Theoretical modeling and numerical analysis provide the indispensable guidance for
ytterbium-doped double-clad fiber amplifier (YDFA) design. A number of papers have
been reported on the dynamics of pulsed YDFA with CW pump on a numerical basis
[120]. However, few are available for pulsed pump. In 2013, Wei T. et al reported the
study on the optimal duration of the pulsed pump, the study is focusing on one pump
power level which is not universal [122]. For pulsed pump, the most crucial factors to be
determined for amplifier design are the pump power (Pp) and pump duration (¢,). Driven
by this, in this section, the laser pulse evolution in a pulsed pump YDFA is numerically

studied by solving time-dependent rate equations. The dynamics of the ASE, pulse energy
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and efficiency of the pulsed YDFA under pulsed pump with different Pp and ¢, are

investigated.

3.2.1 Theoretical Modeling

The configuration of the ytterbium-doped double-clad fiber amplifier is demonstrated in
Fig. 3-2. The ytterbium-doped double-clad fiber has a length of L and a core/cladding
diameter of 30/250 um. The 200 ns trapezoidal shape seed laser pulses with rising and
falling edges of 1 ns at 1064 nm wavelength are produced from a MOPA source. The seed
signal with a FWHM bandwidth of 2 nm is injected from the left end of the fiber. Sixteen
ASE channels with A4 of 5 nm are considered in the calculation. The other parameters are
shown in Table 3-1 and the simplified rate equations for the ytterbium-doped double-clad
fiber amplifier are as follows [120], where z and t represent the coordinate and time
respectively. The Ny, N; and N, are for the ytterbium dopant concentration, ground and
upper level population respectively. o, and o, are the absorption and emission cross-
section of the gain fiber and the values are from the manufacturer (Nufern Inc.). 4,,, Asand
A, represent the central wavelengths of the pump, signal and ASE respectively. 7 is the

life time of the upper level ions. I}, and I are the filling factors for the pump and signal.
Sags is the Rayleigh scattering factor. A is the fiber core size and « is the attenuation
coefficient of the fiber. v, and v are the group velocities of the pump and signal (ASE).
P, P*(z,t,A) and P*(z,t, A;) are the forward and backward pump power, ASE power

and signal power. Py,;, and Pg;,, are the pump and signal power injected into the amplifier.
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Pump LD

YDDC Fiber

Input Output

ISO1
z=0 z=L

Pump LD

Fig. 3-2. The YDDC fiber amplifier configuration with backward pulsed pump scheme (ISO:
Isolator, PC: Pump combiner).

Table 3-1. Part of the parameters used in the simulations.

Ap 915 nm As 1064 nm A 1020 nm Ax 1100 nm
T 880 us Sars 1.2x107 m’! Ny 7.7x10% m? A 7x10" m?
I, 0.01 " 083 L Tm A4 2nm

sz(Z,t) _ Fp/lp

[02(Ap)N1(z,£) = 60 (2)Na (2, D)] - [B (2, 8) + Py (2, 0)] — 222

dt  hcA T
(3.1
ﬁzlk<=1 Ak [Nl(Zi t)o-a(}{k) - N2 (Z, t)o—e(/lk)] : [P+(Z' t, Ak) + P_(Z; t; Ak)]
NO == Nl + N2 (3.2)
aPE(z) 1 9PE(zb)
+ paz + o pat = —I},[aa(/lp)Nl(z, t) — Je(/lp)Nz (z, t)] X Ppi(z, t) — )
c)c(/lp)Pp“—L (z,t)
+ + -
$ SRR | AIEND _ (o LN, (2,6) — 0 (O (7, 0] X P (2,6, ) —
a(}{k)Pi(Zf t' Ak)
(3.4)

+ P (z,tAk) 4 19P; (z,t2%) _
- 0z v at

~T'[0, (N, (2,8) = (DN, (2, 0] X P¥(z,,44) —

a(Q)PE(z,t, )
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PE(z,t, ) 41 aPE(z,tAy) _

i - F[o—e(/ls)NZ (Z, t) - o—a(/ls)Nl(Z' t)] X Pi(Z, t' /15) -

9z v ot
(3.5)
QUIPE(2,8,2) + 20 (AN, (2, ) S A + Satgs x PF(2,,25)
The initial boundary conditions are as below:

BPf(0)=0 (3.6)
Py (L, t) = Py (2) (3.7)
P¥(0,,45) = Psin(t) 3.8)
P~(L,t,A) =0 (3.9)
P*(0,t,A4,) =0 k=1,.K,k+#s (3.10)
P~(L,t,) =0 k=1.Kk+*s (3.11)

The rate equations are solved with a time step of 250 ps. The calculation of the pulses is
ceased only when the variation of the peak power is less than 0.3% for the successive
pulses. In the simulations, the injected seed laser is with 150 W peak power and 200 ns
pulse duration (base of the pulse). The seed pulse energy is kept at 30 uJ with 100 Hz
pulse repetition rate and the amplifier has a signal gain of approximately 10 ~ 20 dB. The

7-m-length fiber ensures more than 98% pump power be absorbed by the fiber.

3.2.2  Laser Pulses Analysis and Characteristics
3.2.2.1 Amplifier working with different Pp and t,

The N along the gain fiber before the seed laser injecting into the amplifier is shown in
Fig. 3-3 with several #, from 300 ps to 700 pus and 20 W Pp. It is increased along the fiber
and reached its peak at the pump end of the fiber when the #, is less than 400 ps. However,
for longer #, from 500 ps to 700 ps, the peak is no longer at the pump end of the fiber, but

moves to the opposite end. The stronger ASE generated reduces N> that leads to lower N
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at the pump end of the fiber.

—=—700 pus
2.00E+025¢ 600 s
—4— 500 ps
® —v—400 ps
gN 1.00E+0254 | 300 s
Z
0.00E+000+

0 3 6
Location on fiber (m)

Fig. 3-3. Upper level population (/V2) along the gain fiber for several pump durations at 20 W
pump power.

Fig. 3-4(a) manifests the output pulse energy increases as a function of #, at several Pp
levels. However, the maximum achievable pulse energy increased for 30 W Pp is
insignificant comparing with the 20 W because of the saturation of the stored energy as
show in Fig. 3-4(c). As expected, the #, for reaching maximum pulse energy is quickly
shortened with higher Pp, and the corresponding ¢, is 300 ps, 500 ps and 1500 ps for the
10 W, 20 W and 30 W Pp respectively.

As can be seen in Fig. 3-4(b), the maximum amplifier efficiency grows from 25.7% to
35.7% with Pp increasing from 10 W to 30 W. Similar to the maximum achievable pulse
energy in Fig. 3-4(a), the improvement in maximum efficiency slows down gradually as
the Pp increases. The #, for reaching the maximum efficiency is shorter than that for
achieving the maximum pulse energy as after that more pump energy contributes to the
ASE.

The N: distribution in the gain fiber before seed laser injection into the amplifier with #,
is shown in Fig. 3-4(c). Obviously, the stored energy grows rapidly at first with longer #,,

then the increasing rate slows down and eventually the stored energy saturates at a certain
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level. The ¢, for reaching saturation is longer than that for the maximum efficiency and
maximum output pulse energy. The reason behind is that the increase in ASE power
becomes significant when pump duration is longer than the #, corresponding to the

maximum pulse energy, and this leads to a change in the N distribution.
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Fig. 3-4. (a) The pulse energy, (b) efficiency and (c) total upper level population in the gain
fiber with pump duration from 50 ps to 1500 ps at pump power of 10 W, 20 W and 30 W.

The output forward and backward ASE power before the seed laser is injected into the
amplifier is shown in Fig. 3-5. The forward ASE power is higher than the reverse one as
the backward pump scheme is used for the amplifier. The ASE power is in a low level
when the ¢, is less than the #, for reaching the maximum efficiency. It grows quickly after
that and eventually gets saturated and reaches a plateau, where the amplifier can be

considered as working in CW mode. Obviously, the higher the Pp, the more the ASE
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Fig. 3-5. (a) Forward and (b) backward ASE power vs. pump duration at 10 W, 20 W and 30
W pump power.

3.2.2.2

Amplifier working with same pump energy

From Fig. 3-6, the #, for the maximum efficiency is shortened and the pulse energy is

increased at higher Pp. In order to further study the relationship between the pulse energy

and the #,, the following simulation is performed. The YDFA is working with fixed pump

energy of 12 mJ and pulse repetition rate of 100 Hz, the sets of Pp and ¢, are listed in

Table 3-2.

Table 3-2. Different sets of Pp and 7, combinations.
Pump
duration 6000 (4000|2000 1000 (900 |800 [700 |600 [500 [400 |300 (200 |100
(ms)
Pump 2 3 |6 |12 [133]15 [17.1]|20 |24 |30 |40 |60 |120
power (W)

From Fig. 3-6(a), although the pump energy is the same, the stored energy in the gain

fiber continues to increase with shorter #,. From Fig. 3-6(b), it manifests that the pulse

energy keeps growing rapidly when #, is shortened from 4000 ps to 1000 pus. When ¢, is

longer than 4000 ps, the output pulse energy and laser efficiency are extremely low.
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When the ¢, is less than 1000 us, the growth of the pulse energy slows down and
eventually ceases at ~2.9 mJ. The curves for the N> distribution along the gain fiber before
the seed pulse injected are depicted in Fig. 3-6(c). The N> distribution along the fiber is
increased when the #, shortened from 6000 ps to 2000 ps. The increase results to the
higher stored energy in the gain fiber and also the output pulse energy. However, when
the #, is less than 1000 ps, the peak of the N distribution curve deviates from the pumping
end of the fiber and it grows taller and steeper. The forward and backward ASE before the
seed pulse injecting is shown in Fig. 3-6(d). The N> distribution along the fiber and the
stored energy in the fiber are different under different pump scheme. These factors lead to
the forward ASE to be stronger than backward one, especially at shorter #, with higher Pp.
Both the forward and backward ASE is below 0.3 W at 2000 pus #,, then the forward ASE
rises to ~1.25 W at #, of 1000 ps and further increases to more than 50 W at 100 ps #,. In
reality, the ASE at this high level may cause self-lasing, and high Pp requirements also
lead the design not cost effective. A strong forward ASE with a short #, results in a lower
N: distribution at the pump end of the fiber. From the above analysis, it can be seen that
the different Pp and #, combinations result in different N> distributions along the gain fiber,
thus the different forward/backward ASE and the stored energy in the amplifier. When the
injected seed laser travels through the amplifier, the N> distribution determines the output

pulse energy and hence the efficiency.

59



Chapter 3 PULSED PUMP YTTERBIUM-DOPED PULSED FIBER LASER

3 e, 130
1.00E+027 ""s,_.. 5
. S2 R
Z 3 >
I ) o ) 10 =
5 5.00E+026 S 1 Q2
o
[t o) =
N 2] . L
> *+0
. a 0
0 2000 4000 6000 0 2000 4000 6000
Pump duration (us) Pump duration (us)
(a) (b)
—6600 —Jooo ‘ ' BaékwardvASE '
——2000 —— 1000 50 Forward ASE
2.00E+025{ ——900 ——800
=700 =—600 —
——500 ——400 =
mE =300 —200 :’
£, 100e+025] ' 0 251
= o)
o K
0.00E+000 0
0 2 4 6 8 0 2000 4000 6000
Position on fiber (m) Pump duration (us)

©) (d)

Fig. 3-6. At different #,, (a) Total stored energy in the DCF, (b) Pulse energy and efficiency,
(c) The NV distribution along the fiber, and (d) Forward and backward ASE.

3.2.2.3 Amplifier working with different injecting seed laser

To study the influence of the seed laser to the final output laser, the following
simulation has been performed. From the previous analysis, the #, for reaching maximal
pulse energy for 20 W Pp is ~500 ps. Here we will choose the 400 ps and 600 pus pump
duration which is shorter and longer than the 500 ps #,. The YDFA works with 20 W Pp.
The 200-ns trapezoidal shape pulse with rising and falling edges of 1 ns at 1064 nm
wavelength is used as seed pulse. First, the 400 us ¢, is used and the seed pulse energy
varies from 10 pJ to 50 uJ in a step of 10 pJ by changing the peak power but keeping the
tp. The output pulse energy and efficiency curves are shown in Fig. 3-7(a). It is obvious

both pulse energy and efficiency are improved for the seed with higher pulse energy. The
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final output pulse energy grows from 2.43 mJ to 2.78 mJ and the efficiency increases
from 31% to 35.5%. From the trend of the curves both pulse energy and efficiency will
saturate eventually. Second, 600 us ¢, is used. From the Fig. 3-7(b), there is no significant
changing for the pulse energy (~ 0.02 mJ difference) and efficiency (<0.02% difference)
with different seed pulse energy. This indicates the method for extracting higher pulse
energy and higher efficiency by increasing the seed pulse energy works just when the ¢, is
less than the pump duration corresponding to the maximum pulse energy. However, if the
increasing of the seed pulse energy is not by enhancing the peak power but widening the
pulse duration, the situation is different. Fig. 3-7(c) shows the pulse energy and efficiency
increase with 600 ps #, when the seed pulse energy is enhanced by wider pulse duration
but keeping the peak power. During the simulation, the seed laser pulse is synchronized to
the end of the pump pulse. If the seed pulse is injected at the beginning or center of the
pump pulse, the efficiency will be reduced. There is more discussion about this in Section

3.3.1.
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Fig. 3-7. Dependence of the final output pulse energy and efficiency on the seed pulse energy
(by changing the peak power of the seed pulse) for ¢z, = 400 ps (a) and 7, = 600 ps (b)
respectively. (c) dependence of the output pulse energy and efficiency on the seed pulse
energy (by changing the seed pulse duration but keeping the peak power constant) at ¢, =
600 ps.

3.2.3 Discussion and Conclusion

For YDFA with pulsed pump design to achieve lower ASE, the most crucial factors, Pp
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and #,, have been numerically studied in this section. The relationship between pulse
energy, efficiency, and ASE versus Pp and #, has been investigated by modeling the
pulsed pump amplifier and solving the rate equations.

With the same Pp, when the amplifier operates at #, corresponding to the maximum
efficiency, the ASE is in a relatively low level. The ASE grows quickly when further
increasing #, and eventually it becomes constant. The laser system then can be considered
as working in CW mode for the ASE. For different Pp levels, the pulse energy increases
with higher Pp and eventually saturates, then pump energy contributes more to ASE
instead of signal laser. By enhancing the peak power of the seed laser to increase the
injecting seed pulse energy, larger pulse energy and higher efficiency can be achieved at
final output when pump duration is less than the #, corresponding to the maximum
efficiency.

When using the pulsed pump avenue, the shorter the #,, the higher the pump peak power
required. This indicates that the laser system needs to be pumped with more Pp which
results in higher cost. However, when operating at low pulse repetition rate with low duty
cycle, the commercial 9-xx nm pump laser diodes can operate at 5~7 times higher output
power than in CW mode [123]. This can be utilized to offset some of concern on the cost.

Nonlinear effects such as SBS, SRS and SPM have not been considered. They
absolutely affect the performance of the amplifier and part of the simulation results,
especially when the peak power or the pulse energy is at high level. However, they do not
affect the relationship among the ¢,, Pp, pulse energy, efficiency and ASE, which are the

focal points in this section. During an YDFA design, all of these need to be addressed.
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3.3 PULSED PUMP FOR YTTERBIUM-DOPED PULSED FIBER LASER WITH

TUNABLE PULSE DURATION

As discussed in Chapter 2, high power YDPFLs have been rapidly evolving over the
past decade due to their wide range of industrial applications. The YDPFLs with larger
pulse duration (hundreds of nanoseconds) are mainly used for material removing and
engraving as they possess higher pulse energy and more thermal effect simultaneously
[124,125]. For the ones with shorter pulse duration (several to tens of nanoseconds), they
are more frequently utilized in precise applications such as indium tin oxide (ITO) etching,
sub-millimeter 2D barcode marking and black marking, etc [126].

A typical nanosecond YDPFL can be configured with a seed source to produce seed
laser pulses through Q-switch oscillator or directly modulated LD, and followed by
several cascade amplifiers. This configuration is also termed as MOPA. The pulse
repetition rate of these lasers can be tuned per application’s requirements. When the seed
laser of a nanosecond YDPFL is generated by the directly modulated LD technique, the
pulse duration can be tuned from sub-nanosecond to hundreds of nanoseconds or even
larger. The pulse duration tunable feature is highly desirable for many applications.

For the laser design with tunable pulse duration and pulse repetition rate, there is a
threshold pulse repetition rate (f;) for each pulse duration to get the maximum average
output power with largest pulse energy (Fig. 3-8(a)). When the laser is operating with a
pulse repetition rate (f) is higher than f;, the average output power keeps at the maximal
reachable level but smaller pulse energy. When f is less than f;, the output power
decreases because the energy of each pulse is maintained at the highest level. To achieve

this, one straightforward way is to keep the pump power at the maximum reachable level
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when f is equal to or larger than f; (Fig. 3-8(b)). The pump power decreases and

maintains at the CW pump scheme when f is less than f; (Fig. 3-8(c)) [19], [127].
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Fig. 3-8. (a) Relationship of the average output power of the laser with the pulse repetition
rate (f). (b) The pump power maintains at the maximal reachable pump power level when f
is equal to or larger than f;. (c) The pump power is reduced and keeps at the CW pump
scheme when f is less thanf,. (d) The pulsed pump scheme when the pulse repetition rate (f)
is less than f,.

However, when the YDPFL is working with CW pump at the pulse repetition rate less
than f;, the inter-pulse ASE is a concern. The ASE not only generates more heat leading
to the degradation of the laser system, but also may give rise to self-lasing between pulses
which could devastate the laser cavity. Pushed by this challenge, as discussed in Section
3.2, a few researchers suggest using pulsed pump instead of CW pump [13,123]. However,
these reports are focused on suppressing ASE and getting higher pulse energy under either
pulse repetition rate or pulse duration. As the lasers with adjustable pulse repetition rate or
pulse duration which are widely utilized in current industrial market, in this section, the

optimization of the pump design for an YDPFL with simultaneously tunable pulse
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duration and pulse repetition rate is demonstrated. Before each seed pulse comes into the
amplifier, the pumping LDs are applied with maximal reachable pump power (Pp) and the
pump duration (t,) is modulated according to the pulse duration (Fig. 3-8(d)). The #, is
fixed for each seed pulse. When the laser operates at f = f;, 1, equals the time interval
between pulses, and this causes the CW pump to be in reality. It is the same thing
when f > fi. When f < f;, t, is the same for each seed pulse but the duty cycle (DC)
varies with the value of f. As both wide and narrow pulse duration are desirable for
industrial applications, the YDPFL working with full width half maximum (FWHM) of
130 ns and 20 ns are investigated experimentally. Numerical modeling has been

performed for the verification of the experimental results.

3.3.1 Experimental Design
The MOPA structure of the nanosecond YDPFL for the experiments is shown in Fig. 3-
9. The seed laser pulses are generated from a Fabry-Perot (FP) laser diode

(LC96A1064UBFBG-20R from II-VI Inc.) with central wavelength at 1065 nm and 3 dB

bandwidth of 1.8 nm. A fiber Bragg grating (FBG) is spliced to the PM fiber pigtail of the
LD to stabilize the central wavelength of the seed laser. The seed LD is directly
modulated by the electrical circuit with tunable pulse repetition rate and tunable pulse

duration.
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Fig. 3-9. Structure of the MOPA YDPFL. LD: laser diode. FBG: fiber Bragg grating, ISO:
isolator, OC: optical coupler, CT: collimator, P: pump power level.

The pre-amplifier stage which consists of a (1+1)x1 combiner and a 2-meter-long
Ytterbium-doped double-clad fiber is used to boost the seed pulses from the seed LD. The
backward pump scheme is used. The core/inner cladding diameter and numerical aperture
(NA) of the gain fiber are 7/128 pum and 0.19/0.46 respectively. The inner cladding
absorption is 1.3 dB/m at 915 nm wavelength. One 915 nm multimode LD with maximal
10 W output power is used for this stage. To ensure the same laser pulses are injected for
the main amplifier stage during the pulsed pump and the CW pump experiments, the pre-
amplifier stage is kept working under the CW pump scheme.

The structure of the main amplifier is similar as that of the pre-amplifier. The 6-meter-
long gain fiber with core/inner cladding diameter of 20/130 um is used for this amplifier
stage. The fiber core NA is 0.08. The inner cladding absorption of the Ytterbium-doped
double-clad fiber is 2.1 dB/m at 915 nm wavelength. One (2+1)x1 combiner is used to
couple the maximal 33 W Pp from two multimode LDs at 915 nm into the amplifier.

Both the pre- and main amplifier stages are using the backward pump scheme to boost
the injected laser pulses. By using this configuration, the optical-to-optical conversion
efficiency can be improved comparing to the forward pump scheme.

Two fiber pigtailed isolators (ISO1 and ISO2) are equipped to block the counter-

propagating light after the seed LD and the pre-amplifier stage. The band-pass film with
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18 nm FWHM bandwidth centered at 1060 nm is coated on the optical lens surface within
the isolator to filter out the ASE and the stimulated Raman scattering (SRS) components.
One 1:99 optical coupler (OC) is for monitoring the forward and backward light in the
cavity.

The output average power of the YDPFL after ISO1 and ISO2 with 130 ns pulse
duration at 10 kHz repetition rate is 1.1 mW and 101.6 mW respectively. When it comes
to the pulses with 20 ns pulse duration and 20 kHz pulse repetition rate, the power is 0.3
mW and 58.2 mW respectively. The damage threshold for the fused silica surface is ~0.48
mJ and ~0.23 mJ for 130 ns and 20 ns pulse respectively with 20 um core fiber [128]. To
prevent the fiber facet damaging a collimator with isolator embedded is spliced to the
output fiber of the main amplifier. The efficiencies in the following paragraphs are
obtained by calculating the ratio of the average output power of the YDPFL to the average
Pp. The optical spectra are measured by YOKOGAWA AQ6370C and the pulse shapes
are measured by Tektronix DPO4104B-L via a 1 GHz photo detector (PD).

It is required to synchronize the pulsed pump with the output of seed laser. To study the
relationship of the timing between the seed laser and the pulsed pump, the following
experiments with changing the injecting time of the seed laser are performed. The YDPFL
works with 130 ns pulse duration, 10 kHz pulse repetition rate, 25 kHz f; and ~13 W
average Pp. No matter pulsed pump or CW pump is used for the main amplifier stage, the
pre-amplifier stage is kept at CW pump to ensure the same injecting pulses for the main
amplifier stage. The average input power of the laser for the main amplifier is 101 mW.
Fig. 3-10 shows the timing relationship between the seed laser and the pulsed pump in the

experiments. The seed laser is injected at the beginning (P1), middle (P2) and end (P3)
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positions of the pulsed pump respectively.
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Fig. 3-10. Relationship of the seed laser and the pulsed pump.
The experimental results show that the average power of the final output laser is 6.4 W,
6.58 W and 6.7 W with the seed laser injected at the time of P1, P2 and P3 respectively.
From the optical spectrum measured at Tapl after using an AOM with 4 pus window to

filter out the reflection of the pulse laser, the YDPFL with the seed laser at P3 position has

the lowest inter-pulse ASE (Fig. 3-11).
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Fig. 3-11. When the seed laser is at the front (P1), middle (P2) and end (P3) positions of the
pulsed pump, the optical spectrum of the inter-pulse ASE measured from Tapl after using
an AOM with 4 ps time window to filter out the reflection of the pulse laser.

If postpone the injecting time of the seed laser further behind P3, there is more ASE
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than that of P3. By synchronizing the injecting time of the seed laser with the end position
of the pumping pulse, lower inter-pulse ASE and higher average output power are reached

comparing with other injecting time of the seed laser.

3.3.2  Results and discussion

When the laser system is working with 130 ns pulse duration at 10 kHz pulse repetition
rate, the Pp is at the maximal reachable Pr of 33 W and the #, is 40 ps calculated from
1/f;. After being boosted by the main amplifier stage, the peak power measured at the
final output for pulsed pump is 12.3 kW and it is 13% higher than that of using the CW
pump with same pump energy. The average power of the final output laser is 7.7 W and
8.01 W for the CW pump and the pulsed pump, respectively. From the optical spectra
monitored at final output as shown in Fig. 3-12(a), the SRS is much stronger for pulsed
pump than that of CW pump because of the higher peak power. The backward spectra

from 1030 nm to 1090 nm monitored at Tap 1 indicate stronger inter-pulse ASE for CW

pump.
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Fig. 3-12. The YDPFL is working with 130 ns pulse duration and the f; of 25 kHz, (a) At 10
kHz pulse repetition rate, the optical spectra measured from tap1 (the black and red curves
are for the CW and pulsed pump respectively) and final output (the blue and dark cyan
curves are for the CW and pulsed pump respectively). (b) The efficiency difference for
pulsed and CW pump schemes for several pulse repetition rates less thanf ;.
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Fig. 3-12(b) shows the efficiency improvement of the pulsed pump comparing with the
CW pump when the laser system is working with the pulse repetition rates less than f;.
The efficiency improves by ~10% at 2 kHz and ~1.3% at 15 kHz pulse repetition rate
respectively. As depicted in Fig. 3-12(a), the improvement is mainly because of the inter-
pulse ASE being suppressed under the pulsed pump scheme. However, for higher pulse
repetition rate the improvement is not as significant due to the already smaller inter-pulse
ASE. This indicates the CW pump in reality is suitable when the pulse repetition rate
equals to or higher than f; (25 kHz) and it is hardly necessary to implement the pulsed
pump through using additional Pp and shortening the #,.

To further study the inter-pulse ASE, an acousto-optic modulator (AOM) with 4 us time
window is used to filter out the pulse laser signal during the measurement. From Fig. 3-
13(a), the ASE after the pre-amplifier monitored at Tap 2 is similar for both the CW and
the pulsed pump schemes. The spectra are confined within the bandwidth of the band-pass
filter within the ISO2. From the optical spectra measured at the final output (Fig. 3-13(b))
the inter-pulse ASE with the CW pump is higher than that with the pulsed pump in the
spectrum range of Fig. 3-13(a). The spectra peak located at 1060 nm is the ASE inputted
from the pre-amplifier stage and amplified in the main amplifier. The spectra of the two
sidebands are the ASE produced within the main amplifier. The ASE power for CW pump
measured is 3.4 times higher than that of pulsed pump. Fig. 3-13(c) shows that the
backward ASE monitored at Tap 1, for CW pump it is ~3 dB stronger than that of the

pulsed pump.
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Fig. 3-13. When the YDPFL is working with 130 ns pulse width and 10 kHz pulse repetition
rate under the pulsed and CW pumping schemes, the optical spectra measured at Tap2 (a),
final output (b) and Tap1 (c) with an AOM to filter out the pulse laser.

Due to the laser pulse is filtered out by the AOM, consequently there is no SRS
component in the optical spectra in Fig. 3-13(c). There are two parts contribute to the
optical spectra in Fig. 3-13(c) monitored at Tapl. The first one is the backward ASE
produced in the main amplifier. The other is the forward light reflected by the surface of
the optical components and the fusion point in the main amplifier. The forward light is
mainly the ASE injected from the pre-amplifier stage and amplified in the main amplifier
stage. To check the amount of these two parts, the following experiment is performed. By
tuning the Pp through scaling up the pump current of the pre-amplifier stage, the seeding
ASE from the pre-amplifier stage injected to the main amplifier increases (from 86 nW to
117 nW measured at Tap2) as shown in Fig. 3-14(a). The increased ASE is amplified in
the main amplifier stage and there should be more back reflection light in Tapl comparing
with the one with 1.36 W Pp. However, from the optical spectra measured at Tapl, it’s
distinct that there is much less optical spectra density for the one with increased injecting
ASE. The ASE power measured at Tapl is 565 nW and 446 nW when the Pp is 1.36 W
and 1.55 W for the pre-amplifier stage respectively. This suggests that the majority light
monitored at Tapl is the backward ASE generated in the main amplifier stage and fairly

little part is because of the back reflection. The much lower monitored optical spectrum
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after tuning up the injecting ASE is because the stronger injecting ASE from pre-amplifier

stage has suppressed the ASE generation in the main amplifier stage.
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Fig. 3-14. (a) Optical spectra of the forward ASE after pre-amplifier stage by tuning the Pp
from 1.36 W to 1.55 W after the pre-amplifier stage. Without pump current for main
amplifier stage, the output ASE power injected to the main amplifier from the pre-amplifier
stage increases from 4.24 mW to 5.91 mW. (b) Optical spectra monitored at Tapl.

Similar experiments are performed with pulse duration of 20 ns and f; of 72 kHz. The
corresponding #, is ~13.9 ps and the Pp is kept at the maximal reachable 33 W Pp level.
When the laser system is working with 20 kHz pulse repetition rate, the optical spectra of
the seed and pre-amplifier stage of the 20-ns pulse is shown in Fig. 3-15.
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Fig. 3-15. Optical spectra of the Seed and Pre-amplifier stage for the 20-ns pulse.

Fig. 3-16(a) shows the optical spectra measured at final output and Tap 1. Same as the
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results of the 130-ns pulse duration, the higher peak power (3.4% improvement) and
lower inter-pulse ASE for the pulsed pump scheme are achieved. The average output
power is 4.88 W and 5.04 W for the CW pump and the pulsed pump respectively. The
efficiency improvement for pulsed pump decreases from ~6% at 5 kHz pulse repetition
rate to ~0.7% at 40 kHz comparing with that of CW pump (Fig. 3-16(b)). It also suggests

the pulsed pump under f; (72 kHz) and CW pump above f; is a suitable design.
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Fig. 3-16. The YDPFL is working with 20 ns pulse width under CW and pulsed pump
schemes. (a) The optical spectra from tapl (the black and red curves are for the CW and
pulsed pump respectively) and final output (the blue and dark cyan curves are for the CW

and pulsed pump respectively) when the laser system is working with 20 kHz pulse
repetition rate. (b) Efficiency difference for the two pumping schemes.
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The efficiencies described in this section are obtained by calculating the ratio of the
average output power of the YDPFL to the average Pp. The average output power is 7.7
W and 8.01 W for CW pump and pulsed pump respectively when the YDPFL is working
with 130 ns pulse duration at 10 kHz pulse repetition rate. For the YDPFL working with
20 ns pulse duration at 20 kHz pulse repetition rate, the output power is 4.88 W and 5.04
W for CW pump and pulsed pump respectively.

Fig. 3-17(a) manifests the temporal pulse shapes of the 130 ns (FWHM) seed pulse and

the pulse after the pre-amplifier stage. The pulse shape is distorted, and the leading edge
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is higher due to the gain saturation, which makes the gain of the front and rear portions of
the pulsed laser unequal. Owing to the merits of directly modulated avenue that the output
pulse shape can be tuned through changing the drive current waveform applied to the seed
diode. To mitigate the SRS nonlinear effect and to get the final output pulses with higher
pulse energy, the shape of the seed pulse is tuned to have a lower leading edge and higher
falling edge. In the experiments, the seed pulse shape is tuned to the rectangle-with-
triangular-top (RWTT) shape and this part will be further discussed in Section 4.2 and 4.3.
The fluctuation around 84 ns on the shape of the seed pulse is due to the un-perfect
driving current from the homemade driving circuit board.

Fig. 3-17(b) shows that the pulse shapes are severely reshaped and a sharp peak is
formed in the leading edge after the main amplifier stage. The base of the output pulses
remains unchanged but the FWHM pulse duration is narrowed down. The pulse duration
after main amplifier for the CW pump and pulsed pump is 40 ns and 34 ns respectively.
Due to the improved efficiency and higher peak power, the pulse duration obtained with

pulsed pump is narrower than that of the CW pump.
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Fig. 3-17. Pulse shapes of 130 ns pulses. (a) The seed pulse (black) and after pre-amplifier
stage (red). (b) Pulse shapes of the CW pump (black) and pulsed pump (red) at final output
of the YDPFL.

The gain saturation effect is also found for the laser with 20 ns pulse duration. The
leading edge of the pulse is steeper after the pre-amplifier and the main amplifier stages as
shown in Fig. 3-18. The pulse duration after main amplifier for the CW pump and pulsed
pump is narrow down to 9.2 ns and 8.7 ns respectively. Again, the YDPFL pulse with
pulsed pump has higher efficiency, larger peak power and narrower pulse duration than

that obtained with the CW pump.
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Fig. 3-18. Pulse shapes of 20 ns pulses. a) the seed pulse (black) and after pre-amplifier stage
(red). b) Pulse shapes of CW pump (black) and pulsed pump (red) at final output of the
YDPFL.

Using the same experimental setup, the simulation results for improved efficiency with
pulse pumps at 130 ns and 20 ns pulse duration are shown in Fig. 3-19. The simulation
results indicate larger efficiency improvement for pulsed pump at lower pulse repetition
rates, which is mainly due to the nonlinearity effects which has not been considered here
and the parameters of the components used in the simulation have certain deviations from
those in the experiments. However, the trend of the curves is fully consistent with the

experimental results.
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Fig. 3-19. The simulation results of the efficiency improvement for pulsed pump comparing
with the CW pump. (a) The YDPFL is working with 130 ns and the pulse repetition rate is
less than f; (25 kHz). (b) The YDPFL is working with 20 ns and the pulse repetition rate is
less thanf; (72 kHz).

Larger pulse energy, higher peak power and better efficiency are among the most
crucial objectives for the YDPFL design, especially for industrial applications. However,
they are also the causes for the stronger inter-pulse ASE and the most often encountered
nonlinear effects, such as SRS and SBS as discussed in the previous chapters.

Higher pulse energy requires higher pump energy for each seed laser, which results in a
higher inter-pulse ASE under the same conditions. Since ASE is generated in both
directions, the heating-related damage to the previous amplifier stage may be caused by
the backward-propagating ASE [128]. When the generated ASE is at a high level,
parasitic lasers of ~ 1030 nm may damage the components in the laser cavity. For the
YDPFL in the experiment, a band pass filter is coated on the lens surface of ISO2 to
mitigate the ASE to a certain extent.

For SBS, it is one of the primary peak power capping factors for YDPFLs. It can result
in catastrophic fiber damage because of the stress in fiber and the strong acoustic wave as
discussed in Chapter 2. For the YDPFL here, the seed laser is generated from an FP laser

diode with 3 dB bandwidth of 1.8 nm and peak power of less than 20 kW. The pigtail
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length of the component is cautiously controlled. No SBS has been found in the
experiments.

When SRS occurs, the laser line width is broadened. It decreases the gain of the signal,
generates more heat, and limits the output peak power for an YDPFL. Here, the band pass
filter coating within the ISO2 and carefully controlled pigtail length of the components in
the main amplifier are utilized to enhance the SRS threshold.

During the laser-material interaction, a portion of pulse energy will be reflected from
the surfaces of the material being processed and the surrounding plasma caused by the
previous laser pulse. The situation deteriorates when the under-processing materials are
Cu, silver and gold etc., with high reflectance for IR laser [129,130]. Fig. 3-20 manifests
the typical reflectivity of widely used metals with light at different wavelengths. It is
distinct from the curves that gold, silver, aluminum and brass possess high reflectivity

when coming to 1 um wavelength laser.

?IIII D—QDI}I nm

100 !

80

2wl |
g I L Gold
E 40+ ; ! Silver
i : : —— Copper
24 i I Aluminium |4

: | | Nickel

04 ) ] Platinum
| |

¥ v 1 i 1 % L] M 1 T ¥ o Ll N
250 500 750 1000 1250 1500 1750 2000
Wavelength (nm)

Fig. 3-20. Reflectance of commonly used metals as a function of wavelength from 200 to
2000nm [131].

When back reflection occurs, the reflected light may propagate back to the laser cavity

and results in the instability of the output laser pulses. In the case of 5% pulse energy is

77



Chapter 3 PULSED PUMP YTTERBIUM-DOPED PULSED FIBER LASER

reflected to the laser cavity for 20 ns laser pulse at 40 kHz pulse repetition rate, the output
pulse energy of the backward pulses exceeds the forward one [120]. The researchers also
found that in order to control the energy loss less than 5%, the effective reflectivity need
to be controlled at less than 0.1%.

For pulsed fiber lasers, an isolator is often placed at the final output to prevent back-
reflected light. For the YDPFL used in the experiment, a band pass filter is coated on the
optical lens surface in ISO2 to filter out a portion of the SRS member, but this process
results in heating ISO2. Since the Faraday rotators and magnets in the isolators are
temperature dependent, temperature changes lead to a change in the Verdet constant, thus
affecting the transmission and isolation performances [132]. As isolators are used between
amplifiers to prevent the reflected light, the Faraday isolator (FI) by terbium gallium
garnet (TGG) is popular used for the YDPFLs [133]. If their performance degrades, the
injecting pulse laser from pre-amplifier becomes unstable. The unstable seeding laser may
trigger inter-pulse ASE self-lasing in the amplifier. In addition to the TGG absorption
band at 480 nm, the transmission spectrum of TGG is broad in the range of ~ 400 nm to ~
1500 nm [134]. Isolated values for commercially available isolators are typically higher
than 30 dB, however, this value typically corresponds to a smaller bandwidth adjacent the
center wavelength. The isolation spectrum of FI is usually tens of nanometers for
commercially available products [135]. Since the first-order Raman spectrum of the
pulsed laser is peaked at ~1115 nm, the isolation value decreases quickly when it comes
to the ASE and SRS components which are popular for high power YDPFL, and it results
in the SRS part a risk factor for YDPFL.

To investigate the effect of back-reflected light on a highly reflective material during
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laser processing, the following experiments are conducted. An YDPFL is equipped on a
laser system with a Golvo-head, focusing lens and laser control card. The YDPFL has the
same MOPA configuration as shown in Fig. 3-9, but the main amplifier uses a different
gain fiber (Coractive's 20/128 pum core/cladding diameter). The material in the process is
highly polished stainless-steel plate. Fig. 3-21 shows the spectra measured at Tapl of the
YDPFL operating at 20 kHz and 130 ns pulse duration, with different f; in the
experiment. Comparing the black curves and the red curves, when processing the plate,
many SRS components are reflected and amplified in the main amplifier stage. The SRS
with the f; of 20 kHz (Fig. 3-21(b)) is much stronger than that of the 28 kHz f; (Fig. 3-
21(a)). The ratio of the signal to ASE peak is ~14 dB and ~11 dB for the f; of 28 kHz and
20 kHz, respectively. These suggest that the SRS and inter-pulse ASE are stronger with

smaller f;, and the FI has lower isolation for SRS component.
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Fig. 3-21. The optical spectra measured at Tapl with different threshold pulse repetition
rates when the YDPFL is working at 20 kHz pulse repetition rate and 130 ns pulse duration.
The red and black curves are for the spectra of processing material with very low and high
reflective surface respectively. (a) The laser is working with 28 kHz threshold pulse
repetition rate ( f;). (b) The laser is working with 20 kHz threshold pulse repetition rate
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Based on the above analysis, inter-pulse ASE and nonlinear effects (SRS and SBS)
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conflict with design goals (higher peak power and efficiency, greater pulse energy, etc.)
for YDPFLs for industrial use purposes. These factors should be weighed against during
the laser design. Since f; is directly related to all of it, its value needs to be cautiously
determined to achieve a robust YDPFL with superior performance. For the YDPFL used
in this section, the f; is set based on the optical spectrum of the final output laser
according to several criteria: a) the ratio of signal to 15t Raman peak is more than 20 dB. b)
No higher-order SRS. c¢) No ASE lasing spike around 1030 nm region. According to all
these conditions, the f; of the 130 ns and 20 ns laser is set at 25 kHz and 72 kHz,
respectively.

For other YDPFLs, the designer can determine the f; according to the laser
configurations and the working environment. For amplifier with different gain fiber, of
which the fiber core size, length and other parameters are not the same as the one
discussed in the above paragraphs, or different pump scheme such as forward pumping,
the only difference for the pump design is the f; for each pulse duration. For laser with
several cascade amplifier stages as the pulse energy, ASE and nonlinearity tolerance for
each stage are distinct, the f; and the corresponding ¢, for each amplifier stage need to be
fine tuned.

For an YDPFL designed for working at low pulse repetition rate with relatively low Pp
level, the f; may be less than 1.25 kHz. When an YDPFL is operating at a low pulse
repetition rate, e.g. less than 100 Hz, the #, may be still long and the ASE is at a relatively
high level. When working in this kind of low duty cycle condition, the commercial 9xx
nm pumping laser diodes can produce 5~7 times higher output power than operating in

the CW mode [123]. This means the maximal Pp level can be raised and the ASE can be
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greatly reduced by shortening the #,.

3.3.3 Conclusion

High power YDPFLs with pulse duration and pulse repetition rate tunable features are
desirable for many industrial applications.

In this section, a novel pulsed pump scheme for the YDPFLs with adjustable pulse
duration and pulse repetition rate is proposed. By using the optimized pulsed pump
scheme, without additional pump or cost, the performance of the YDPFL is improved. For
this pulsed pump scheme, the Pp is kept at the maximal reachable pump power level or a
fixed level and the #, for each seed pulse is modulated according to the pulse duration.
There is a f; for each pulse duration to get the maximum average output power with
largest pulse energy. For pulse duration, the ¢, is fixed for every seed pulse. When the
pulse repetition rate is less than f;, the peak power is enhanced and the inter-pulse ASE is
suppressed. The efficiency is improved by ~10% at 2 kHz and ~6% at 5 kHz for wide
(130 ns) and narrow (20 ns) pulse duration respectively comparing with using the CW
pump scheme. It means that without additional cost, the performance of the laser system
is improved. For pulse repetition rate higher than f;, the inter-pulse ASE is at a low level
and it is hardly inevitable to use the pulsed pump by higher Pp and shorter #, which leads
to additional cost. Numerical simulation indicates the same trend as the results of the
experiments.

The light reflected during laser-material interaction may propagate back in the laser
cavity and result in instability of the output laser pulse. For the SRS and ASE components,
they must be cautiously controlled during the YDPFL design because the SRS and ASE

components are much less isolated due to their wavelengths are far from the central
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operating wavelength of commercial isolators. In addition, the ASE and nonlinear effects
(SRS and SBS) conflict with the design objectives (higher peak power and efficiency,
greater pulse energy, etc.) of high power YDPFLs. Since f; is strongly related to
nonlinear effects and objectives, the value of it needs to be carefully determined and the
criteria for setting f; are proposed in the context. The pulsed pump design is suitable for

the high power YDPFLs with adjustable pulse duration and pulse repetition rate.

3.4 SUMMARY

Pulsed pump is an effective avenue to suppress the ASE between pulses for high power
YDPFLs. In this chapter, I focus on the investigation of pulsed pump for YDPFL.

Starting with the analysis of the most crucial factors in pulsed pump YDFA design, Pp
and #,, the simulation model for the pulsed pump YDFA is presented. By numerically
solving the rate equations, the pulse energy, efficiency and ASE have been
comprehensively studied under different Pp and #,. The results show that the Pp and ¢, are
related to the maximum reachable pulse energy and efficiency. Under same Pp, the ASE is
at a relatively low level when the amplifier is working with the #, corresponding to the
maximum efficiency. The ASE grows quickly when further increasing the #, and
eventually becomes constant. The laser system can be considered as working in CW mode
for ASE under this situation. For different Pp levels, the pulse energy increases with
higher Pp. However, the enhancement is not significant after reaching certain level and
the pump energy begins to contribute more to the ASE. When the ¢, shortening from 6000
us to 100 us by keeping the same pump energy of 12 mJ, the stored energy in the gain

fiber increases and the peak of the N> distribution along the fiber moves towards to the
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opposite side of the pumping end. It in turn leads to larger final output pulse energy, from
0.02 mJ to ~2.9 mJ, and higher efficiency, from <0.5% to > 25% when the YDFA
operating with ¢, shorten from 6000 ps to 1000 us. However, when the ¢, is less than 1000
us, the increasing is saturated. By increasing the injected seed laser pulse energy from 10
pJ to 50 uJ through enhanced peak power, the output pulse energy and efficiency is
improved by 0.34 mJ and 4.5% respectively when the pump duration is shorter than the #,
corresponding to the maximum efficiency. But this doesn't work when the pump duration
is longer than the #, corresponding to the maximum efficiency.

In the second part of this chapter, a novel pulsed pump design for ns YDPFLs with
adjustable pulse repetition rate and pulse duration has been proposed. By using this pulsed
pump scheme, the Pp is kept at the maximal reachable pump power level or a fixed level
and the #, for each seed pulse is modulated according to the pulse duration. The #, is a
constant value for every seed pulse at particular pulse duration. There is a f; for each
pulse duration to get the maximum average output power with largest pulse energy. When
the pulse repetition rate is less than f;, the peak power is enhanced and the inter-pulse
ASE is suppressed. The efficiency is improved by ~10% at 2 kHz and ~6% at 5 kHz for
long (130 ns) and short (20 ns) pulse duration respectively comparing with using the CW
pump scheme. It means without additional cost, the performance of the laser system is
improved. For pulse repetition rate higher than f;, the inter-pulse ASE is at a low level
and it is not recommended to use the pulsed pump by higher Pp and shorter z,. Numerical
simulation indicates the same trend as the results of the experiments. Back-reflected light
during laser-material interaction has been investigated and the criteria for setting f; are

proposed.

83



Chapter 3 PULSED PUMP YTTERBIUM-DOPED PULSED FIBER LASER

The novel pulsed pump design is suitable for the high power YDPFLs with adjustable
pulse duration and pulse repetition rate. This technique is strongly recommended for the

design of robust YDPFLs.
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Chapter 4 HIGH POWER YTTERBIUM-DOPED PULSED

FIBER LASER

4.1 INTRODUCTION

High power YDPFLs have progressed rapidly and been widely used in lots of fields
such as medical, industrial, military and research due to the much superiority associated
with them (compact structure, lower heat dissipation, excellent beam quality, etc.). Q-
switching and directly modulated LD are the two widely used techniques to generate ns
seed laser for high power YDPFLs. The superiority of the fiber laser by the Q-Switching
technique is the higher reachable pulse energy. However, the tuning range of the pulse
shape and pulse duration of the laser produced by the Q-Switching technique is limited
[127]. When the pulse repetition rate is increased, the pulse duration is simultaneously
increased, and the peak power of the pulse extracted from the Q-switched system is
significantly reduced. In contrast, a system with a directly modulated LD method has the
flexibility in terms of adjusting the pulse duration and pulse repetition rate independently,
and the peak power of the laser with different pulse duration can be maintained at the
same level, which is favorable to many industrial applications.

In this chapter, we first discuss the requirements for the pulse shape of an YDPFL from
the application point of view, and then followed by the investigation on the pulse shape of
the seed laser. After that, we demonstrate the study on high average power YDPFL with
ns pulse duration, and finally a high peak power YDPFL with pulse duration from ps to ns

is presented.
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4.2 SEED LASER PULSE SHAPING FOR HIGH POWER YTTERBIUM-DOPED

PULSED FIBER LASERS

When the laser-material interaction occurs, the energy of the laser pulse whose peak
power is higher than the ablation threshold power of the material contributes to the final
desired treatment outcomes. The rest of the laser pulse energy is wasted (Fig. 4-1). In
addition, this portion of the energy heats the surrounding material and causes damage
identified as the heat affected zone (HAZ). In some occasions, at the given pulse energy,
the laser with short pulse duration has more usable pulse energy which leading to higher

micromachining efficiency and less HAZ.
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Fig. 4-1. The effect of pulse shape on machining with nanosecond lasers [136].

For laser pulses possessing the same pulse energy and pulse duration, the pulse shapes
may be different from each other as shown in Fig. 4-2. When the material ablation
threshold is lower the peak power of the laser with rectangular pulse shape, the laser
treatment efficiency should be higher than that of the other two pulse shapes as there is no
wasted energy. However, if the material ablation threshold power is higher than the peak

power of the laser with rectangular pulse shape, then the laser cannot process the material
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at all. This is the same for lasers with the other two pulse shapes.
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Fig. 4-2. Different pulse shapes with same pulse duration and pulse energy.

There are a few parameters to characterize a high power YDPFL, such as pulse
repetition rate, pulse duration, average output power, peak power, pulse energy, beam
quality etc., however there is no parameter to directly characterize the situation discussed
above as the laser-material interaction is considered.

Driven by this, in this section, a new parameter, Usable Pulse Energy Ratio (UPER), to
characterize the laser pulse of high power nanosecond YDPFL is proposed. The high
power YDPFL with pulse shaping is analyzed and the nonlinearities associated with the

different seed pulse shapes are discussed.

4.2.1 Definition of UPER

The Usable Pulse Energy Ratio (UPER) is defined as the ratio of the pulse energy of
the part of the nanosecond laser pulse whose peak power is above a predefined ablation
threshold power to the maximum reachable pulse energy. For a nanosecond YDPFL with

adjustable pulse duration, as the maximum pulse energy varies with pulse duration, the

87



Chapter 4 HIGH POWER YTTERBIUM-DOPED PULSED FIBER LASER

UPER is pulse duration related. Obviously, it is also peak power and output power related.
The UPER can be phrased by the following equation:

E(tpa,P.Ptn)

UPER(tpd!P’ Pth) = Emax(tpa)

x 100% 4.1)

Where t,,q, P and P;j, are the pulse duration, output power and ablation threshold power
respectively. E(tpd, P, Pth) is the pulse energy of the part of pulse whose peak power is
higher than the ablation threshold power (P;y,) at the output power level of P. Ep, 4y (tpd)
is the maximum reachable pulse energy for the laser with t,,; pulse duration. Through this
parameter, we perceive qualitatively whether the workpiece can be laser processed or not,
how much pulse energy is wasted, and how wide the HAZ is after laser treatment.

From the laser processing point of view, the rectangular pulse shape of the final output
laser with peak power higher than the material ablation threshold is preferred as no waste
energy and thus fewer side effects such as less HAZ.

Since the peak power of the ns YDPFL can easily reach higher than 10 kW, the shape of
the laser pulse suffers from severe distortion due to the gain saturation effect as described
in Chapter 2 when the laser pulse propagates in the waveguide of the fiber [67,137]. For

high power YDPFL design, it is indispensable to study the pulse shape of seed laser.

4.2.2  Pulse shape distortion for high power Ytterbium-doped pulsed fiber lasers
Q-switching and directly modulated LD are the two widely utilized techniques to
generate ns seed laser for high power YDPFLs. For Q-switched seed laser and an AOM is
used as the Q-switching component, the seed and final output pulse shapes are more
Gaussian-like and less pulse shape distortion occurs due to the normally slow and smooth

leading and falling edge of the seed pulse. For YDPFLs with directly modulated LD
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technique to produce the seed pulse laser, the arbitrary pulse shape can be easily achieved
by modulating the shape of the drive current. Researchers have analyzed this feature
through experiments and numerical simulations [137,138]. The Frantz-Nodvik (F-N)
equation can be used to calculate the pulse shape distortion in an amplifier [139], and
when the desired output pulse shape is determined, the input pulse shape can be calculated
inversely using the equation.

For a high power YDPFL, the pulse duration is adjustable or not depending on the
technology for producing seed laser. For ns YDPFL with tunable pulse duration, as a rule
of thumb, the peak power of the laser with different pulse duration keeps at a similar level
due to the two dominant nonlinearities for ns YDPFL, SBS and SRS, are directly related
to the peak power.

To study the pulse shape distortion of high power YDPFLs, an MOPA YDPFL with a
central wavelength at 1064 nm is configured in Fig. 4-3 and a directly modulated seed
laser diode (LC96A1064BBFBG-20R) is utilized to produce nanosecond pulse with
tunable pulse duration and repetition rate. The seed laser diode from Oclaro has a 1W
peak output power at 2A drive current. The core/cladding diameters of the DCF used in
the pre-amplifier and power amplifier stages are 6.6/128 pm and 21.7/128 pm,
respectively, and the lengths were 6 m and 4.4 m, respectively. In between the seed diode,
the pre-amplifier stage and the main amplifier, there are isolators to prevent the reflecting
light. A coupler (1/1000 coupling ratio) is used to monitor the backward light from the
main amplifier cavity via port Tapl. An isolator with collimator embedded is spliced to
the pigtail of the main amplifier to prevent the fiber facet damage and the back-reflection

light during laser treatment. In the following experiments, the pulse duration used is 200
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ns (measured at the base of the pulse).

Modulationl
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FBG ISO1 1ISO2 oC ‘ ISO & CT
=13
AN —
Tapl Tap2 Output
Seed LD Pre-amplifier Main

amplifier

Fig. 4-3. Structure of the MOPA fiber laser system (FBG: fiber Bragg grating, ISO: isolator,
OC: optical coupler, CT: collimator).

When the laser pulses from the seed laser diode pass through the cascade amplifier
stages in a MOPA configuration system, the laser pulse energy and the peak power are
significantly boosted. At the same time, the pulse shape has more distortion. Fig. 4-4
shows the pulse shapes of the laser when a rectangular shape seed laser pulse is used with
a pulse repetition rate of 100 kHz. The average output laser power of the seed, after pre-
amplifier and main amplifier stage is 3 mW, 296 mW and 21.2 W (100% output),
respectively. From the curves, the pulse shape distortion after pre-amplifier is not
significant. This is understandable as the input seed signal is small and quite little gain
saturation effect occurs in the pre-amplifier stage such that the rear portion of the laser

pulse has acquired most of the energy required for amplification.

Amplitude (a.u.)
Amplitude (a.u.)
Amplitude (a.u.)

-200 0 200 400 -200 0 200 400 0 200 400
Time (ns) Time (ns) Time (ns)

(a) (b) (c)
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Fig. 4-4. For the rectangular shape of seed laser, pulse shape of the seed laser (a), after the
pre-amplifier stage (b) and main amplifier stage (c) at 10%, 30%, 50%, 80% and 100%
output power scale.

Fig. 4-4(c) shows the pulse shapes after the main amplifier stage at different power
levels and the distortion at low output power level is almost negligible. When the power
reaches 6.3 W (30%), there is significant distortion of the pulse shape and the leading
edge becomes steeper resulting in a peak. As the power increases, the distortion is more

serious.

4.2.3  Pulse shaping for Ytterbium-doped pulsed fiber lasers

From the discussion in the above, the leading-edge surges after main amplifier stage for
the rectangular seed pulse shape. To compensate the low gain for the rear part of the seed
laser pulse, it’s obviously a lower leading-edge pulse is desirable. In the following
experiments, seed laser with three different pulse shapes, rectangular shape, rectangle-
with-triangular-top (RWTT) shape, and triangular shape, is investigated with the laser
system shown in Fig. 4-3 with 20.3 W output average power at 35 kHz pulse repetition
rate. The seed pulse shaping is realized through adjusting the driving current pulse shape
from a homemade circuit board at a step of 10 ns and this is the same for all the seed pulse
shaping in this thesis. The laser pulse shapes of the seed and after the main amplifier stage
are shown in Fig. 4-5 and Fig. 4-6, respectively. As expected, the leading edge of the final
output laser is sharpened and surged with high peak power even with pulse shaping at

seed.
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Fig. 4-5. The pulse shapes of the seed laser. (a) Rectangular shape, (b) triangular shape, (c)
RWTT shape.
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Fig. 4-6. Pulse shapes of the laser with (a) rectangular, (b) triangular, (¢) RWTT seed pulse
shapes at final output with 20.3 W output power and 35 kHz pulse repetition rate.

As expected, at the given pulse energy of 0.58 mlJ, the laser with low leading edge has
lower peak power and it is 12.5 kW, 11 kW and 9.4 kW for the laser with rectangular,
RWTT, and triangular seed pulse shapes, respectively. Accordingly, the UPER for the
laser with triangular and rectangular shapes is lower when the ablation threshold power is
higher than 3 kW (Fig. 4-7). However, when at the lower ablation threshold power such as
2 kW, the UPER is 70.3% for the laser with triangular seed pulse shape which is ~ 5%
higher than that of the rectangular seed pulse shape. The UPER for the laser with
triangular seed pulse shape is higher than that of the RWTT one when the ablation

threshold power is less than ~ 4.6 kW.
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Fig. 4-7. UPER at different ablation threshold power for the YDPFL with rectangular,
triangular and rectangle-with-triangular-top shapes.

As discussed in Chapter 2, the SRS and SBS are the two major limiting factors for high
power YDPFLs and both are directly related to the peak power of the laser. SRS generally
reduces overall optical conversion efficiency and broadens the spectrum. As a result, the
SRS of the laser with rectangular seed pulse shape at ~ 1115 nm is higher than that of the
other two shapes. This can be found from the optical spectra monitored at the final output
and Tapl shown in Fig. 4-8. The laser with triangular shape has the lowest SRS
component. The SRS difference between the laser with rectangular and triangular seed
pulse shapes is ~ 2.5dB and ~ 5.7dB for the forward and backward SRS respectively. As
discussed in Section 3.3.2, due to the limited bandwidth of the Faraday isolator
implemented in high power YDPFLs and the light reflected during the laser processing,

the SRS is one of the major concerns and must be cautiously controlled.
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Fig. 4-8. Optical spectra measured at the final output (a) and Tap1 (b) for the laser with
three different seed pulse shapes.

The SBS gain factor (~5x10"'! m/W for a silica-based fiber) is about three orders of
magnitude higher than that of the SRS, and it causes the SBS to occur more frequently for
high power YDPFLs [140]. SBS is a killing factor for high power YDPFL as it consumes
the upper-level populations during the backward propagation along the gain fiber. As a
result, the seed laser to inject into the subsequent amplifier becomes weaker and ASE
self-lasing may occur in that amplifier stage. Huge ASE self-lasing pulses are the
frequently encountered accidents for permanently damage the laser cavity during our
experiments. As described in Chapter 2, the frequency shift of SBS is 0.088 nm for a 1.06
um wavelength laser. Since the 3-dB spectral bandwidth of the signal laser is 3 nm in the
experiments, the SBS spectrum having such minuscule offsets overlaps with the signal
spectrum and it is formidable to distinguish the SBS component from the optical spectrum
via an optical spectrum analyzer (OSA). To study the SBS for the laser with different seed
laser pulse shapes, the SBS spike is examined by an oscilloscope via a photo detector in
the following experiments. When SBS occurs, the SBS spike can be monitored from Tap1

as shown in Fig. 4-9. However, if the amplitude of the SBS spike is less than the signal
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laser pulse, it also cannot be figured out.
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Fig. 4-9. SBS spike in a pulse train.

The SBS for the laser with triangular and RWTT shapes is studied in the experiments.
The SBS is triggered by the oscilloscope when the height of a SBS spike is five times
higher than that of the reflected signal laser monitored at Tapl. The experiments are
performed when the laser is operating at 200 ns, 35 kHz repetition rate and 7.1 W output
average power. The peak power is ~ 1.6 kW and ~1.4 kW for the laser of RWTT and
triangular seed pulse shapes respectively. From the results shown in Table 4-1, the SBS
spike occurs frequently for laser pulse with triangular shape although a lower peak power
is associated with this laser pulse, and none is found for the laser with RWTT seed pulse
shape.

Table 4-1. The statistics of the SBS spikes captured by the oscilloscope in the experiments
within 5 minutes.

Pulse shape Testing How many times SBS
period captured

Rectangle-with-triangle-top-shape 5 minutes 0

pulse

Triangle-shape pulse 5 minutes 131
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When the leading edge of the laser pulse is a smooth curve, the frequency spectral width
of the Fourier transform of the leading edge is narrow and the narrow frequency spectrum
significantly deteriorates the threshold of the SBS [141]. Fig. 4-10(a) manifests that the
frequency spectra of rectangular and Gaussian shapes are ~7 GHz and less than 0.1 GHz,
respectively. The relationship between the SBS threshold and the rising time is shown in

Fig. 4-10(b) [141] and it is manifest slower rising time leads the decreasing of the SBS

threshold.
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Fig. 4-10. (a) The frequency components of the rectangular and Gaussian shape laser pulses.
(b) The relationship between rising time and SBS threshold.

From the above discussion, the smooth rising edge of the triangular shape has a narrow
frequency spectrum, which results in a lower SBS threshold. Fig. 4-11 shows the pulse
shapes of the laser from the seed, after the pre-amplifier, at the final output and Tap1 with

and without SBS spike. The laser is with a triangular seed pulse shape.
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Fig. 4-11. The pulse shapes of the laser from the seed (yellow), after the pre-amplifier (cyan)
and main amplifier (purple), and at Tapl (green). The images in the left and right are for
the YDPFL operating at the moment without and with SBS spike, respectively.

4.2.4  Conclusion

From the perspective of laser-material interaction during laser processing, the energy of
the laser pulse whose peak power is higher than the ablation threshold power of the
material contributes to the final desired treatment outcomes. The rest of the laser pulse
energy is wasted and forms the HAZ.

For a high power YDPFL with directly modulated seed source, the pulse shape of the
seed laser can be easily turned. The different laser pulse shapes result in different laser
processing efficiencies.

To characterize the laser pulse by considering the laser-material interaction, a new
parameter, Usable Pulse Energy Ratio (UPER), is proposed. The UPER is defined as the
ratio of the pulse energy of the part of the nanosecond laser pulse whose peak power is
higher than the predefined ablation threshold power to the maximum reachable pulse
energy. It is related to ablation threshold power, peak power, pulse duration, and the
output power. Through this parameter, we understand qualitatively whether the workpiece
can be laser processed or not, how much pulse energy is wasted, and how wide the HAZ

is after laser treatment.
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A high power YDPFL with three seed pulse shapes, rectangles, triangles and RWTT
shapes have been experimentally investigated. Because of gain saturation, the shape of the
final output laser is seriously distorted, and the leading edge of the pulse is surged to form
high peak power. At a given pulse energy of 0.58 mlJ, the laser with a low leading edge
has a lower peak power and the peak power is 12.5 kW, 11 kW and 9.4 kW for the laser
having a rectangular, RWTT and triangular seed pulse shape respectively. When the
ablation threshold power is higher than 3 kW, the UPER of the laser with triangular and
RWTT is lower. However, the UPER grows to 70.3% for a laser having a triangular seed
pulse shape and it is about 5% higher than that of the rectangular seed pulse shape at an
ablation threshold power of 2 kW.

In addition to the undoubted superiority of pulse shaping such as the higher UPER at
low ablation threshold power and less SRS components, when the leading edge of the
seed pulse rises slowly and smoothly, such as a triangular shape, it gives rise to another
dilemma, SBS. The smooth rising edge of the triangle has a narrow frequency spectrum,
and leads to a significant deterioration of the SBS threshold. SBS spikes are captured
frequently for the laser with triangular seed pulse shape. However, for the seed laser with
RWTT shape, no SBS has been found in the experiment

According to the analysis here, in Section 3.3.2, seed laser with the RWTT pulse shape
is utilized for higher pulse energy and less SRS component, at the same time SBS is not
an issue. In the following sections of high power YDPFL design, seed laser having a pulse

shape similar to a triangular shape is selected to improve the laser performance.
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4.3 HIGH AVERAGE POWER YTTERBIUM-DOPED PULSED FIBER LASER

For material processing, general speaking, higher average power YDPFL means higher
efficiency as the laser scanning speed could be enhanced. This also can be concluded
from the laser blackening the Aluminum alloy with alumina surface application in
Chapter 5. As efficiency is one of the most crucial factors for industrial applications,
driven by this force, the progress of high average power YDPFL has been quick.

From the discussion in Section 4.2, the final output laser with square pulse shape is
desirable and contributes to the processing efficiency during laser-material interaction.
Due to the high gain in the YDPFL and gain saturation effect, the seed laser with lower
leading edge is preferred, such as the triangular shape pulse and RWTT pulse. However,
due to the deterioration of the SBS threshold, the slow leading-edge results in frequent
SBS spike in the laser cavity. To address this issue, an SLED seed diode is used for the
high average power YDPFL due to its bandwidth of the optical spectrum is much wider
than that of the conventional DFB and FP sources. Since the SBS threshold is roughly
proportional to wg/wy, Wwhere wg and wy, are the bandwidth of fiber laser emission and
SBS interaction, the maximum SBS-free power is increased due to the wider bandwidth

and decreasing spectral power density of the laser radiation [142].

4.3.1 Configuration of the Ytterbium-doped pulsed fiber lasers

The configuration of the nanosecond high average power YDPFL is shown in Fig. 4-12.

A directly modulated SLED seed diode (LC96A1060CWG-20R from II-VI Inc.) from II-

VI is used to produce nanosecond seed laser with tunable pulse repetition rate and tunable
pulse duration. The SLED has a curved waveguide with reflectance of 0.1% and 93% for

the front and back facets, respectively. The low antireflection coating on the front facet
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and the curved-waveguide design are to prevent the light from FP oscillation [142]. The
light emission process is based on the SLED operates in the superluminescent regime and
the coexistence of spontaneous and stimulated emissions [143]. The broad and smooth
optical spectrum provided by the spontaneous emission is amplified by stimulated
emission processes (this mechanism is called amplified spontaneous emission (ASE)), and
the ASE light is used as the seed for the YDPFL. The average output power is ~380 mW
at 750 mA pumping current, and no DC bias is applied to the seed diode in the
experiments. The optical spectra of the seed diode for different pulse duration at certain
pulse repetition rate are shown in Fig. 4-13. 1.8A current is applied to the SLED to
generate seed light from a home-made circuit board. It is obvious the seed diode is
operating at the ASE region without lasing. With higher current operation (the product of
pulse duration times pulse repetition rate), the peak wavelength is shifted to the longer
side. The 20-m-length Hi1060 fiber is spliced to the pigtail of the seed diode to ensure the
diode is in the laser-off condition when there is backward reflection light from the surface

of the material under processing.

71128 pm pymp LD
Hi1060 YDDF
i I1SO1 OC1

ISO2  OC2

CBI
Tapl  Tap2 Tap3 Tap4

Pump LDs 30,250 um

YDDF
CB2 2

ISO & CL
ff—
ff—

Pump LDs

Fig. 4-12. Experimental setup of a nanosecond MOPA pulse fiber laser. SLED:
superluminescent light emitting diode, ISO: isolator, OC: optical coupler, MFA: mode field
adapter, CB: combiner, CL: collimator, F1: splicing point 1, F2: splicing point 2.
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Fig. 4-133. The optical spectra of the SLED seed diode when operating at different pulse
duration and pulse repetition rate.

The pre-amplifier stage which consists of a (1+1)x1 combiner and a 13-meter-long
YDEF is used to boost the seed laser pulses from the seed diode with the backward pump
scheme. The core/inner cladding diameter and NA of the gain fiber are 7/128 pm and
0.19/0.46 respectively. The inner cladding absorption is 1.3 dB/m at 915 nm wavelength.
One 960 nm multimode LD with maximal 10 W output power is used for this stage.

The structure of the main amplifier is similar as that of the pre-amplifier. The ~ 7-
meter-long gain fiber with core/inner cladding diameter of 30/250 pm is used for this
stage. The fiber core N4 is 0.05 and the inner cladding absorption of the YDF is 2 dB/m at
915 nm wavelength. One (6+1)x1 combiner is used to couple the maximal 280 W pump
power from four multimode LDs at 915 nm into the amplifier.

To enhance the optical-to-optical conversion efficiency, the backward pump scheme is
used for both the pre- and main amplifier stages. The main difference from the
configurations of the YDPFLs in the previous sections is that an SLED is used instead of

the FP laser diode to generate seed light with a broadband optical spectrum.
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Two fiber pigtailed isolators (ISO1 and ISO2) are equipped to block the counter-
propagating light after the seed diode and the pre-amplifier stage. The band-pass film with
18 nm FWHM bandwidth centered at 1060 nm is coated on the optical lens surface within
the isolator to filter out the ASE and the stimulated Raman scattering (SRS) optical
spectrum components. Two optical couplers (OC) with optical power splitting ration of
0.1% : 99.9% from Lightcomm are used to monitor the forward and backward signal in
the laser cavity located after the ISO1 and ISO2.

As for surface damage, in general facet is more fragile. The dirt on the fiber facet and
irregularities of the facet dramatically reduce the damage threshold. The approximate
surface damage threshold of fused silica fiber can be obtained by the following equation
for 1064 nm laser [144]:

FD¢, = 22(At1,)%*] /em? 4.2)

Where FDyy, is the damage threshold of the fiber facet and At, represents the pulse
duration in ns. For the 80-ns laser pulse, the facet damage is ~ 0.9 mJ for the 30 um fiber
core. As the output pulse energy is higher than the facet damage threshold, to prevent the
fiber facet, a collimator with isolator embedded is spliced to the output fiber of the main
amplifier. The output beam size of the laser is expanded to ~ 6 mm.

The laser with pulse duration (FWHM) of 10 ns, 34 ns, 56 ns and 80 ns are selected to
study the YDPFL. The pulse repetition rate can be adjusted from single shot to 1 MHz.
The optical spectra are measured by YOKOGAWA AQ6370C and the pulse shapes are
measured by Tektronix DPO4104B-L via a 1 GHz photo detector (PD) in the following

experiments.
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4.3.2  Discuss on the seed and cascade amplifier stage

The MOPA configuration is popular for high power pulsed fiber lasers and the laser
pulse is gradually boosted by several cascaded amplifiers. The output lasers after each
amplifier stage can be monitored and tuned to operate under safe conditions. As
discussed in Section 3.3 the pulsed pump avenue can be used to improve the efficiency
and suppress the inter-pulse ASE for a high power YDPFL with adjustable pulse duration
and pulse repetition rate, it has been utilized for this laser. By using the same criteria: no
ASE lasing spike at ~ 1030 nm, no higher order SRS component and minimum 20 dB for
the ratio of signal peak to SRS at ~ 1115 nm, the threshold pulse repetition (f;) rate is set
at 110 kHz, 170 kHz, 300 kHz and 1100 kHz for the laser with pulse duration of 80 ns, 56
ns, 34 ns and 10 ns respectively.

Fig. 4-14 shows the pulse shapes and optical spectra of the seed laser with different
pulse duration at f;. As discussed in Section 3.1, the pulse shape of the final output pulsed
high power laser is significantly distorted due to the gain saturation effect. In order to
minimize this effect and the wasted pulsed energy during laser processing, the pulse shape
of the seed laser pulse is carefully adjusted by tuning the driving current to the seed diode.
In Fig. 4-14(a), the leading edge of the pulse is obviously smoothed compared to the
rectangular pulse. Fig. 4-14(b) shows that the 3-dB bandwidth of the seed laser spectrum
is ~ 11 nm which is much wider than that of a FP (1.8 nm for the FP diode used in the
experiments of Chapter 3) or DFB (normally less than 1 nm) laser diodes and the seed

laser spectrum is similar over different pulse duration.
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Fig. 4-14. The pulse shapes (a) and the optical spectra (b) of the seed laser of the YDPFL.

The average output power of the YDPFL after ISO2 is more than 600 mW for the laser
with the four pulse durations at pulse repetition rates of 1100 kHz, 300 kHz, 150 kHz and
110 kHz, respectively. From the pulse shapes shown in Fig. 4-15(a), the pulses with
longer pulse duration suffer more distortion for the pulse shape. The optical spectra shown
in Fig. 4-15(b) shows the optical spectra at 3 dB of ~ 8 nm for the laser with the four pulse
durations. Compared to the spectrum of the seed laser, the optical spectra here is narrower

due to the ASE filter embedded in the ISO2 whose bandwidth is narrower than that of the

seed laser.
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Fig. 4-15. The pulse shape (a) and the optical spectra (b) of the pre-amplifier stage of the
YDPFL.
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The pulse energy of the laser with 80 ns, 56ns, 34 ns and 10 ns pulse duration is 1.45
mJ, 0.94 mJ, 0.45 mJ and 0.14 mJ, respectively. Fig. 4-16(a) shows the pulse shape and
peak power of the final output laser. The peak power is in the range of 15.3 kW to 17.3
kW for the laser of four pulse duration. Fig. 4-16(b) shows the UPERs for the laser with
34 ns seed pulse duration are higher than that of the others when the ablation threshold
power is higher than 8 kW. When the ablation threshold power is less than 5 kW, the laser
with 80 ns has the higher UPERs. During laser-material interactions, it suggests there are
less wasted energy and thus narrower HAZ when choosing the laser parameters with these
higher UPERs.

During the laser-material interaction, the energy of the laser pulse will first be partially
reflected and absorbed by the surrounding plasma layer or particles produced during the
laser-material interaction of the previous laser pulses. The remaining laser pulse energy
will reach the surface of the material being processed (MUP), and a portion thereof will
be reflected again by the material surface. Finally, the remainder contributes to the desired
laser treatment. Due to the different pulse energy (1.45 mJ, 0.94 mJ, 0.45 mJ and 0.14 mJ
for the laser with 80 ns, 56 ns, 34 ns and 10 ns pulse duration respectively) and energy
wasted for processing the plasma, the laser treatment efficiency is subject to verify with

the material [145].
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Fig. 4-16. (a) The peak power of the YDPFL pulse with different seed pulse duration. (b)
UPER:s at different threshold with several different seed laser pulse durations.

Comparing the YDPFL with 80 ns triangular seed pulse shape here with the one in
Section 3.3.2 with 183 ns RWTT seed pulse shape (Fig. 4-17(a) and (b)), the peak power
and pulse energy of the final output laser for the triangular and RWTT seed pulse shapes
are 17.3 kW/1.45 mJ and 14.5 kW/0.8 mJ, respectively. The base of the laser pulse of the
two YDPFLs is the same of 200 ns. The reason behind for using the RWTT shape instead
of the triangular pulse shape used there is that the SBS cannot be eliminated for the
YDPFL having the FP seed laser. For YDPFLs with long pulse duration, for example
where the laser has a slow falling edge and a long tail with low peak power, this may
result in stronger thermal effect and a wider HAZ during laser processing. From the
curves in Fig. 4-17(c), the laser with triangular seed pulse shape here has higher UPERs at

all ablation threshold power levels than that of the RWTT one.
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Fig. 4-17. The pulse shape of the seed and final output with triangular (a) and RWTT seed
pulse shape (b). (c) UPERSs for the YDPFLs with triangular and RWTT seed pulse shapes at
different threshold.

From Fig. 4-18(a) the optical spectra are wider with higher average output power for the
80-ns pulse and the 3-dB spectrum bandwidth is ~10 nm. Comparing with the 3-dB
spectrum width of the pulsed laser before injecting the main amplifier which is ~8 nm,
there is a spectral broadening factor of 1.25 which is mainly due to the SPM [146]. The
SPM-induced optical spectral broadening in glass fiber can be estimated by the following

equations:

2mn,

PnL = mpoLeff (4.3)

Where @y, i1s the maximum nonlinear phase shift and n, represents the nonlinear index
coefficient of 2.2x102° m*/W. 1 is the laser wavelength and 4 is the fiber core area. [ =
0.8 is the filling factor for signal laser. P, = 38 W is the peak power of the laser injecting

into the main amplifier. L. 55 can be obtained by the following equation [64]:

1- —alL
Lesr = %L 4.4)

Where « is the loss of pump signal propagating in the fiber and L is the fiber length
which is ~ 12 m. The calculated ¢y, is ~ 1.1 which is close to the experimental result.

From the equation in Chapter 2, the SRS threshold is:
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grPS Less ~ 16 (4.5)
Aeff

Where g, is 10> m/W and the calculated SRS threshold (P{®) for this laser is ~ 1.7
kW. The peak power of the 80-ns laser pulse is 17.3 kW at 160 W average output power.
It is much higher than the SRS threshold power, and the SRS component can be found in
the spectrum ~1115 nm.

The ASE and 1%-Raman spectra are the two components that cause spectral broadening
at 1030 nm and 1115 nm, respectively. They result in a decrease in the laser intensity
around the central wavelength. SRS also results in lower light conversion efficiency and
more heat to dissipate for the laser system. Since a few components in the laser cavity
only meet the operation requirements at the central wavelength of the laser (e.g., isolators),
the ASE and SRS will cause potential issues with these components due to their spectral
mismatches.

The optical spectra for the laser with different pulse duration are shown in Fig. 4-18(b).
The SRS for the 10 ns and 34 ns is slightly higher than that of the 56 ns and 80 ns. For
ASE part, there is no significant difference for all of them. The S/N for the laser at central

wavelength to SRS is ~ 20 dB and it is ~ 25 dB for the ASE.
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Fig. 4-18. (a) The optical spectra of the 80-ns final output laser pulses at different output
power. (b) The optical spectra of the final output laser pulses at different pulse duration and

~160 W average output power.

Fig. 4-19 shows the pulse shapes and optical spectra of the backward propagation light
monitored at Tap3. For the backward light, it contains ASE, SRS and the reflected light of
the forward signal from the fusion points of the YDF of the main amplifier. The left and
right peaks correspond to the reflected light from the F1 and F2 in Fig. 4-12 respectively.
Because the reflected light has not been boosted in the main amplifier, the left peak is

lower than the right one. The optical spectra of the reflected light are shown in Fig. 4-
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19(b), which are similar for the laser pulses with four pulse duration.
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Fig. 4-19. The pulse shapes (a) and the optical spectra (b) monitored at the Tap3 of the

YDPFL.
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As discussed in Section 4.2.3, the slow leading edge which corresponding to a relatively
narrow frequency spectral width through the Fourier transform of the leading-edge leads
to severely decrease of the SBS threshold. However, the seed laser from an SLED with
wide optical spectrum avoids the SBS effect in the experiments. For this YDPFL, no SBS
was found in either the pre-amplifier or the main amplifier stage. The 40 beam quality
(M?) of this laser is ~1.7 in both X and Y axis as shown in Fig. 4-20, and it is measured

with 15 W output power and 80 ns pulse duration.

[

Fig. 4-20. M? test result of the YDPFL.

Fig. 4-21 illustrates the ~ 67% optical-to-optical conversion efficiency and it is obtained
by calculating the ratio of the average output power of the YDPFL to the average pump
power for the main amplifier. As a rule of thumb, the maximal extractable pulse energy
from the laser cavity is ~10 times of the saturation energy (limited by ASE and spurious

lasing) [147] and the maximal extractable pulse energy can be estimated by:

hvgA

(Oest0as)Ts

Eexe = 10 ~ 4mj (4.6)

Where hvg and A are the signal photon energy and the core area of the fiber. g, and g,
represents the emission and absorption cross-section at the signal wavelength respectively.

['s is the filling factor of active dopant. Since the output pulse energy in the experiment is
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1.45 m] for the 80 ns laser pulses, the linearity of the efficiency indicates that the system
still has the potential for power scaling. The pulse duration can be further increased or
decreased by tuning the drive current board. The pulse repetition rate of the laser can be

adjusted from one shot to 1 MHz. Similar to the pulse duration, it can be further increased.
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Fig. 4-21. The Optical-to-optical conversion efficiency for the main amplifier of the YDPFL.

Fig. 4-22 shows the waveforms of the seed laser with 80 ns pulse duration, the current
applied to the pump diodes of the pre-amplifier and the main amplifier. According to the
pulsed pump scheme proposed in Section 3.3, the threshold pulse repetition rate (f;) of 110
kHz results in the pump duration of 9 us which is independent of the pulse repetition rate.
The pump power (Pp) is kept at the maximum reachable level for the main amplifier stage.
For the pre-amplifier stage, due to the maximum reachable pump power (10 W) is beyond
the requirement for amplifying the seed pulse, consequently a fixed level below the
maximum pump power is used for this stage. The seed pulse is injected at the end of the
pump pulse to obtain the optimal performance. When the pulse repetition rate reaches (or
is higher than) f;, the time span between seed pulses is equal to (or longer than) the pump
duration which leads to CW pump (Fig. 4-22 (e) and (f)). For the other pulse duration of

this YDPFL, the same pulsed pump is implemented and the only difference is the pump
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duration which is determined by the corresponding f;.

(e) (f)

Fig. 4-22. The waveform of the 80-ns seed pulse (yellow), driving current for the pump LD of
pre-amplifier (cyan) and main amplifier (purple) when the YDPFL is operating at 2 kHz (a),
10 kHz (b), 30 kHz (c), 70 kHz (d), 110 kHz(e) and 150 kHz (f) with f; of 110 kHz.

The peak power of the final output laser with 80 ns seed pulse duration is shown in Fig.
4-23(a). For the laser at pulse repetition rate of 30 kHz, 70 kHz and 110 kHz, the peak
power is fairly similar. Due to less stored energy in the main amplifier just before the seed
laser injecting into the cavity with lower pulse repetition rate, the falling tail of 30 kHz

pulse, and the pulses of 10 kHz and 2 kHz is less than that of the 110 kHz. When the laser
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is operating at 150 kHz, the peak power is reduced as expectedly, the tail remains the
same due to the distribution of the upper level ions along the gain fiber. Fig. 4-23(b)
shows the optical spectra of the pulses at different pulse repetition rates. Obviously, the

optical spectrum is broadened with higher peak power due to the SPM, ASE and SRS.
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Fig. 4-23. Pulse shape (a) and optical spectra (b) of the 80-ns final output laser at several
different pulse repetition rates.

The inter-pulse ASE of the YDPFL with 80 ns seed pulse at 2 kHz pulse repetition rate
is measured with a fiber pigtailed AOM with two FC connectors at the fiber ends as
shown in Fig. 4-24 (Left). The collimated output laser from the YDPFL with the average
power of 0.7 W irradiates at the FC connector of the AOM and the ASE and laser signal is
distinguished by the 10 us opening window of the AOM. The result shows that the ASE
accounts a proportion of 14% for the total average output power and the optical spectra
are shown in Fig. 4-24 (Right). It suggests, owing to the pulsed pump scheme utilized for
the YDPFL, low inter-pulse ASE power is reached and the laser has the peak power of 4.1

kW at a low pulse repetition rate of 2 kHz.
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Fig. 4-24. (Left) The output laser of the YDPFL irradiates at the FC connector of the AOM
with 10 ps open window for distinguishing the ASE and signal. (Right) The optical spectra of
the laser signal and ASE.

4.3.3 Conclusion

A highly versatile, high power YDPFL with an average output power of 160 W has
been demonstrated, and the MOPA configuration YDPFL consists of two cascaded
amplifiers with 30 pum LMA fiber for the main amplifier stage

In order to mitigate the SRS component and enhance the pulse energy, owing to the
directly modulated seed pulse and built-in pulse shaping feature, a triangular seed pulse
shape with several pulse durations (80 ns, 56 ns, 34 ns and 10 ns) is investigated with the
YDPFL. The laser with pulse energy of 1.45 mJ has been reached with 80 ns seed pulse,
and the power in the 1* Raman peak at ~ 1115 nm is at -20 dB compared to the center
wavelength of the signal laser.

To address the SBS which is a killing factor for high power YDPFL, especially when
the laser is implemented with a triangular seed pulse shape which leads to significantly
deteriorate the SBS threshold power, instead of using the DFB and FP LDs, an SLED
seed source with 3 dB optical spectrum of 20 nm, has been chosen to produce the seed

pulses. No SBS spike has been captured in the laser pre-amplifier and main amplifier
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cavities.

The inter-pulse ASE, which is a potential risk when the YDPFL operating at lower
pulse repetition rate, has been suppressed through the pulsed pump method for YDPFL
with adjustable pulse duration and pulse repetition rate proposed in Section 3.3. The
threshold pulse repetition rate (f7) is determined according to the criteria discussed in that
section and it is only related to the seed pulse duration. The pump duration for each seed
pulse is fixed and calculated from the f; and the pump power at the main amplifier stage is
kept at the maximum reachable level. When the YDPFL is operating with a low pulse
repetition rate of 2 kHz, thanks to this design, the inter-pulses ASE is 14% of the total
output power and the laser peak power of 4.1 kW has been reached.

The performance of the YDPFL is characterized with the UPER parameter. For the
YDPFL with the four pulse durations, UPERs for the laser with 34 ns seed pulse duration
are largest with higher than 8 kW ablation threshold power. For the ablation threshold
power less than 5 kW, the laser with 80 ns has the higher UPERs. It suggests there are less
wasted energy and thus narrower HAZ when choosing these laser parameters with higher
UPERs during laser-material interactions. However, due to the different pulse energy
(1.45 mJ, 0.94 mJ, 0.45 mJ and 0.14 mJ for the laser with 80 ns, 56 ns, 34 ns and 10 ns
pulse duration respectively) and energy wasted for processing the plasma, the laser
processing efficiency is subject to further verification with the material.

The optical-to-optical conversion efficiency of ~ 67% for the main amplifier and the 4c
beam quality (M?) of 1.7 is obtained. The power of this YDPFL can be further scaled up.
The YDPFL with the novel design in this section is a favorable candidate for industrial

applications requiring robustness and reliability characteristics.
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4.4 HIGH PEAK POWER YTTERBIUM-DOPED PULSED FIBER LASER

For YDPFLs with short pulse duration in femtoseconds or short picoseconds range, the
laser-material interaction is dominated by photon coupling induced microstructures during
laser treatment [148]. When the laser pulse duration reaches a longer time scale such as
nanoseconds, a large amount of heat is generated, and laser processing is considered to be
thermal treatment [124]. Within the thermal and non-thermal processing range, several
different mechanisms occur according to the laser pulse duration and the detailed response
which is strongly dependent on the heat transfer coefficient and the optical properties of
the material under laser treatment [62]. Fig. 4-25 shows the laser-material interaction
during the laser processing with long and ultra-short pulse laser. For the ultra-short laser
processing, there is less thermal effect and HAZ, no debris/micro cracking/damaged
surface. For long pulse laser, the efficiency for deep engraving, cutting and drilling is

higher than that of the ultra-short pulse laser.

Application with long-pulse laser Application with ultrashort pulse laser
(e.g., microsecond) (e.g., femtosecond)
Long pulse :__—-—’ Ultrashort
Eiactod I laser beam _// laser pulses
te
Surface  Joos —
I
debris material MNO recast mm

Damaged layer No damaged

surface No surface
debris |

Plasma
plume

=
saailll

No melt
zone

No shock waving
material

Fig. 4-25. The processing effects of an ultrashort (e.g., femtosecond) pulse laser compared to
a long-pulse (e.g., microsecond) laser [149].

Lasers with different pulse duration have different mechanisms behind the laser-

material interaction. For a few laser applications, particular laser pulse duration is
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preferred to achieve the desired laser processing effect. In Chapter 5, we find that the
pulse duration of the laser is one of the fatal factors for achieving the blackening effect of
aluminum with alumina surface. In some cases, multiple laser treatments with different
pulse duration are required for a same workpiece. All these makes the YDPFLs with
adjustable pulse duration in a wide range an attractive and valuable laser source for
industrial applications.

Driven by this, in this section, I demonstrate a monolithic high peak power YDPFL

with adjustable pulse duration extending to sub-ns range.

4.4.1  Seed laser with adjustable pulse duration from ps to ns

The most widely used technique for generating ultra-short laser pulses, mode-locking,
is inappropriate as the pulse width and pulse repetition rate are non-variable due to the
fixed laser cavity and the harmonic oscillation nature [150].

Another avenue, gain-switching, is a potential candidate. The generation of lasers with
ps pulse duration by this technique has been demonstrated by researchers since the last
decade. In 2008, H. Liu et al. reported 90 ps pulses from a gain-switched laser diode at 1
MHz repetition rate with tunable center wavelength from 1053 nm to 1073 nm [151]. In
2013, P. S. Teh et al. reported 28 ps pulses produced by a gain-switched Fabry-Parot (FP)
laser diode with maximum pulse energy of 3.23 pJ at 53 MHz pulse repetition rate and
single-polarization output power of 200 W [152]. In 2014, Y. Yokoyama et al. proposed
the design for generating 50 ps laser pulses from a gain-switched distributed feedback
(DFB) laser diode at 1064 nm [153]. A monolithic semiconductor optical amplifier (SOA)
was integrated into the DFB laser and generated 300 mW peak output power after

amplification.
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For laser pulses with pulse duration in ps or in the range of several ns, SBS does not
occur because the signal pulse duration is less than the phonon lifetime (typically <10 ns)
[64]. For long duration pulsed laser, as discussed in the previous sections, SBS is one of
the capping factors for high power YDPFL. As demonstrated in Section 4.3, an SLED
seed source with a broadband optical spectrum is a favorable candidate for solving this
issue. For this high peak power YDPFL design, seed pulses are generated using SLEDs in
the experiments, rather than the DFB or FP laser diodes utilized by many other

researchers in the past.

4.4.2 Experimental setup

The configuration of the YDPFL for the experiments is demonstrated in Fig. 4-26 and a
directly modulated SLED (LC96A1060CWG-20R from II-VI Inc.) is used to generate

seed pulse with adjustable pulse duration and pulse repetition rate. The ASE light from

the SLED is used as the seed for the YDPFL.

Pump LD 10/128 ym 20/130 pm
YDF YDF

Pump LD

40/200 um Pump LD

Tapl

Pump LD

Fig. 4-26.Structure of the YDPFL in the experiments (ISO: isolator, CB: optical combiner,
MFA: mode filed adaptor, CL: collimator, F1: splicing fusion point 1).

The 1%-amplifier stage consists of a (1+1)x1 combiner (CB1) and a 7-meter-long

Nufern YDF. The core/inner cladding diameter and numerical aperture (NA) of the gain
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fiber are 10/130 um and 0.075/0.46, respectively. The inner cladding absorption is 1.3
dB/m at 915 nm. A 915-nm multimode LD with maximal 11 W output power is coupled
into the amplifier with the forward pumping scheme.

A 5.5-meter-long Nufern YDF with 20/130 um core/inner cladding diameter and
0.08/0.46 NA is used for the 2"-amplifier stage. The inner cladding absorption is 2.9
dB/m at 915 nm. A (1+1)x1 combiner (CB2) couples maximal 11 W pump power from
one 915 nm multimode LD with backward pump scheme.

For the 3"-amplifier stage, the core/inner cladding diameter of the 1.2-meter-long
nLight YDF is 40/200 um and the absorption of the inner cladding is 9.3 dB/m at 920 nm.
One (2+1)x1 combiner (CB3) is used to couple the maximal 39 W pump power from two
multimode LDs at 976 nm into the amplifier with forward pumping scheme.

Comparing to the configurations of the YDPFLs in previous sections, one more
amplifier stage is implemented here and the fiber with relatively larger mode filed
diameter is used for the 3"9-amplifier stage to reduce the SRS which is a limiting factor for
the peak power of the laser pulses. To reduce the forward ASE especially for the 350 ps
laser pulses, the forward pump scheme is used for the I%-amplifier stage. For 2"d-
amplifier stage, the backward pump scheme is used to enhance the amplifier’s efficiency.
For the 3"-amplifier stage, to reduce the SRS effect due to the high peak power of the
output laser, the forward pump scheme is used to reduce the effective fiber length.

Three fiber pigtailed isolators (ISO1, ISO2 and ISO3) are equipped to block the
counter-propagating light after the SLED, 1%-amplifier and 2"-amplifier stages. The
band-pass coating with 14 nm (FWHM) bandwidth centered at 1060 nm is coated on the

optical lens surface within the ISO2 to filter out part of the ASE and the stimulated
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Raman scattering (SRS) components. The MFA after the ISO3 is to efficiently transfer
light between the two fibers with different model fields.

A multimode fiber is attached closely to the fusion point (F1) between the ISO3 and
MFA to monitor the backward SBS spike from Tap].

As for surface damage, in general, the facet is more fragile. Dirt and facet irregularities
dramatically reduce the damage threshold. To prevent the damage of the fiber facet, a
collimator with isolator embedded is spliced to the output pigtail of the 3rd-amplifier and
the output beam size is expanded to ~ 6 mm. To mitigate the SRS, the pigtail length of the
collimator is kept as short as 0.5 m.

The efficiencies in the following paragraphs are obtained by calculating the ratio of the
average output laser power of the YDPFL to the pump power. The optical spectra and the
pulse shapes are measured by the optical spectrum analyzer (OSA) (YOKOGAWA
AQ6370C) and the oscilloscope (OSC) (Tektronix 20GHz DSA72004C) with maximum
100GS/s real time sampling rate via a Newport 12GHz IR Photo detector (PD) (1544-B)
respectively.

In the experiments, the 1% -amplifier and 2"-amplifier stages are kept working at fixed
pump power. The pump power for the 3rd-amplifier stage is adjustable. A home-made
drive circuit board for the SLED is carefully tuned to ensure that the SLED operates in the
gain-switching region and only the first spike of the relaxation oscillation is present for

the 350 ps seed laser.

443 Seed and 1% -amplifier stage
The average output power for the SLED at pulse duration of 350 ps and 183 ns with

different pulse repetition rate is listed in Table 4-2. Obviously, the linearity of the output

120



Chapter 4 HIGH POWER YTTERBIUM-DOPED PULSED FIBER LASER

power is fairly promising. For the 350 ps pulse, the average output power at the SLED
seed is ~ 20 uW at 130 kHz pulse repetition rate and it is 1.35 mW for the ~183 ns pulses
at 7 kHz pulse repetition rate. The pulse duration of the seed laser can be further reduced
through tuning the driving circuit board, pulse duration of ~ 200 ps has been reached
according to our preliminary experiments. From Fig. 4-27(a), the peak power of the 350
ps pulse is 0.41 W which is much lower than that of the 183-ns pulse (1.1 W). The SLED
is operating in the ASE region when generating 350 ps or 183 ns pulse (Fig. 4-27(b)) and
the central wavelength is shifted from ~ 1052 nm for the 350 ps pulse to ~ 1056 nm for
the 183-ns pulse. The 3-dB bandwidth of optical spectrum is ~ 20 nm for the SLED seed
source which is much wider than that of a DFB or FP laser.

Table 4-2. Average output power at several pulse durations with different pulse repetition
rate.

Pulse duration Pulse repetition rate Average output power
350 ps 800 kHz 128 uW
350 ps 200 kHz 30.7 uW
183 ns 45 kHz 8.71 mW
183 ns 10 kHz 1.95 mW
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Fig. 4-27. The pulse shape (a) and optical spectrum (b) of the laser pulses with 350 ps and
183 ns pulse duration.

Fig. 4-28(a) shows the average output power after 1% -amplifier stage with different
seeding conditions. It is manifest higher efficiency can be reached with higher pulse
repetition rate for the pulse with same pulse duration. For the 183-ns pulse, due to the
much higher peak power and longer pulse duration of the seed pulse, the efficiency is 14.6%
and 12.7% for the 183-ns pulse with 45 kHz and 10 kHz pulse repetition rate respectively.
For the 350 ps pulse, the efficiency is much lower as only 5.6% and 2.7% for the pulse at
the 800 kHz and 200 kHz pulse repetition rate, respectively. Please note, the efficiency is
1% even when there is no seed signal. The pump power for the 15-amplifier stage is set at
1.84 W as the output pulse is large enough for the 2™-amplifier stage. As the 18-amplifier
stage is operating with low optical conversion efficiency, there should be large amount of
inter-pulse ASE. However, due to the ASE nature of the seed pulse from SLED, it cannot
be distinguished from the optical spectrum of the laser from the 15-amplifier stage (Fig. 4-
28(b)). To filter out the unwanted ASE component, as described in the Experiment setup
section, a band pass filter is embedded in the ISO2 and the 3-dB optical spectrum is

narrowed to ~7 nm. The central wavelength is shifted to ~1060 nm. The output pulse

122



Chapter 4 HIGH POWER YTTERBIUM-DOPED PULSED FIBER LASER

energy after the I-amplifier stage is 0.16 uJ and 1.1 pJ for the 350 ps and 183 ns

respectively.
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Fig. 4-28. The average output power (a) and the optical spectra (b) of the 1*-amplifier stage
with different seeding conditions.

4.4.4  2"-amplifier and 3"%-amplifier stages

The average output power of the 2"d-amplifier stage with 350 ps and 183 ns at different
pulse repetition rate is depicted in Fig. 4-29(a). The optical conversion efficiency reaches
58% and 60% for the laser with 350 ps and 183 ns pulse duration respectively. From Fig.
4-29(b) and (c¢), there is obvious SRS and ASE component for the 350 ps pulse at 200 kHz
pulse repetition rate with 5.68 W pump power. When the pump power reduces to 4.28 W,
the output power is higher than 1 W for the 2"-amplifier stage and there is no significant
ASE and nonlinear effects. Thus for 2"d-amplifier stage, the pump power is fixed at 4.28

Ww.
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Fig. 4-29. (a) The average output power of the 2"-amplifier stage with different pump power.
(b) and (c) are the optical spectrum of the 2""-amplifier stage when the pump power is at
4.28 W and 5.68 W respectively.

For the pulsed laser with 350 ps pulse duration at 130 kHz pulse repetition rate, the
optical spectra of the final output laser are shown in Fig. 4-30(a). The spectrum of the
final output is broadened compared to the spectrum of the 2"d-amplifier stage. The ASE
and SRS components produced in the 3"-amplifier stage are responsible for the widening
at 1030 nm and 1110 nm respectively. The 3-dB bandwidth spectrum of the final output
laser pulse is broadened from 13.4 nm at the 2™-amplifier stage to 15.2 nm due to the
Self-Phase Modulation (SPM) effect. The signal-to-noise ratio (SN) of the signal peak to
SRS (1110 nm) and ASE (1030 nm) is 13 dB and 22 dB. The output pulse energy

measured after the 2"d-amplifier stage and the final output is 8 uJ and 92 uJ, respectively.
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Fig. 4-30. For the 350 ps laser pulses, optical spectrum at the final output (a) and pulse
shapes at the seed and the final output (b).
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The normalized pulse shapes of the seed source and at the final output are shown in Fig.
4-30(b) with FWHM pulse duration of 350 ps. From the statistical function of the real-
time oscilloscope, the pulse duration varies from 263 ps to 442 ps with the mean value of
350 ps for the seed and amplified pulses when using more than one thousand counts. The
~ £90 ps jitter of the pulse duration can be classified into three categories.

First, the jitter from the driving current of the circuit board plays a crucial role for the
final optical pulse duration jitter. The electric drive pulse is generated from a cost
effective homemade circuit board. The seed pulse with longer pulse duration is from a
complex programmable logic device (CPLD) chip with adjustable pulse repetition rate
and pulse duration. Then the narrow peak of the seed pulse is picked by a bus transceiver
and then amplified by two parallel metal-oxide-semiconductor field-effect transistors
(MOSFETs). The amplified current pulses are applied to the SLED without DC bias. The
pulse width jitters contributed from all these ICs can be greatly improved by fine tuning
the circuit design.

Second, part of the time jitter comes from the random and uncorrelated optical pulse
jitters. The random photon number fluctuations at low photon levels is the root cause of
this time jitter and the rapidity of the turn-on time makes the difference for the timing
jitter between the popular utilized DFB and FP laser diodes [154]. Under the same
condition, the ratio of the time jitter to the pulse width is 15% for a DFB laser and
reduced to 3.6% for a FP lasers. The suppression of time jitter in FP lasers is related to a
decrease in the coherence time of the ASE in the time domain by multiplexing of ASE
components in the frequency domain [155]. The study on the pulse width jitter of a gain-

switched SLED has not been reported to the best of our knowledge. However according to
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the analysis above, the jitters for an SLED should be less than that of a DFB or FP laser as
more ASE components in the output laser for an SLED. Introducing external seeding
signal has been proposed to be an effective way to reduce the jitters [156].

Third, the oscilloscope used in the experiment has an inherent time jitter of 10 ps,
which limited the resolution to 10 ps.

To investigate the ASE component of the final output laser, an AOM with a window of
600 ns is used to distinguish the laser pulses and the ASE component. The measurement
results show that the laser proportion in the output laser is ~53% for the YDPFL operating
at 130 kHz pulse repetition rate with 350 ps pulse duration (Fig. 4-31). Please note when
no pump power is applied to the 3"-amplifier stage, the signal proportion is ~72%. This
indicates that part of the ASE is from 2"-amplifier stage and further enhanced in the 3rd-
amplifier. The ASE can be mitigated significantly by applying an AOM or band pass filter
after the 2"d-amplifier stage. The YDPFL has a final average output power of ~12.5 W
exclusive ASE part and the laser peak power of 275 kW for the 350 ps laser. The pulsed
pump scheme discussed in Section 3.3 has also been implemented to this YDPFL, it
serves the similar functions as discussed in the high average power YDPFL in Section 4.3
and will not be detailed here. The linear fit slope optical-to-optical efficiency is 28% for
the 3rd-amplifier stage. The 46 beam quality (M?) is 2.7 and 2.8 for the X and Y

directions respectively.
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Fig. 4-31. Laser signal proportion and final output laser power with pump powers.

Fig. 4-32(a) shows the pulse shapes after the 2"d-amplifier stage and at the final output
for the laser with 183 ns seed pulse. The leading edge of the seed pulse is intentionally
smoothed as discussed in Section 4.1 to render more pulse energy on the top of the output
laser pulse. From the pulse shape at the final output, it has been severe distorted due to the
gain saturation effect and the 3-dB pulse duration is narrowed to ~ 10 ns (FWHM). The
peak power and pulse energy of the final output laser are 137 kW and 3.2 mJ at 7 kHz
pulse repetition rate, respectively. Fig. 4-32(b) shows the spectra after the 2"d-amplifier
and at the final output. Similar to laser with 350 ps pulse duration, the spectrum is wider

at the final output due to SPM, ASE and SRS.
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Fig. 4-32. Pulse shapes (a) and optical spectra (b) after the 2"-amplifier and final output of
the laser pulses with 183 ns pulse duration.

As a rule of thumb for high power fiber laser design, there are no unnecessary
components in the laser cavity, especially for the high power amplifier stage. In this case,
a multimode fiber is put closely to F1 to monitor the backward light in the 3™-amplifier
stage instead of an optical coupler. Fig. 4-33 shows the captured waveform on the

oscilloscope via a photo detector. No SBS spike has been triggered and captured by the

oscilloscope.

Amplitude (a.u.)
Amplitude (a.u.)

-400 0 400 -400 0 400
Time (us) Time (ns)

(a) (b)

Fig. 4-33. Waveform of pulse trains (a) and one pulse (b) monitored from Tap1 to capture
the SBS in 3"-amplifier stage by oscilloscope via a photo detector.
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4.4.5 Conclusion

YDPFLs with wide adjustable pulse duration are appealing and valuable laser sources
for industrial applications due to the different mechanisms behind the laser-material
interaction for different laser pulse duration. In this section, we demonstrate a novel high
peak power YDPFL with adjustable pulse duration in the range of 350 ps to hundreds of
ns seeded by an SLED.

The monolithic YDPFL is constructed with MOPA configuration and three cascade
amplifiers are used to boost the seed signal from the SLED. For the 1%-amplifier and 2"¢-
amplifier, the core diameter of the gain fiber is 10 um and 20 pm respectively, and fixed
pump power from multimode pump LD at 915 nm is used for these two stages. A 1.2-m-
length 40/200 pum gain fiber and tunable pump power from 39 W multimode pump LD at
976 nm is used for the 3"-amplifier stage. The 976 nm laser diodes with TEC used here is
to reduce the gain fiber length and to mitigate the SRS component in the 3"-amplifier
stage because the fiber has a higher absorption at that wavelength

For the laser with 350 ps pulse duration generated through gain-switching technique,
peak power of 275 kW and pulse energy of 92 pJ is reached. The 90 ps jitter of the pulse
duration is analyzed qualitatively. The ASE component of the final output laser is
investigated via an AOM with 600 ns window, and the laser proportion is ~ 53%. For the
laser with 183 ns seed pulse duration, the leading edge of the seed pulse is smoothed, the
peak power of 137 kW and pulse energy of 3.2 mJ is obtained. The 46 M? is 2.7 and 2.8
for the X and Y directions, respectively.

Due to the ~ 20 nm optical spectrum of the SLED, SBS which is a capping factor for

high peak power YDPFL is avoided. Similar as the high average power YDPFL discussed
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in Section 4.3 the pulsed pump technique proposed in Section 3.3 is implemented to the
YDPFL here to suppress the inter-pulse ASE at pulse repetition rate less than f..

The pulse repetition rate can be tuned from one shot to 2 MHz and it can be further
increased. For the pulse duration, it also can further reduce to ~ 200 ps range by tuning the
driving circuit board. This novel high peak power YDPFL is ideal for many industrial

applications.

4.5 SUMMARY

I dedicated this chapter for the high power YDPFL with MOPA configuration seeded
by directly modulated diode.

Firstly, from the perspective of laser material interaction during laser processing, the
energy of the laser pulse whose peak power is higher than the ablation threshold power of
the material contributes to the final desired treatment outcomes. The rest of the laser pulse
energy is wasted and forms the HAZ. For a high power YDPFL with directly modulated
seed source, the different laser pulse shapes result in different laser processing efficiencies.

To better characterize the laser pulse of high power YDPFLs by considering the laser-
material interaction, a new parameter, Usable Pulse Energy Ratio (UPER) is proposed.
The UPER is defined as the ratio of the pulse energy of the part of the nanosecond laser
pulse whose peak power is higher than the predefined ablation threshold power to the
maximum reachable pulse energy. We comprehend qualitatively whether the workpiece
can be laser processed or not, how much pulse energy is wasted, and how wide the HAZ
is after laser treatment through this parameter.

A high power YDPFL with three seed pulse shapes, rectangles, triangles and RWTT
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shapes have been experimentally investigated. When the ablation threshold power is
higher than 3 kW, the UPER of the laser with triangular and RWTT is lower than that of
the rectangular shape. However, the UPER grows to 70.3% for a laser having a triangular
seed pulse shape and it is about 5% higher than that of the rectangular seed pulse shape at
a lower ablation threshold power of 2 kW.

In addition to the undoubted merits of pulse shaping such as higher UPER at low
ablation threshold power and less SRS components, when the leading edge of the seed
pulse rises slowly and smoothly, such as a triangular shape, it renders another dilemma,
SBS. The smooth rising edge of the triangle possesses a narrow frequency spectrum, and
results in a significant deterioration of the SBS threshold. Lots of SBS spikes are captured
for the laser with triangular seed pulse shape. However, for the seed laser with RWTT
shape, no SBS has been found in the experiment

Secondly, a novel high power YDPFL with an average output power of 160 W has been
demonstrated, and the MOPA configuration YDPFL consists of two cascaded amplifiers
with 30 pum LMA fiber for the main amplifier stage.

The potential risks, SRS, SBS and ASE, for a high power YDPFL have been cautiously
addressed. In order to mitigate the SRS component and enhance the pulse energy, a
triangular seed pulse shape is adopted for the laser. The laser with pulse energy of 1.45 mJ
has been reached with 80 ns seed pulse, and the power in the 1 Raman peak is at -20 dB
compared to the center wavelength of the signal laser.

To address the SBS which is a killing factor for high power YDPFL, especially when
the laser is implemented with a triangular seed pulse shape which leads to significantly

deteriorate the SBS threshold power, an SLED seed source with 3 dB optical spectrum of
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20 nm, has been chosen to produce the seed pulses.

The inter-pulse ASE, which is a risk when the YDPFL working at lower pulse repetition
rate, has been suppressed through the novel pulsed pump method for YDPFL with
adjustable pulse duration and pulse repetition rate proposed in Section 3.3. When the
YDPFL is operating with a low pulse repetition rate of 2 kHz, thanks to this design, the
inter-pulses ASE is only 14% of the total output power and the laser peak power of 4.1
kW has been reached.

The performance of the YDPFL is characterized with the UPER parameter. For the
YDPFL with the four pulse durations (80 ns, 56 ns, 34 ns and 10 ns), UPERs for the laser
with 34 ns seed pulse duration are largest with higher than 8 kW ablation threshold power.
For the ablation threshold power less than 5 kW, the laser with 80 ns has the higher
UPERs. It suggests there are less wasted energy and thus narrower HAZ when choosing
the laser parameters with these higher UPERs during laser-material interactions. However,
due to the different pulse energy (1.45 mJ, 0.94 mJ, 0.45 mJ and 0.14 mJ for the laser with
80 ns, 56 ns, 34 ns and 10 ns pulse duration respectively) and energy wasted for
processing the plasma, the laser processing efficiency is subject to further verification
with the material.

The optical-to-optical conversion efficiency of ~ 67% for the main amplifier and the 4c
beam quality (M?) of 1.7 is obtained. The YDPFL with the novel design in this section is
a superior candidate for industrial applications requiring robustness and reliability
characteristics.

Finally, I demonstrate a novel high peak power YDPFL with adjustable pulse duration

in the range of 350 ps to hundreds of ns seeded by an SLED. The monolithic YDPFL is
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constructed with MOPA configuration which consists of three cascade amplifiers. A 1.2-
m-length 40/200 um LMA gain fiber and tunable pump power from 39 W multimode
pump LD at 976 nm is used for the 3"d-amplifier stage.

For the laser with 350 ps pulse duration generated through gain-switching technique,
peak power of 275 kW and pulse energy of 92 pJ is reached. The 90 ps jitter of the pulse
duration is analyzed qualitatively. The ASE component of the final output laser is
investigated via an AOM with 600 ns window, and the laser proportion is ~ 53%. For the
laser with 183 ns seed pulse duration, the leading edge of the seed pulse is smoothed, the
peak power of 137 kW and pulse energy of 3.2 mJ is obtained. The 46 M? is 2.7 and 2.8
for the X and Y directions, respectively.

Due to the ~ 20 nm optical spectrum of the SLED, SBS is avoided. Similar as the high
average power YDPFL, the pulsed pump technique proposed in previous chapter is
implemented to this laser to suppress the inter-pulse ASE at pulse repetition rate less than
fi. The pulse duration can be further reduced to ~ 200 ps range by tuning the driving
circuit board. This novel high peak power YDPFL is ideal for many industrial

applications.
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Chapter 5 NANOSECOND PULSED FIBER LASER

BLACKENING OF ALUMINUM ALLOY WITH ALUMINA SURFACE

5.1 INTRODUCTION

As described in Section 2.3, lasers are designed for certain applications, and
applications also provide feedback on laser design requirements. In this chapter, an
application by a high power nanosecond YDFL is studied.

Laser-assisted blackening or coloring on metal surfaces possesses many merits over
conventional techniques such as ink printing, electrolytic oxidation, and emulsions,
including non-contact handling, scratch resistance, no accelerated fading, digital
technology which makes it effortless to change or edit the marking patterns, and
environmental friendly [157]. As a result of these merits, laser-assisted blackening or
coloring of metal surfaces is becoming an active research topic and has attracted the
interest of many researchers [158-160].

Aluminum (Al) with an alumina surface is widely used because Al is the richest metal
in the crust and an alumina surface that improves corrosion resistance, electrical
insulation, surface smoothness and hardness [161,162]. Notwithstanding the abundance of
Al, few reports have been made on laser induced coloring or blackening on it [163,164].
The mechanism behind has also not been explained for the laser induced blackening of the
Al with alumina surface to the best of our knowledge.

In the following experiments, a 1060 Al alloy plate (Al > 99.6%, 1060 Al alloy is
an Al-based alloy in the wrought family and is covered by the ISO standard) with an

alumina surface is blackened by a high power nanosecond YDPFL.
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5.2 EXPERIMENTAL SETUP

A commercial laser system equipped with a MOPA high power nanosecond YDPFL
with a wavelength of 1064 nm is utilized for the experiments (Fig. 5-1). The laser beam is
guided to and focused at a point of ~46 um diameter spot by the Galvo head and F-theta
lens subsequently. The laser parameters, unless otherwise specified, are kept at 2 ns pulse
duration, 1 pm hatching, 1 m/s scanning speed, 11.76 pJ pulse energy, 500 kHz pulse

repetition rate and the sample is mounted right in the focal position.

Nanosecond
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Fig. 5-1. Laser irradiation setup up with a high power nanosecond YDPFL (The pulse
duration of the laser is tunable from 2 ns to 200 ns with an average output power of 20 W
(Averaging over the entire time span between laser pulses and the pulse duration), the beam
quality M? (40) equals to 1.3 and pulse repetition rate ranges from 1 kHz to 1 MHz).

A 1060 Al alloy plate with 0.2 mm thickness bought from the open market is used as
the experimental sample. Prior to the laser irradiation, the sample is oxidized through

anodizing electrolytic oxidation and the thickness of the alumina layer is ~8 pm.

5.3 MECHANISMS BEHIND THE BLACKENING

The matrix of 8§ mm x 8 mm square blocks on the sample was irradiated with laser of
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different parameters in air. Each block (8 mm % 8 mm) is processed with a specified set of
pulse energy and repetition rate, while maintaining the other parameters. The image in Fig.
5-2(a) shows the laser-treated sample. These square blocks are blackened at different level
and can be distinguished by naked eyes. The middle part enclosed by red lines shows the
color of shining black and we refer these square blocks as Black Square Blocks (BSBs).
The square blocks on the right side of the BSBs show gray color, and they are referred as
Gray Square Blocks (GSBs). For the square blocks on the left side of the BSBs, they are

either partially blackened or not blackened at all due to the low laser power density.

() ASmun asmg

250 350 450 550 650 750
Repetition rate (kHz)
(a) (b)
Fig. 5-2. (a) The image of the square blocks after the laser treatment. The different visual
effects are obtained with different pulse energy ranging from 8.23 pnJ to 16.47 pJ, with ~1.18
ud increment per step. The pulse repetition rate ranges from 150 kHz to 850 kHz. To have a
clear view the photo is taken at a tilted angle. The BSBs are enclosed in red lines. The GSBs
are the blocks on the right side to the BSBs. (b) the CIE L* value for each square block in

(a).

To describe the blackening effect of these square blocks quantitatively after laser
irradiation, the standard CIE L* value of them is measured by a spectrophotometer (CM-
2600d from Konica Minolta) [165]. The CIE L* value is relevant to the black and white
color with the value from 0 to 100 representing the color from atrous black to pure white.

From Fig. 5-2(b), it is obvious that the BSBs have the smallest CIE L* value which ranges
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from 34.4 to 39 among all the square blocks. The CIE L* value of the GSBs ranges from
47 to 57.6. For the square blocks located at the left-down corner in Fig. 1(a), the CIE L*
value is large because the weak laser irradiation has only partially changed the optical
properties of the sample after irradiation. When the laser pulse energy increases, the
required pulse repetition rate to get a BSB reduces. With the same pulse repetition rate
and different pulse energy, the square block could be changed to BSB or GSB after laser
irradiation, and vice versa. This suggests that the laser treatment effect is the combination
result of both the laser pulse energy and the number of pulses. To further study this, the

CIE L* value for all the square blocks is plotted corresponding to the laser power density

in Fig. 5-3.
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Fig. 5-3. The CIE L* value of the sample square blocks vs. laser power density
(Accumulated irradiation dose which is calculated by multiplying the laser power and the
number of pulses per area).

From Fig. 5-3, it is comprehensible that to obtain a BSB the power density needs to be
controlled within a range. However, for power density ranging from 5.35 J/ mm? to 8 J/
mm?, both BSBs and GSBs can be formed. It suggests that, except the laser power density,
the heating and cooling patterns associated with the laser pulse energy and repetition rate

are also influential for the laser blackening. There are only GSBs fabricated when the
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laser power density is higher than 8 J/ mm?. The hatching and laser scanning speed are
indeed crucial factors, because they are not only to affect the blackening effect as they are
linking to the heating and cooling patterns just discussed, but also closely related to the
processing efficiency especially when coming to high volume industrial usage.

To study the hatching influence of the laser treatment, several hatching values from 0.2
pm to 9 um are selected (Please note the minimum reachable hatching value is 0.15 pm
limited by the laser system). In the experiments, the laser system is working with 9.41 pJ
pulse energy, 500 kHz pulse repetition rate and 1000 mm/s scanning speed. From the
results shown in Fig. 5-4(a), the CIE L* value goes down along with smaller hatching
value or higher laser power density. When the hatching value is equal or less than 1 pm,
the shining blackening effect after laser processing can be achieved. For the hatching
value above 5, part of the area is not fully blackened and the CIE L* value is more than 40.

For the laser scanning speed experiments, the laser system parameters are the same as
those in the hatching experiments except that the hatching value is fixed at 1 pm. The
results in Fig. 5-4(b) show that the CIE L* value bottoms at 34.1 when the scanning speed
is at 600 mm/s and it is larger with faster scanning speed. For scanning speed between
1000 mm/s to 4000 mm/s, the blackening effect is consistent and BSBs still can be
achieved. At a scanning speed of 5000 mm/s, only partial plate is blackened. However,
the high power density causes part of the alumina to be removed with scanning speed of
200 mm/s.

Comparing the results of the hatching and scanning speed experiments, we can find that
the CIE L* value is 32.01 with the 23.53 J/mm? laser power density at 0.2 pm hatching

value. However, the CIE L* value goes to 44.77 with the same 23.53 J/mm? laser power
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density at 200 mm/s laser scanning speed. It reassures the laser power density as well as
the heating and cooling patterns are crucial factors for resulting in BSB or GSB. Slow
scanning speed (200 mm/s) with hatching value (1 um) will create more thermal effect

than that introduced by fast scanning speed (1000 mm/s) with hatching value (0.2 um).
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Fig. 5-4. The CIE L* value and laser power density corresponds to (a) the hatching and (b)
scanning speed respectively. The laser system is working with 9.41 pJ pulse energy, 500 kHz
pulse repetition rate.

From the above analysis, laser hatching value and scanning speed are significant factors
affecting the laser power density and the thermal effect. For hatching value and scanning
speed, they are controlled by the Galvohead. When the laser working with specific output
power (or pulse energy) at fixed pulse repetition rate, the hatching value or scanning
speed determines the overlap profile of the laser pulses during laser processing. This is
directly related to the laser power density. It in turn links to the blackening effect and the
formation of BSB or GSB. With suitable laser pulse energy, small hatching value and
slow scanning speed will lead to smaller CIE L* value and BSBs will be produced. But if
the hatching value and scanning speed is too small, the high laser power density and
thermal effect will cause the alumina layer to be partially or fully removed. This leads to
the destruction of the alumina and the formation of GSB as discussed in the subsequent

paragraphs.
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The surfaces profiles of the original samples without laser irradiation, the BSBs and the
GSBs are measured by a Dektax XT Profilometer. The deep pits in the two curves are
scribed by laser intentionally to make it easy for distinguishing the boarder of the surfaces
with or without laser processing (Fig. 5-5). It shows that the surfaces of the BSBs and
original material surfaces look relatively smooth with peak-to-peak roughness less than 3
um (red curve in Fig. 5-5). There is no obvious height and roughness difference between
them. The surface profiles of the GSBs are changed largely after the laser treatment and
the surfaces are fully covered with various peaks and valleys. The peak-to-peak roughness
is more than 7 um and the height difference between the surfaces of the GSBs and

original surface is around 8 pm. This indicates that most of the alumina layer is removed.
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Fig. 5-5. The surfaces profiles of the BSB, the GSB and the original sample. The BSB and
the GSB are the square blocks taken from Fig. 5-2 with 11.76 pJ pulse energy and 250 kHz
and 850 kHz repetition rate respectively.

The surface of the GSB (Fig. 5-6(a)) is covered by the sponge-like NSs and MSs. These
NSs/MSs are randomly allocated and the shapes and sizes are different from each other
without fixed patterns. For the laser-induced GSBs in air, the mechanism behind is that
they are formed by ablation of alumina and modification of the surface. From Fig. 5-6(b)

there is no recognizable structural difference between the surfaces of the BSB (right part)
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and the original sample (left part), while only color difference can be observed from this
image. The continuity of the texture of the interface suggests that there is no NS or MS

found at the alumina surface [10]. This also proves the findings in Fig. 5-5.

28 2P E Y

Fig. 5-6. The microscope images of the surfaces profiles of the BS, the GSB and the original
sample. The BSB and the GSB are the square blocks taken from Fig. 5-2 with 11.76 pJ pulse
energy and 250 kHz and 850 kHz repetition rate respectively.

From the above analysis, the surface of the BSBs is the same as the original surface. To
further identify the mechanism behind the black color of a BSB, the sample is firstly
scribed on the back with a sharp blade without being cut through, and then it broke down
by being bent back and forth. The cross-section is examined via a field emission scanning
electron microscope (FE-SEM, EVO 18 from ZEISS). Lots of alumina blocks are peeled
off from the Al alloy substrate by the bending force (Fig. 5-7). The boundary between the
alumina layer and the bulk Al substrate is solid and smooth for the original plate without
laser irradiation (Fig. 5-7(a) and Fig. 5-7(b)). However, there is a porous layer found at
the bottom position of the alumina layer for the BSB (Fig. 5-7(c) and Fig. 5-7 (d)). The
layer is filled with voids (Fig. 5-7(d)) whose diameter varies from several nanometers to
several micrometers, which are much smaller than the laser beam size which is ~46 pm.
These NSs/MSs are believed to be the reason for the black color. Fig. 5-8 shows the SEM

image of the GSBs’ surface.
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Al alloy
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blocks

Fig. 5-7(a) and (b), the SEM images of the cross-sections of the original sample without laser
irradiation ((a) amplified by 2 K X, (b) amplified by 20 K X). (¢) and (d), the SEM images of
the cross-sections of the BSBs ((c) amplified by 4 K X, (d) amplified by 15 K X).
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Fig. 5-8. The SEM images of the surface of GSBs.

The formation of the BSBs is different from that of the GSBs as the BSBs are formed
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inside the sample and the later are formed in the open air. When the laser pulse with lower
power density reaches at the alumina surface without ablation happening, it propagates
through the alumina layer and reaches at the Al alloy substrate as alumina is transparent at
near-infrared (NIR) wavelength [166]. The Al substrate absorbs the laser pulse energy and
the thermal effect causes melting and evaporation of the aluminum at the interface area as

the evaporation temperatures for aluminum and alumina are different (2327 C and 2977 C

respectively). The plasma formed is confined by the surrounding medium and therefore
results in higher temperature, larger pressure, and stronger shielding effect than that in
open air [167,168]. These are supposed to be responsible for the thin NSs layer formed in
the BSBs. During the laser ablation, vapor bubbles are created in the melted area and parts
of them are coalesced together. Some bubbles cannot burst like in open air after laser
pulse ceased because of the confinement of the medium, and this results in the formation
of the micrometer size voids [169]. For those blocks on the left side of the BSBs in Fig. 5-
2(a), the partially blackening color is the same reason as that of the BSBs.

The optical spectrum reflectance property is studied by a Perkin-Elmer
spectrophotometer (Lambda 850) in ultraviolet (UV), visible light and infrared (IR)
regimes for the original sample, the BSBs and the GSBs. The results in Fig. 5-9 show that
the shapes of the reflectance curves of the BSBs and GSBs are similar and the reflectivity
is much lower than that of the original sample. At the same time the BSB has the lowest
reflectance. The fluctuations on the curves of the original sample and the BSB are due to
the interference of the reflected light wave on the top and under boundaries of the alumina
film [170]. Because most of the alumina layer is removed during the laser irradiation,

there is little if any fluctuation on the curve for the GSB.
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Fig. 5-9 The reflectance of the original sample without laser processing, the BSB and the
GSB. The BSB and GSB are the square blocks chosen from Fig. 6-1(a) with 11.76 pJ pulse
energy, 250 kHz and 850 kHz repetition rate respectively.

The plasmatic trapping of light by the NSs/MSs causes the much lower reflectance of
the GSBs and the BSBs from deep UV to IR regime comparing with that of the original
sample. However, the light trapping capability of the porous NSs/MSs in BSBs is stronger
than that of the sponge-like NS/MS in GSBs. This is the reason behind the structural gray
color of the GSBs and the much darker color of the BSBs. The reflectance of the BSB is
less than 20% and the reflectance curve is fairly flat with less than 0.5% vibration in the
spectrum range from 400 nm to 840 nm.

For a GSB, the alumina layer is partially or fully removed after the laser treatment.
However, for a BSB the alumina layer is intact and the NSs/MSs is formed below the
alumina layer. The following pictures indicate that a GSB is formed above the BSB
formed prior to that (Fig. 5-10(a)). Therefore, there is obvious boundary between GSBs

and BSBs.
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Fig. 5-10. (a) The BSB, original surface of the plate without laser treatment, and the GSB
which is formed above a BSB. (b) The GSB and BSB are co-existent after laser treatment.

Compared with that for a BSB, more thermal effect is needed to carry out the ablation
process to form a GSB. This can be achieved by larger pulse energy, higher power density
and faster scanning speed etc. However, for a laser system, there is certain drift of the
pulse energy among the laser pulses and the material under processing is not totally
homogeneous. When considering all these factors, the GSBs and BSBs may co-exist when
choosing the laser parameters around the ablation threshold level for GSB. This has been
proven by the experimental result which is captured by the Keyence VK-X100 series
microscope in Fig. 5-10(b), which suggests there is no obvious boundary for GSBs and
BSBs under this circumstance. Several GSBs at the GSB-BSB border area in Fig. 5-2(a)

also contain part of BSBs.

5.4 FEASIBILITY OF THE YTTERBIUM-DOPED PULSED FIBER LASER

BLACKENING APPLICATION

The thickness of the alumina layer is measured with a coating thickness gauge
(Minitest-600B) with a specified precision of £2 um. The results show that the thickness

of the plate varies from 6.8 um to 9.7 um. Fig. 5-11 is a surface profile curve of the plate
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without laser treatment measured by a Dektax XT Profilometer. It shows the surface of

the alumina is not flat and there is a peak-to-peak variation of ~3 pm.
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Fig. 5-11. The surface profile of the plate without laser treatment.
Two scenarios of the inconsistency and variation of the surface may relate to the
blackening effect. Fig. 5-12(a) illustrates that the thickness nonuniformity is because the
thickness of the alumina layer varies from 6 pm to 10 um. Fig. 5-12(b) shows that the

thickness of the alumina layer is uniform and the inconsistency can be caused by the non-

uniform surface of the aluminum substrate.
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Fig. 5-12. The possible scenarios that may affect the blackening effect (the drawing is not in
scale), (a) the thickness of the alumina layer is not consistent and it varies from 6 pm to 10
pm. (b) the thickness of the alumina layer is consistent. However, the surface of the
aluminum substrate is not smooth which causes the inconsistent alumina surface.

For the case of Fig. 5-12(a), as the transmission at the IR wavelength is around 60% ~

80% for the alumina depending on the anodizing process [166], thicker alumina layer
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leads to less laser pulse energy interaction with the aluminum substrate, and thus higher
pulse energy or laser power density is needed to form the BSB. From the analysis and the
discussion on the hatching and scanning speed experiments, a BSB can be generated with
a relatively large range of laser parameters. As an example, BSBs can be produced with
the laser pulse energy changing from 8.23 pJ to 16.47 pJ with other parameters fixed
according to our experiments. For the inconsistency of 50% (4 um variation to the 8 pum
average), BSBs can be formed but the CIE L* values may be a bit different. If the
inconsistency for the alumina layer becomes much higher, definitely the blackening effect
will be degraded.

For the case of Fig. 5-12(b), the thickness of the alumina layer is the same but the
distance from the laser head to the surface of the aluminum is varied. To further study this,
the impact of the focal position offset between the aluminum plate surface and the focal
point position of the laser system is experimentally investigated. The results in Fig. 5-13
show that the BSBs can be fabricated and the CIE L* value is kept relatively stable when
the focal position offset is within £1 mm. Hence for the several-micrometer-long offset in
Fig. 5-12(b), there should be negligible impact on the blackening effect. If the
inconsistence goes higher than 1 mm, the inconsistency will be significant so that BSB
cannot be produced or a GSB is formed instead. This off-set focal position issue can be

mitigated to some extent by using the long focus distance lens.
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Fig. 5-13. CIE L* value with the offset between the plate surface and the focal position of the
laser system.

To examine the environmental temperature influence, the sample is heated to and kept

at around 33°C, 60°C and 100°C and then the laser irradiation with the same parameters is

performed. Three BSBs are formed successfully with the CIE L* value is 35.0, 36.9 and
33.2 respectively.

In addition, five BSBs are generated on the sample at a time interval of one hour by
laser irradiation with the same parameters. The results showed that the minimum and
maximum CIE L * values were 34.5 and 34.7 which indicates positive consistence.

The laser irradiation experiments have also been performed with long pulse duration
laser, whose pulse duration is 6 ns, 20 ns, 30 ns and 200 ns. The results show that BSBs
can be formed when using 6 ns and 20 ns pulse duration with appropriate pulse energies.
However, the degree of the tolerance of the pulse energy to obtain BSB decreases as pulse
the duration increases. In our experiments, no BSB is successfully fabricated to have a
pulse duration of 30 ns or 200 ns regardless of the laser parameters selected. The possible
reason is that the thermal effect of the laser pulse is more severe as the duration of the

laser pulse is prolonged. When larger pulse energy or power intensity is used, the outer
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alumina layer has been destroyed. When the lower pulse energy or power intensity is

reduced, the peak power of the laser pulse is insufficient to form the NSs/MSs.

5.5 POTENTIAL APPLICATIONS FOR THE BLACKENING SURFACE

Researchers have extensively studied the effects of surface textures on solar energy and
light sensing applications [171-173]. Absorbers with NSs/MSs surfaces, such as
nano/microporous cavities, nanotubes, nanosheets, nanoparticles and nanowires, have
been shown to have enhanced thermoelectric performance or better energy conversion
efficiency. The NSs/MSs formed on the aluminum substrate has promising heat
conductivity. All of these features result in the BSB a potential candidate for absorbers for
optical power sensing applications, especially in the visible range and in harsh operating
environments.

Fig. 5-14 shows a surface absorber of a commercial power meter (from OPHIR Inc.) for
long pulse laser or CW laser power measurement [174]. The optically absorbing
refractory absorber is deposited on the heat conducting substrate which is made from
copper or aluminum. When the laser beam irradiates the surface of the absorber, it will
penetrate a thin layer with thickness of around 0.1 pm to 1 um and will be absorbed by
the absorber during the penetrating process. Heat generated in this process is flowing into
the heat conducting substrate so that the temperature of the surface absorber will not be

excessively high. The absorptivity of these absorbers ranges from ~0.8 to 0.97 [174].
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Fig. 5-14. The structure of the surface absorber (This picture is from the catalog of OPHIR
Inc.).

From the analysis in the previous section, a layer of porous-like NSs/MSs is formed
below the alumina surface for a BSB and the reflectance of the BSB is much lower than
that of the original aluminum plate in the wavelength range of 280 nm to 2500 nm. When
the spectrum range is from 400 nm to 840 nm, the reflectance is less than 20% and the
flatness of reflectance curve is less than 0.5%. To some extent, a BSB has similar
configuration with the surface absorber because the NSs/MSs layer can be utilized as the
optically absorbing refractory surface absorber and the aluminum substrate part is exactly
the same. The thin thickness of the NSs/MSs layer (~0.5 pm - 1 um) may lead to low
power detection range. An alumina layer on the NSs/MSs surface which is transparent
over 400 nm to 2500 nm will cause power loss. However, this layer can be used as the
protective outer surface as the alumina has the features of corrosion resistance, electrical
insulation and high surface smoothness and hardness [161,162], and thus it will enable the
BSB to be work in tough environment.

Comparing with NSs/MSs produced using other methods such as electrochemical
synthesis [173] and electrodeposited [175], etc., the location of the laser induced

NSs/MSs have the superiority of to beedited or changed easily as required with
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digital laser marking system.

5.6 SUMMARY

The application of blackening of a bulk Al alloy substrate with an alumina surface by a
high power YDPFL is studied. Instead of using ultrafast (femtosecond or picosecond
pulse) lasers to achieve NS/MS as many other research groups did, the NSs/MSs here are
formed with a cost-efficient nanosecond YDPFL at 1064 nm wavelength.

The BSBs and the GSBs formed are characterized qualitatively and quantitatively. The
CIE L* value of the BSBs is much smaller than that of the GSBs and the laser fluence
need to be controlled in an appropriate range together with the heating and cooling
patterns to form the BSBs. The surface of the BSBs is as smooth as the original sample.
The laser induced porous NS/MS layer which is responsible for the structural black color
is formed and located beneath the alumina surface of the BSBs. The reflectance for both
the BSB and GSB is much lower than the original sample from 280 nm to 2500 nm, and
the BSB has the lowest reflectance in these optical spectrum ranges. The reflectance
curves are fairly flat in visible light range for the BSB and GSB. The feasibility of this
nanosecond pulsed fiber laser at 1 pm wavelength is proved. This cost-efficient
nanosecond pulse fiber laser-induced blackening technique is useful for light power
sensing, anti-reflective surface and surface decoration applications.

It is recognizable from this application that the pulse duration, pulse energy, pulse
stability, and output laser beam quality are directly related to the final blackening effect.

This, in turn, emphasizes the strong bond between the application and the laser design.
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Chapter 6 CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE WORK

6.1 CONCLUSIONS

In summary, this thesis focuses on the investigation of the high power YDPFLs at 1 um
wavelength region to achieve outstanding performance. The research mainly involves
three subjects including the theoretical modeling and pulsed pump for high power
YDPFLs, the design of high average power and high peak power YDPFLs, and the
application by high power YDPFLs. The main achievements in terms of the analysis of
the high power YDPFLs are summarized as follows.

1) After the introduction of the elements for high power YDPFLs and the literature
review of YDPFL technology in Chapter 2, the pulsed pump method for
suppress the ASE between pulses for high power YDPFLs has been studied in
the first part of Chapter 3. In Section 3.2, by modeling the pulsed pump YDFA
and numerically solving the rate equations, the most crucial factors in pulsed
pump, Pp and #,, are investigated. The results show that the Pp and ¢, are directly
related to the maximum reachable pulse energy and efficiency. In Section 3.3, a
new pulsed pump design for ns YDPFLs with adjustable pulse repetition rate
and pulse duration is proposed. For this pulsed pump scheme, the pump power
(Pp) is kept at the maximal reachable pump power level or a fixed level, and the
pump duration (#,) for each seed pulse is modulated according to the pulse
duration. The #, is constant for every seed pulse with same pulse duration. When

the pulse repetition rate is less than the threshold pulse repetition rate ( f;), the
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2)

peak power is enhanced and the inter-pulse ASE 1is suppressed. The
experimental results show the efficiency is improved by ~10% at 2 kHz pulse
repetition rate and ~6% at 5 kHz pulse repetition rate for long (130 ns) and short
(20 ns) pulse duration respectively comparing with the CW pump scheme. For
pulse repetition rate higher than f;, the inter-pulse ASE is at a low level and the
pulsed pump is hardly required by using higher Pp and shorter #,. There is the
same trend reached from both the numerical simulation and experimental results.
I dedicate Chapter 4 for the design of high power YDPFLs. Firstly, to
characterize the laser pulse by considering the laser-material interaction, a new
parameter, Usable Pulse Energy Ratio (UPER), to characterize the laser pulse of
high power YDPFL is presented in Section 4.2. The UPER is defined as the ratio
of the pulse energy of the part of the nanosecond laser pulse whose peak power
is higher than the predefined ablation threshold power to the maximum
reachable pulse energy. With this parameter, we understand whether the
workpiece can be laser processed, how much pulse energy is wasted, and how
wide is the heat affected zone (HAZ) after laser processing. There is severe
pulse shape distortion for high power YDPFLs due to gain saturation. From
material processing point of view, the higher the UPER, the less HAZ and side
effect. One advantage associated with high power YDPFLs by directly
modulated LD as seed laser followed by cascaded amplifier stages is the
arbitrary seed pulse shape tuning feature. By using this feature, high power
YDPFLs with three seed pulse shapes, rectangles, triangles, and rectangles with

triangular tops (RWTT) have been experimentally investigated. With triangular
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and RWTT seed laser, the UPER of the output laser pulse is less than that of the
rectangular shape when the ablation threshold power is higher than 3 kW.
However, it grows to 70.3% for the triangular seed pulse shape which is about 5%
higher than that of the rectangular seed pulse shape at a lower ablation threshold
power of 2 kW. The SBS and SRS, associated with the laser of these seed pulse
shapes, have been discussed. SBS spikes are frequently generated with the laser
of triangular seed pulse shape due to a significant deterioration of the SBS
threshold caused by the narrow frequency spectrum of the smoothed leading
edge of the triangular shape pulse. Then high average power and high peak
power YDPFLs are designed in the following section.

(a) High average power YDPFL. A novel high power MOPA YDPFL with an
average output power of 160 W has been demonstrated. To mitigate the SRS
component and enhance the pulse energy, a triangular seed pulse shape is
adopted for the laser. Pulse energy of 1.45 mJ has been reached for the laser
with 80 ns seed pulse. The power in the 15 Raman peak at ~ 1115 nm is at -
20 dB compared to the center wavelength of the signal laser. To address SBS,
especially when the laser is implemented with a triangular seed pulse shape,
an SLED seed source with 3 dB optical spectrum of 20 nm, has been utilized
to produce the seed pulses. The inter-pulse ASE, which is a potential risk
when the YDPFL operating at low pulse repetition rate, has been suppressed
through the pulsed pump method proposed in Section 3.3. The YDPFL
operating with four pulse duration (80 ns, 56 ns, 34 ns and 10 ns) has been

studied. UPERs for the laser with 34 ns seed pulse duration are largest with
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higher than 8 kW ablation threshold power. For the ablation threshold power
less than 5 kW, the laser with 80 ns has the higher UPERs. The optical-to-
optical conversion efficiency of ~ 67% for the main amplifier and the 4o
beam quality (M?) of 1.7 is obtained. The YDPFL in this section is a
superior candidate for industrial applications requiring.

(b) High peak power YDPFL. A high peak power YDPFL with adjustable pulse
duration from 350 ps to hundreds of ns seeded by an SLED is demonstrated.
The monolithic YDPFL is constructed with MOPA configuration which
consists of three cascade amplifiers. A 1.2-m-length 40/200 pm LMA gain
fiber and pump laser at 976 nm are used for the 3"d-amplifier stage. For the
laser with 350 ps pulse duration, the seed laser generated through gain-
switching technique, a peak power of 275 kW and pulse energy of 92 pJ is
obtained. 90 ps jitter of the pulse duration is analyzed qualitatively. The ASE
component of the YDPFL is investigated via an AOM and the laser
proportion is ~ 53%. For the laser with 183 ns seed pulse duration, the
leading edge of the seed pulse is smoothed and pulse energy of 3.2 mJ and
peak power of 137 kW is achieved. The 46 M? is 2.7 and 2.8 for the X and Y
directions, respectively. Due to the ~ 20 nm optical spectrum of the SLED,
SBS is avoided. Similar as the high average power YDPFL discussed in
Section 4.3, the pulsed pump technique proposed is also implemented to this
laser to suppress the inter-pulse ASE at pulse repetition rate.

3) YDPFLs are designed for certain applications. At the same time, the applications

also feedback requirements for YDPFLs design. In Chapter 5, instead of using
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6.2

the bulky and expensive ultrafast high power pulsed laser, blackening of a bulk
Al alloy substrate with an alumina surface by using the high power ns YDPFL is
achieved. The black square block (BSBs) and the gray square block (GSBs)
formed are characterized qualitatively and quantitatively. The laser induced
porous nanostructures/microstructures (NS/MS) layer which is responsible for
the structural black color is formed and located beneath the alumina surface of
the BSBs. The NSs/MSs layer is suggested to be responsible for the structural
color. The reflectance for the BSB surface is much lower than that of the
original sample from 280 nm to 2500 nm and the uniform of it is less than 0.5%
in visible light range. The feasibility of this application is investigated and
proved. This cost-efficient nanosecond pulse fiber laser-induced blackening
technique is useful for light power sensing, anti-reflective surface and surface

decoration applications.

RECOMMENDATION FOR FUTURE WORK

The studies described in the thesis suggest some interesting directions to pursue for the

future work.

6.2.1

High peak power YDPFLs with LMA PCF

For high peak power YDPFL, the peak power of the laser pulse is limited due to SRS.

One way to deal with it is to use LMA fiber, however, the larger fiber core results in

degradation of the output laser beam quality.
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As discussed in Chapter 2, the optical properties of the material are altered by the
regular morphology of the microstructures incorporated into the material [115]. And the
NA and uniformity of a PCF can be precisely controlled by tuning the size of the
embedded holes and the pitching between holes [117]. This makes it possible to
fabricate a PCF core with large diameter but very low NA. The manufacturing single-
mode PCFs with core diameter from 10 um to more than 100 um are feasible after
carefully design the cladding structures and the high order mode normally experience
higher losses or less overlap with the core region during the propagation.

By using such an LMA PCF to construct the final amplifier stage, the pulse energy and
the peak power can be greatly enhanced without degrading the beam quality. As an
example, the performance of YDPFL will be improved by using LMA PCF for pulsed
fiber lasers that are seeded by SLEDs in Chapter 4. PCF splicing, output laser delivery
and pump laser coupling etc. require special consideration, especially for industrial

applications with reliability requirements.

6.2.2  High power UV laser seeded with YDPFL

From an industrial application point of view, some materials and processes such as
plastics, flexible printed circuits cutting, and Polyethylene terephthalate material etc., can
achieve the desired effect by the laser with green or UV wavelengths instead of 1 um

wavelength.

Due to the superiority of direct modulation technique, high power green lasers or UV
lasers inoculated with YDPFL sources with adjustable pulse duration and pulse repetition

rate will be an interesting topic for further study. As demonstrated in Chapter 4, the pulse
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duration can be narrowed down to tens or hundreds of ps region by gain switch technique

depending on the laser diode.

If ultrafast laser pulses, such as in fs region, are needed, the ultrashort UV laser can be
achieved through the fiber laser source with mode lock technique. The side effect is the

pulse duration can only be tuned in a relatively small region through FBG.

If ultrafast laser pulses are required, such as in the fs region, ultrashort UV lasers can be
realized by fiber laser sources through mode lock techniques. The side effect is that the

pulse duration can only be adjusted by the FBG in a relatively small region.
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