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Abstract

Over the past decade, fiber lasers have developed in all aspects of laser performance with some
significant advantages including excellent heat dissipation, single pass high gain, beam quality,
freedom from alignment, compactness, and low maintenance. These advantages lead to different

applications in material welding, soldering, marking, cleaning, medicine, research, security, etc.

Fiber lasers can work in a vast spectral range from deep UV to IR. The 2 um region which is in
mid IR has drawn tremendous attention for vawrious different applications. For instance, 2 pm
lasers have smaller atmospheric scattering, atmospheric distortion and thermal blooming
compared to 1 pm lasers, which lead to working more efficiently in light detection and ranging
(LIDAR), direct energy laser weapon, sensing systems, and optical communication; 2 pm lasers
are good candidates for non-metal material processing applications such as direct cutting, welding,
and drilling. Especially, plastics are transparent in 1 um region, while they have high absorption

at 2 um. The work presented in this thesis, includes demonstration of fiber laser using thulium



doped fiber at 1940 nm, fiber laser amplifier operating at the same wavelength and ; study of co-
doped Tm>* /Ho>" fiber laser operating at 2050 nm; investigation of Q-switched fiber laser at 1940

nm using active Q-switching.

Chapter 1 Introduction

There is no doubt our daily life is impacted by photonics massively. Laser systems have a major
influence in the photonics industry and modern technology. After the birth of the laser many
activities in optics were created and developed into new scientific fields such as nonlinear optics,
fiber optics, and opto-electronics which resulted in revitalizing this "ancient science”. These
days our lives are dependent on the science of laser physics and photonics, and it has been
contributing to other fields, such as medical research, biology, information technology, MEMS,

etc.

With all that being said, the search for developing new applications and improvements in
technology is a never-ending process. A small part of this journey is to study different wavelength
lasers for new applications. Recently, significant attention has been devoted to using thulium
ions (Tm®) generate radiation in the 1.9um to 2um range, which is in eye safe region, and it has

proven to be of great interest.



1.1 History

In early of 20™" century, the relationship between energy and radiation frequency was found by a
German theoretical physicist Max Planck. He found that light quanta constitute an energy that
could be released or absorbed only in discrete packets, even though these pieces were ordinarily
very small. Therefore, one can say his theory was a turning point in physics and his research
inspired physicists such as Albert Einstein. Einstein in 1905, published a paper on the
photoelectric effect, which stated that light can deliver its energy in chunks, in this case discrete

quantum particles which nowadays are called photons.

In 1917, Albert Einstein confirmed the theoretical foundations based on the probability
coefficients of absorption and emissions.[1] In 1928, Rudolf W. Ladenburg while confirming
Einstein s’idea, deep rooted that emission can be in the form of stimulated emission and negative
absorption.[2] In the next ten years, a Soviet scientist ,Valentin A. Fabrikant predicted the
concept of short wave amplification by the use of stimulated emission.[3] followed by Willis E.
Lamb and R.C. Rutherford discovering stimulated emission in hydrogen spectra in 1947.[2]
Optical pumping was also proposed in 1950 which was experimentally confirmed later on

Brussel, Kastler, and Winter.[4].

In 1953, Charles Hard Townes and graduate students James P. Gordon and Herbert J. Zeiger
developed the very first microwave amplifier, although they couldn’t generate continuous output.
[5] Meanwhile, Basov and Prokhorov, two Soviet physicists, were independently working on the
quantum oscillator and solved the problem of continuous-output systems. Later on, they proposed
optical pumping of a multi-level system to create population inversion, which is a primary

method of laser pumping.



In 1964 Charles H. Townes, Nikolay Basov, and Aleksandr Prokhorov won the Nobel Prize in
Physics together, "for fundamental work in the field of quantum electronics, which has led to the

construction of oscillators and amplifiers based on the maser—laser principle™.

In 1957, Charles Hard Townes and Arthur Leonard Schawlow at Bell Labs started to study
infrared lasers. As ideas developed, instead of completing their work on infrared radiation, they
started working on visible light. It was in 1958 when Bell Labs filed a patent application for their

proposed optical maser which was based on the work of Schawlow and Townes.

Simultaneously, graduate student Gordon Gould from Columbia University was working on his
thesis regarding the energy levels of excited thallium. While working on his thesis, Gould met
with Townes and their main discussions were about radiation emission. Afterwards, in November
1957, Gould noted his ideas for a "laser"”, which was using an open resonator. Furthermore, in
1958, in the USSR, Prokhorov suggested using an open resonator, which was the first published
appearance of this idea. In the U.S., Schawlow and Townes had agreed to an open-resonator laser
design, as they were apparently unaware of Prokhorov's publications and Gould's unpublished

laser work.

At a conference in 1959, Gordon Gould published the term LASER in the paper The LASER,
Light Amplification by Stimulated Emission of Radiation.[6][7] Gould's linguistic intention was
using the "-aser" word particle as a suffix — to accurately denote the spectrum of the light emitted
by the LASER device; thus x-rays: xaser, ultraviolet: uvaser, et cetera; none established itself as
a discrete term, although "raser" was briefly popular for denoting radio-frequency-emitting

devices.



10

Gould continued to develop the idea which resulted in a patent application being filed in April
1959. However, his application was denied by the U.S. Patent Office, and they awarded a patent
to Bell Labs, in 1960. By doing so, a twenty-eight-years lawsuit was provoked, featuring
scientific prestige and money as the stakes. As a result of the lawsuit Gould won his first minor
patent in 1977, however, it was not until 1987 that he won the first significant patent lawsuit
victory, when a federal judge ordered the U.S. Patent Office to issue patents to Gould for optically

pumped and the gas discharge laser devices.[8]

Theodore H. Maiman demonstrated the first functioning laser on May 16, 1960[9][10] at Hughes
Research Laboratories, Malibu, California, ahead of several research teams. He used a flash
lamp-pumped synthetic ruby crystal to produce red laser light at 694 nm. Pulsed operation was
only capable from this device, due to its three-level pumping design scheme. Later that year, an
Iranian physicist Ali Javan, William R. Bennett, and Donald Herriot, created the very first gas
laser, using helium and neon. It was capable of continuous operation in the infrared (U.S. Patent
3,149,290); later in 1993, Javan received the Albert Einstein Award. In 1962, Robert N. Hall

operated the first laser diode using gallium arsenide and emitting at 850 nm.

The first experiments with Tm3* and Ho®* were done in 1960s. [11] The mid IR laser transition
for both ions happened at upper Stark level of ground state. The first Tm:YAG laser at 2 pum
using this transition was carried out by Johnson et al. in 1965, They used flashlight pump working
at 77 K. The first pump laser operating at room temperature at 2 um was done at 1975 by Caird

et al. using Cr, Tm:YAG as the gain media.[12]

All'in all, over the next 60 years, continual innovation has been seen in the field of laser physics
which resulted in making lasers present in almost every aspect of everyday life.

(https://en.wikipedia.org/wiki/Laser#fFoundations)
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1.2 Application

Over the past decade, fiber lasers have developed in all aspects of laser performance with some
significant advantages including excellent heat dissipation, single pass high gain, beam quality,
freedom from alignment, compactness, and low maintenance. These advantages lead to different

applications in material welding, soldering, marking, cleaning, medicine, research, security, etc.

Fiber lasers can work in a vast spectral range from deep UV to IR. The 2 um region which is in
mid IR has drawn tremendous attention for various applications. For instance, 2 um lasers have
smaller atmospheric scattering, atmospheric distortion and thermal blooming compared to 1 pum
lasers, which lead to working more efficiently in light detection and ranging (LIDAR), direct
energy laser weapon, sensing systems, and optical communication; 2 um lasers are good
candidates for non-metal material processing applications such as direct cutting, welding, and
drilling. Especially, plastics are transparent in 1 um region, while they have high absorption at 2
pm [13]; They have also attracted much attention for highly precise laser surgery for both soft
and hard tissue owing to a strong water absorption peak near 2 um as shown in Fig. 1.1 [14]; 2
um lasers can as also be utilized as pump sources for laser systems that operate at longer
wavelengths in the mid-infrared or THz range [15,16]. Due to increasing demand for high energy
lasers at 2 um, significant efforts have been made to develop 2 um lasers in the last decade and
most research has been focused on thulium (Tm?3*) lasers due to strong absorption around 800 nm,

where high-power laser diodes are available.
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Fig. 1.1: Absorption and penetration depth in water and other biological tissue constituents for
different wavelengths [14].

Thulium doped fiber lasers (TDFL) can operate in single longitudinal mode and can be pulsed
laser with high peak power. Different groups across the globe have been working on developing 2
pum lasers with a single frequency feature. For example, a single frequency distributed feedback
(DFB) thulium doped silica fiber laser operating at 1735 nm was developed in Technical
University of Denmark [17]. The length of their laser cavity was about 5 cm, with maximum
output power of 59 mW. In 2005, another group developed a MOPA at 1836 nm. [18]. The
amplified output was about 345 mW. A linewidth of 3 kHz at 1950 nm was obtained by a 2 cm
distributed Bragg reflector (DBR) fiber laser [19]. In another experiment 580 mW at 1943 nm

was obtained by using a DBR laser pumped by a single mode fiber laser at 1575 nm. [20]. An
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output power of 102 W was also demonstrated by using a Tm®*" doped MOPA system at 1970

nm [21].
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Fig. 1.2: Summary of shortest pulses durations observed over time in mode-locked Tm-doped
fiber laser systems [22].

As mentioned above, TDFLs can be operated in the pulsed regime. In 2009, all fiber Q-switched
pulsed laser operating at 1950 nm with a wide range of repetition rates was developed. The
repetition rate was between tens of hertz to hundreds of kilohertz [23]. There are various
demonstrations with different laser power of ns pulse widths in the 2 um region [24-25]. TDFLs
can also be operated in the mode-locked regime in the 2 um region [26-27]. Fig. 1.2 summarizes
shortest pulses durations which were observed in mode-locked Tm-doped fiber laser up until

2014 [22].
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1.3 Spectroscopy of thulium doped silica for mid IR emission

The science of interaction of matter with electromagnetic wave is known as spectroscopy science.
Spectroscopists study the electronic and physical properties and structure of matter at the atomic
scale. The spectroscopy of materials can lead to better understanding of laser slope efficiency,

photon absorption, gain, saturation intensity, etc.

As shown Table 1.1 silica glass has interesting properties, such as a very high glass transition

temperature [28], that make it favorable as a host for rare earth ion-based fiber lasers.

Table 1.1: Basic properties of silica glass [28].

Glass Property Silica
Transmission range (um) 0.16-4
Maximum phonon energy(cm™) 1100
Transition temperature (C) 1175
Specific heat (J/(g.K)) 0.179
Thermal conductivity (W/(m.K)) 1.38
Expansion coefficient (10¢/K) 0.55
Density (g/cm?3) 2.20
Knoop hardness (kg/mm?) 600
Fracture toughness (MPam?) 0.72
Poisson’s ratio 0.17
Young’s modulus (Gpa) 70
Shear’s modulus (Gpa) 31.2
Bulk’s modulus (Gpa) 36.7
Refractive index (@ 589 nm) 1.458
Abbe number 68
Zero material dispersion wavelength (um) 1.3
Nonlinear index (10*2 esu) 1

Thermo optics coefficient (10%/K) 11.9
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The energy level diagram of Tm** doped silica for 2 pm region emission is shown in Fig. 1.3. As
can be seen 3F4 — 3Hg can emit between 1700 to 2100 nm with in-band pumping possible from

1550 to 1900 nm. Photons with the wavelength of around 1200 nm can populate *Hs and then due

to nonradiative transition the 3F4 level will be populated.

] 3
" Nonradiative 4
] __yemission 3
: : Hs
y h 4 3
F4

1210 nm| 793 nm} 1550-1900 nm

3H6

Fig. 1.3: Energy level diagram of Tm*" doped silica for 2 pm region emission.

Fig. 1.4 shows the absorption and emission of thulium doped silica. The highest absorption

belongs to®Hs -> 3Ha; note the absorption into 3Hs is stronger than the absorption into 3Fa.
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Fig. 1.4: The optical absorption and emission spectra of thulium doped silica fiber [29].

It is usually better to pump the Tm®" doped silica to 3Ha4to get *F4 — Hg emission, because pump
power at 800 nm is readily available and it can also have high quantum efficiency [23], which is
due to the cross relaxation as shown in Fig. 1.5. In this process the ion “a” is in some excited state,
as a part of its energy is moved to another ion, denoted as ion”initially in the electronic ground

state, which results in both ions finally being in the upper laser level at 3Fa.
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Fig. 1.5: The cross relaxation process between two thulium ions labeled as “a” and “b”.
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Chapter 2 Fiber Laser Fundamentals

Three fundamental components are needed for all laser systems, namely a gain medium to
provide light generation and amplification, a cavity to provide optical feedback, and a pump
source to provide population inversion. Fiber lasers are a laser subgroup that rely on cylindrical
glass waveguides to confine the pump and laser light near an optically active core. The benefit
of this design is the large overlap of the pump light and gain region, as they provide high gain
inversion with relatively low pump powers. Other benefits consist of the lack of constant
alignment, compact footprints, high beam quality, lower cost to manufacture, and access to

unique wavelengths [25].

2.1 Light Amplification by Stimulated Emission of Radiation
2.1.1 Optical cavity

An optical cavity can be comprised of just two mirrors in a Fabry-Perot geometry or it can be a
more complicated design. In its simple form the two mirrors can trap the light and photons travel
inside of this cavity for a period of time. The reflectivity of the mirror determines the period of
time, number of round trips, etc. In the cavity usually one mirror has high reflection (>90%) and
the other one should have lower reflection to allow the light to exit the cavity, providing laser

output.

2.1.2 Gain media

The gain medium is usually placed between the two mirrors inside of the cavity. For optical
pumping, the properties of the gain medium are such that it can optically activated with an

electronic structure that can create population inversion. The minimum number of energy levels
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that the gain medium must have to lase is three. Usually, these three levels are referred to as the
ground level, the excited level and the lasing level. The lifetime of the excited level should be

short, and it should immediately decay to the lasing level.

———————Excited Level Upper level

Excited Level

(- )——Lasing Level

Lasing Level

Ground Level

Ground Level

(a) (b)

Figure 2.1: Diagram of (a) three level (b) four level laser schemes

On the other hand, the lifetime of the lasing level should be long enough to obtain a population
inversion. For laser oscillation, the population inversion must be > 1. which means the ratio of
ions in the excited stare to the ground state is greater than one. For a given gain medium at

thermal equilibrium, the population inversion can be written as:

NZ _(E;_El) 21

—_— = T .

N = @D
where E2 - E1is the energy difference between the excited and the ground state, Nz is the
population density of the excited state, N1 is the population density of the ground state, and k

and T are the Boltzmann constant and temperature of the atoms respectively.
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2.1.3 Pump source

In order to have population inversion the electrons must go from ground state to excited state,
this process needs energy to make the electrons leave the ground state to reside in excited state.
For this process a pump source is needed to generate this energy. In fiber laser usually the pump
source is a laser but in general the source can be flashlight or electrical pumping. The rate at

which energy is absorbed by the ground level is equal to

N,

7 = —B1,p(412)N;  (2.2)

where By is the proportionality constant and p(A12) is the radiation energy density. The rate of
absorption is also related to the instantaneous photon density, 12 /(hv), and the wavelength

specific absorption cross-section, o, of the gain media.

IN1(t) IA
L ACCE)

2.1.4 Emission

When the electrons are in the excited state, they can emit energy and go back to the ground state.
This event is called emission. The usual and common kind of emission is spontaneous emission
where photons are emitted due to random decay of excited electrons. The rate of this decay is

described by the Einstein A coefficient, A21, and is inversely proportional to the lifetime of the

excited state, 721.

IN,(t) N
T —Ay N, (t) = _T_21 (2.4)
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2.1.5 Amplification

If the photons that are produced due to deexcitation of electrons interact with each other and
obtain the same phase, they will emit coherently which is referred to stimulated emission. The

rate of stimulated emission is given by,

N, , 12
a_t = —B;1p(A21)N, = —aj WNZ (2.5)
where a2¢ is the emission cross-section. It is easy to see that since one photon has created two

and those two will create more, coherent amplification of the original emitted photon can grow

exponentially.

2.1.6 Resonance

For a laser, it is not sufficient to only have stimulated emission. Feedback of the optical signal
must also occur. The optical path length of a cavity determines the number of modes and for a
cavity of length L, the longitudinal modes are equal to an integer multiple of half the wavelength

4, and the frequency spacing can be shown to be:

c
FSR = dv=— (26
V= 29

2.1.7 Rate equations

The rate equations for a three-level laser system can be written as:

dN,
W = Wi3N; — I3;N3 (2-7)
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dN,
W = Wi,Ny — Wy Ny — [N, + I3,N5 (2-8)

dN,

W = —W13N1 - W12N1 + W21N2 - I—'IZNZ + I—éZN3 (2'9)

where N1 is the population density of the energy level, 7712 is the inverse lifetime of the energy
state transition, and W12 is the pump rate of the relevant energy levels.

State |3), has a rapid decay compared to other excited states, so we can have a steady state given

by dN/dt = 0. The steady state solutions for a three-level system is

_ Wis
Wiz +Wa1 + 13

n, (2.11)

where 7z and 7z are the normalized population densities.
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Chapter 3 Fiber laser and fiber amplifier in 2 um region

3.1 Motivation

As discussed in Chapter 1, 2 um lasers have many different applications. As examples, they are
desirable for light detection and ranging (LIDAR) and sensing systems, as they are more efficient
than 1 pum lasers, due to smaller atmospheric scattering and atmospheric distortion. 2 um lasers
are also good options for non-metal material processing applications such as direct cutting,
welding, and drilling. Among the rare earth ions doped lasers, thulium and holmium doped lasers

can operate in 2 yum region.
3.2 Thulium doped fiber laser operating at 1940 nm
Tm?3* doped silica can emit between 1700 to 2100 nm due to the *F4 — 3Hg transition. The 3F4

energy level can be populated by in-band pumping. The wavelength range for in-band pumping

can be from 1550 to 1900 nm as shown in Figure 3.1.

3
ry H,
Monradiative
793 nm ..
emission
3
Y Hs
1210 nm
. 3
F,
1550- 1700-2100 nm
1900 nm 3
Hg

Figure 3.1: Energy level diagram of Tm®" doped silica for 2 pm region emission.
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A 1210 nm pump laser can also be used to populate 3Fs energy level, as can a 790 nm pump

source with two consecutive nonradiative decays.

3.2.1 790 nm pump source

The highest absorption cross section of Tm®* doped silica is in the 790 nm band which populates
the 3Ha energy level. The lifetime of 3Hy is around 20 ps [30]. As shown in Figure 3.1, two
nonradiative emissions from *Hz are needed to populate F4. The availability of high pump power
around 800 nm and quantum efficiency of greater than 100% are the two main advantages of
using this pump source [31]. The high quantum efficiency is due to the cross relaxation as
shown. In this process the ion “a” is in ®Ha, a part of its energy is transferred to some other ion
which in here is ion”’b”, which is originally in the electronic ground state, and both ions are finally

in the upper laser level at *F4 as shown in Figure 3.2

— 3
A * Nonradiative ~ 4
o Cross v emission 3
: . H5
Relaxation =
Y 3F
4
793 nm
3
HB
a b

Figure 3.2: The cross relaxation process between two thulium ions labeled as “a” and “b”.

Tm?3* doped double clad fiber from IX blue was used with 6.5 dB/m absorption at 790 nm. In this

experiment a pump diode at 793 was used as the pump source as shown in Figure 3.3. The pumps
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diode was installed on a cooling plate which was cooled by a water chiller usin. The combiner
had two inputs for pump power where multimode fibers were used, and one signal port input
where SMF28 (single mode) fiber was used. The common port was double clad with a core

diameter of 10 um.

793 nm pump diode

Tm gain fiber

HR FBG LR FBG

i

-
Pump stripping

Figure 3.3: Schematic of laser setup operating at 1940 nm.

The high reflection (HR) FBG used double clad fiber at 1940 nm with 1.93 nm reflection
bandwidth and 99.9% reflectivity; the low reflection (LR) FBG was also a double clad fiber at
1940 nm with 0.55 nm reflection bandwidth and 9.22% reflectivity. A pump stripper was used
to remove all the pump power in the cladding before the LR FBG. Tm3* doped double clad fiber
with two different lengths (1.3 m and 2.3 m) was used as the gain fiber. The core diameter of

gain fiber was 10 um with an NA of 0.14, the cladding diameter was 125 um with an NA of 0.46.

Figure 3.4 shows the output laser power as a function of pump power for 1.3 and 2.3 m. The
efficiency of the 1.3 m laser is lower than the 2.3 m laser by 3%. The slope efficiency for the 1.3
m fiber laser was 36% and for the 2.3 m fiber laser was 39%. The pump threshold for the 1.3 m
fiber laser was about 1.6 W while that for the 2.3 fiber laser was about 1.9 W. The maximum

obtained laser power was 5 W for the 2.3 m fiber laser. Higher pump powers were not used in
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either case to ensure that components were not damaged that were needed for further

experiments. The spectrum of the laser output is also shown in the inset of Figure 3.4.

L L | L L L] | ‘,f'
P
5F =0 N /ﬂ’; .y
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Pump power (W)

Figure 3.4: Laser output power as a function of input pump power for 1.3m and 2.3 m fiber.
Inset: The spectrum of laser output.

Tm®" doped fiber lasers are usually sensitive to the temperature and environment. In this
experiment after the 1.3 m fiber laser was operating a fan was applied to the pump stripper and
as shown in Figure 3.5 the output power suddenly jumped up significantly. Initially the output
power was decreasing with time but when the fan was used, the power jumped up by about 9%
which is very noticeable. After applying the fan, the output was monitored for about 20 minutes
and no power drop was observed. The power fluctuation was also reduced significantly to about

1% fluctuation.
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Figure 3.5: Output power of the 1.3 m fiber laser as a function of time.

The built Tm®* doped fiber laser was used as a seed laser for a master oscillator power amplifier
(MOPA). The wavelength of the seed laser was 1940 nm and it was amplified by a MOPA. The
schematic setup is shown in Figure 3.6. A single-mode fiber laser operating at 1940 nm was
used as the seed laser and spliced to an isolator. The isolator was used to make sure that no
reflective feedback enters the seed laser, which can damage the laser. The maximum optical
power that the isolator could handle was 2 W. The output of the isolator was spliced to the input
signal of the combiner which was made of SMF28 fiber. A multimode fiber coupled diode laser

operating at 793 nm was used as the pump of the amplifier.

793 nm pump diode

Tm gain fiber
1940 nm seed laser @)
R Gombner—

Isolator

Figure 3.6: Schematic of the MOPA system operating at 1940 nm.
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About 5-meter Tm** doped double clad fiber from 1X Blue was used as the gain fiber for the
amplifier. The length of the gain fiber for the amplifier was previously optimized for another
experiment. The output power was measured as a function of pump power for different input
signal powers. Figure 3.7 shows the output power of the amplifier as a function of input pump

power for three different input signals power of 0. 42 W, 0.55 W, 0.8 W respectively.
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Figure 3.7: The output of the amplifier as a function of pump power for different seed laser
input power; (a) 0.42 W; (b) 0.55 W; (c) 0.8 W.

As input signal increases, more of emitted photons contribute to stimulated emission rather than

spontaneous emission and so then slope efficiencies of 32%, 33%, and 35% were found for
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input signal powers of 0.42 W, 0.55 W, and 0.8W respectively. The threshold pump power of

input signal of 0.42 W, 0.55 W, and 0.8W were about 2.6 W, 2.4 W, and 1.8 W respectively.

3.2.2 1210 nm pump source

The second highest absorption cross section of Tm** doped silica is in 1210 nm band which
populates the 3Hs energy level as shown in Figure 3.1. In order to emit in the 2 pm region, a

nonradiative transition from 3Hs to ®F4 is needed to populate 3Fa.

TH512 core active fiber, a codoped thulium/holmium fiber, was used in this experiment. The
nominal absorption at 790 nm is more than 150 dB/m with nominal core NA of 0.16, and cutoff
wavelength of 1700 nm. TH512 is a single cladding fiber with a core diameter of 9 um. the

absorption coefficient of TH512 at 1210 nm was found to be about 75 dB/m.

The experimental setup of the fiber laser operating at 1940 nm, using 1210 nm as the pump source
is shown in Figure 3.8. The maximum output of the 1210 nm pump diode was about 500 mW
with a single spatial mode. A WDM was used to combines the 1210 nm pump laser as the pump,
with the 1940 nm signal laser. The TH512 gain fiber was spliced to the common port of the

WDM.

1210 nm pump diode

TH512 zain fiber

- m m

LR FBG HR FBG

Figure 3.8: Schematic of the laser setup operating at 1940 nm, using 1210 nm pump diode.
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The HR FBG was spliced to the gain fiber which was double clad fiber at 1940 nm with 1.93 nm
reflection bandwidth and 99.9% reflectivity. The LR FBG was also a double clad fiber at 1940
nm with a 0.55 nm reflection bandwidth, and 9.22% reflectivity was spliced to the signal port.
Figure 3.9 shows the output power of; (a) laser signal with 30 cm gain fiber; (b) laser signal with
60 cm gain fiber; (c) residual pump power with 30 cm gain fiber; (d) residual pump power with

60 cm gain fiber, as a function pump power.
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Figure 3.9: The output power of; (a) laser signal with 30 cm gain fiber; (b) laser signal with 60
cm gain fiber; (c) residual pump power with 30 cm gain fiber; (d) residual pump power with 60
cm gain fiber, all as a function pump power.
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As it is shown in Figure 3.9, the slope efficiency of the fiber laser with 30 cm TH512 gain fiber
was about 39%, and was 43%. for 60 cm TH512 gain fiber The output power of the pump diode
was stable, which led to a stable output power laser at 1940 nm. The residual pump power was
measured after the HR FBG with a Thorlabs thermal power sensor which usually works better
when the power is more than a few mW. The residual pump power of the 60 cm TH512 gain fiber
was not significant and the maximum residual pump power was measured to be around 1.4 mW
while the input pump power was about 500 mW. The residual pump power of the 30 cm TH512
gain fiber was about 12% of ther input power when the input power was a maximum of about 500
mW. As shown in Figure 3.9 (c) the slope is initially linear till about 400 mW input power and
then the slope significantly increased which shows that the depletion of ground state became more
significant. The maximum laser output powers for both 30 cm TH512 gain fiber and 60 cm TH512
gain fiber were about 160 mW, but the threshold of pump power was about 108 mW for 30 cm
TH512 gain fiber and 124 mW for 60 cm TH512 gain fiber which was expected due to the longer
gain fiber. Figure 3.10 shows the spectrum of the laser output at 1940 nm as measured by the

Yokogawa optical spectrum analyzer.
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Figure 3.10: The spectrum of output laser operating at 1940 nm.
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3.3 Fiber laser operating at 1950 nm

In this experiment, a few watt fiber laser operating at 1950 nm was built. Since a high power fiber-
coupled diode pump laser at 793 nm is available, two pump diodes at 793 nm were used as the
pump source as shown. Two pump diodes and on combiner were installed on a plate which was
cooled by chilled water. The combiner had two inputs for the pump power for which multimode
fibers was used, and one input signal port where SMF28 fiber was used. The common port was
double clad with a core diameter of 10 um. As shown in Figure 3.11 Tm** -doped fiber laser was
built to operate at 1950 nm. 3.5 m Tm** -doped silica fiber with a core diameter of 10 um was
used as the gain fiber. A pair of fiber Bragg gratings (FBGs) were spliced to the gain fiber to form
a laser cavity. The FBGs had double claddings, and the output coupler was 40% transmitted.
Before the LR FBG, a power stripper was inserted to dump the residual pump power in order to
avoid damaging the LR FBG. About 7.5 W of stable output at 1950 nm was obtained, but with

increasing pump power the HR FBG was damaged.

793 nm
pump
. HR DC
fiber 60% LR FBG
‘\ - -
~ . I . 3.5 m gain fiber M
11 11

Spliceand  Splice and Stripping

.’ coating coating

793 nm
pump

Figure 3.11: A schematic of the laser setup operating at 1950 nm.
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Figure 3.12 shows the output power of the laser as a function of pump power. The efficiency of
laser is about 37% and the output was stable up to 25 W input pump power. The maximum
obtained signal output was 7.5 W. When the pump power increased further the high reflective
fiber Bragg grating was damaged. The pump threshold of the laser was about 3 W. The lower
right inset of the figure shows the laser spectrum output which is around 1949.5 nm with about
0.1 nm full width half maximum (FWHM). In order to get higher signal output, the high reflective
FBG needs a higher quality coating to reduce the power leaking from the outer cladding. Fan

cooling the FBG can also help.
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Figure 3.12: The output signal as a function of pump power for 1950nm laseer. Insey: The
spectrum of laser output.



34

3.4 Fiber laser operating at 2050 nm

Although Tm3*-doped silica is able to emit at 2050 nm, its emission cross section is significantly
smaller than Ho®*"-doped silica. On the other hand, Ho®" absorption is not strong at 793 nm, and
1210 nm. So in many cases Tm**/Ho®*" codoped fibers are used to operate beyond 1950 nm.
Figure 3.13 shows the partial energy level diagram of Tm**/Ho3* codoped silica. Ho®*" can be
pumped to °I7 by in-band pumping in the 1900-2000 nm wavelength range. An 1150 nm pump
source can also be used to populate °Is which can be deexcited to °l7 by nonradiative emission.
Another option is energy transfer from 3F4 of Tm®* to °I; of Ho®*. Energy transfer is a phenomena

where dopant ions in laser-active media can exchange excitation energy among each other.
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Figure 3.13: Partial energy level diagram of Tm®**/Ho*" co-doped silica.
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3.4.1 1940 nm pumping

In order to have high efficiency in band pumping was used to pump Tm**/Ho** co-doped silica
fiber. The fiber used in this experiment was TH512. 1940 nm laser can be used as a pump to

directly pump the ground state of Ho to °I7,

As shown in Figure 3.14, a 1940 nm fiber laser was used as the pump and a 1950/2050 WDM
was used to combine the pump and signal laser. TH512 gain fiber was spliced to the common
port of the WDM. The HR FBG was then spliced to the gain fiber. LR FBG was spliced to the
signal port of WDM to make sure the output power is just signal laser at 2050 nm. The FBG was
SM2000 fiber with a center wavelength at 2049.7 nm. The full width half maximum of LR FBG
was 1.8 nm with 94.8% reflection. The full width half maximum of the HR FBG was 1.75 nm

with 99.97% reflection.

1940 nm fiber laser

TH512 gain fiber

1T
1L
LR FBG HR FBiG

Figure 3.14: Schematic of the laser setup operating at 2050 nm.

In this experiment, 1 m and 2 m TH512 gain fibers were used. Figure 3.15 shows the output
power of; (a) laser signal with 1 m gain fiber; (b) laser signal with 2 m gain fiber; (c) residual
pump with 1 m gain fiber; (d) residual pump with 2 m gain fiber, as a function of pump power.
A Thorlabs Integrating Sphere Photodiode Power Sensor was used to measure the output power

of the signal laser and a Thorlabs thermal power meter was used to measure the residual pump
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power of the system. The slope efficiency for both fiber lengths were about 3.3%, which is very

low, while the slope of the residual pump power is very high. For 1 m gain fiber more than 60%

of the 1940 nm pump power wasn’t absorbed by TH512 and for 2 m gain fiber more than 50%

was not absorbed. This indicates that the Ho®" concentration of TH512 is not large enough to be

efficient for lasing beyond 2 um. The maximum signal laser power was about 25 mW for both

1 m TH512 gain fiber and 2 m TH512 gain fiber.
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Figure 3.15: The output power of; (a) laser signal with 30 cm gain fiber; (b) laser signal with 60
cm gain fiber; (c) residual pump with 30 cm gain fiber; (d) residual pump with 60 cm gain
fiber, as a function pump power.
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The spectrum of the laser output is shown in Figure 3.16. The center wavelength is at 2048.98
nm and the full width half maximum was measured to be about 0.1 nm with the resolution of

0.02 nm.
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Figure 3.16: The spectrum of laser output operating at 2050 nm.

The amplified spontaneous emission (ASE) of 6.5 m TH512 gain fiber was also measured. The
pumping scheme was the same as described above, with a 1940 nm fiber laser used as the pump.
Since the absorption of 1940 nm for this fiber is not high, most of the output was 1940 nm even
though a WDM was used to separate the 1940 nm pump. The optical spectrum of the ASE is

shown in Figure 3.17. The ASE wasn’t strong and the emission above 2100 nm is weak.
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Figure 3.17: The amplified spontaneous emission spectrum of 6.5 m TH512 pumped by 1940
nm laser.

3.4.2 1210 nm pumping

Since the absorption of Ho®* at 1210 nm is low, 1210 nm pumping source is used to raise Tm**
ions to ®Hs and then with the help of nonradiative decay, the 3F4 energy level of Tm3* ions will
be populated. Two mechanisms can result in emission at 2050 nm: (1) direct F4to ground state
emission can contribute in 2050 nm emission; (2) energy transfer from 3F4 of Tm** to °I; of Ho®*
can populate the °I7 of Ho®* which can emit 2050 nm through the °I7 to ground state transition.
Since the emission cross section of Tm3* is not strong at 2050 nm, we conclude that the main

contribution comes from the °I7 to ground state transition of Ho®".

In this experiment a 1210 nm laser diode mounted on a Newport diode mount was used which
was controlled by a Newport laser driver and temperature controller. Since a 1210/2050 WDM

wasn’t available in the lab, 1210/1950 WDM was used. The cavity was built with 1 m TH512
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and a pair of 2050 nm FBGs. The FBG was SM2000 fiber with acenter wavelength at 2049.7
nm. The full width half maximum of the LR FBG was 1.8 nm with 94.8% reflection. The full
width half maximum of the HR FBG was 1.75 nm with 99.97% reflection. In order to monitor
and measure the residual pump and also the efficiency of the WDM, two different setups were
designed as shown in Figure 3.18. The laser signal output for the setup shown in Figure 3.18 (a)
was out of the signal port of WDM and residual pump out of the HR FBG. In the setup shown in
Figure 3.18 (b) the LR FBG was both the output of the residual pump and laser signal. The
maximum residual pump power measured in the setup shown in Figure 3.18 (a) was about 0.17
mW which is negligible compared to the maximum signal output of 25 mW. This shows that

more than 99% of the pump was absorbed.

1210 nm pump diode 1210 nm pump diode
Q TH512 gain fiber TH512 zain fiber
‘ !:—W—@—W— l Il
LR FBG HR FBG HR FBG LR FBG

(a) (b)

Figure 3.18: Schematic of 1210nm pumped laser setup operating at 2050 nm, (a) signal output
from signal port of WDM; (b) signal output from LR FBG fiber.

The maximum output signal for setup shown in Figure 3.18 (a) was about 25 mW and for the
setup shown in Figure 3.18 (b) was measured to be about 27.5 mW. This simply shows that even
though the WDM wasn’t designed for 2050 nm signal it still has a good coupling efficiency. The
output power of laser signal as a function of pump power for both setups were measured as shown
in Figure 3.19. The pump thresholds for both setups are almost same, ~ 60 mW. The slope

efficiencies for both setups are low due to the fact that the °I7 energy level is not highly populated,
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and the number density of Ho®*" ions is low. As shown in Figure 3.19 (a) the slope efficiency for
the laser setup shown in Figure 3.18 (a) is 6%. Figure 3.19 (b) shows the slope efficiency of
another laser setup to be 6.5%. As shown there is a drop in laser output for the laser setup shown
in Figure 3.18 (a), which can be due to the fact that as the WDM transmits more pump power the
coupling efficiency decreases. In this case the coupling efficiency of the WDM decreased from

more than 92% to about 90% for the 2050 nm laser signal.
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Figure 3.19: The output power of laser signal for (a) laser setup shown in Figure 3.18 (a); (b)
laser setup shown in Figure 3.18 (b).

In another experiment, a bidirectional pumping scheme was used as shown in Figure 3.20. Two
1210 nm pump diodes were used to pump 1 m TH512 from both sides. Both pump diodes were
spliced to two 1210/1950 WDMs in order to pump the gain fiber. Gain fiber was spliced between
a pair of FBGs with center wavelengths of 2050 nm. In the previous experiment, it was shown

that the coupling efficiency of 1210/1950 WDM for 2050 nm light is more than 90%.
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1210 nm pump diode 1210 nm pump dicde

TH512 gain fiber

HR FEG LR FBG

Figure 3.20: Schematic of the laser setup using bidirectional pumping.

Since two pump diodes were used the maximum pump power can go up to about 950 mW. As
shown in Figure 3.21, the maximum output laser power is about 55 mW with a slope efficiency
of 5.8%. As the gain fiber was pumped harder around 500 mW, the signal started fluctuating,
which can be due to the fact that each pump diode was feeding back to the other diode;

nevertheless the slope was same as for the one pump diode scheme.
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Figure 3.21: The signal laser output power vs. pump power for bidirectional pumping.
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In another experiment three different gain fiber lengths of 100, 50, and 25 cm were tested using

the same setup as shown in Figure 3.18 (a).

The maximum output powers for the 100, 50, and 25 cm gain fibers were about 25, 15.7, and
15.2 mW, respectively, as shown in Figure 3.22. The slope efficiencies for the 100, 50, and 25
cm gain fibers were about 5.9%, 3.9%, and 3.7%, respectively, thus the slope efficiency of the
100 cm gain fiber is about 1.5 times greater than that of the 25 cm gain fiber. Another interesting
point is that the threshold pump power for the 100 cm gain fiber was less than for the other two

gain fibers.
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Figure 3.22: Laser output vs pump power for gain fibers with lengths of 100, 50, and 25 cm.
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3.5 Q-switched laser and Pulsed laser operating at 1940 nm

In order to generate nanosecond to microsecond pulses with high energy and high peak power,
Q-switched lasers are usually used. In this section, two different designs for active Q-switched
lasers that were built will be introduced: linear cavity design and ring cavity design. The designs

are grounded on active Q-switching, with the help of an acousto-optic modulator (AOM).

3.5.1 Q-switched Ring cavity laser

The ring cavity setup is shown in Figure 3.23 for 793 nm pumping. In order to pump the 1.6 m
double clad gain fiber, a diode pump was used; a pump stripper was applied to dump the residual
pump in order to protect the AOM. The maximum input average power for the AOM was 150
mW. Once the residual pump was removed, a 50/50 coupler operating at 1940 nm was used as
the output coupler. At a pump power of 2.9 W, the pulse width was 500 ns; the average power as

a function of repetition rate was measured as shown in Figure 3.24.
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Figure 3.23: Schematic of the Q-switched ring laser cavity design.
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Figure 3.24: Average power vs. repetition rate for a ring laser cavity using double clad

w
o
T

Average power (mW)
]
o

—
(=]
T

20 30 40 50

60 70 80
Rep. rate (kHz)

fiber and a 793 nm pump diode.

90

100

44

In another experiment, a single clad fiber was used with the length of 80 cm for another test of

ring cavity using a 1210 nm laser diode as the pump source.
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Figure 3.25: Average power vs. repetition rate for a ring laser cavity using single clad fiber and

1210 nm pump diode.
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As shown in Figure 3.25, the average output power versus repetition rate at pulse duration of 500
ns was measured for a pump power of about 460 mW. The maximum average power was about

1.2 mW for a 100 kHz repetition rate.

3.5.2 Pulsed laser

The linear cavity design was also tested in this experiment. An average of 80 cm long single
clad Tm®*-doped fiber was implemented as the gain medium with a pump diode laser source
operating at 1210 nm. A CW laser was built initially to ensure basic operation as shown in Figure
3.26 (a). The output power, as a function of pump power, was tested and a maximum laser power
of about 165 mW was achieved with a slope efficiency of 41% as shown in Figure 3.26 (c).
However, when an AOM was inserted into the cavity the loss was significant, and no output

power was observed, as shown in Figure 3.26 (b).
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Figure 3.26: (a) CW laser setup linear cavity; (b) Q-Switched laser setup linear cavity; (c) the
laser output as a function of pump power for CW laser setup
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Since AOM which was inside of cavity didn’t work, AOM was placed outside of cavity as shown

in Figure 3.27.

Note that in this configuration there is no possibility of Q-switching; the AOM

is simply being used to make pulses from the CW output.

1210 nm pump diode

Tm doped fiber

Oy,

LR FEG HR FBG

Figure 3.27: Pulsed laser using CW linear cavity and placing AOM outside of cavity.

The table below shows the average output power in pw for different pulse durations and

repetition rates with a pump power of about 460 mW.

f(kHz) 1 5 10 20 50 100
t(ns)

50 20 21 23 27.6 40 60
100 20.5 24 28 37 63 107
200 21.3 28.5 37.6 55.7 112 205
500 24 42 66 111 248 484
1000 29 65 110 202 478 949
Table 3-1: Average iutput power in uW for different pulse durations and repetition rate.
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In this research he linear cavity setup was also tested. The AOM was spliced to the signal port
of the combiner in the linear cavity setup. The schematic design of linear cavity is shown in (a).
The pair of FBGs were working at 1940 nm. The HR FBG was applied after the gained fiber and
PR FBG were spliced to the output of AOM. The gain fiber was the same as the one used in ring
cavity design. (b) shows the average signal power as a function of pump power for the repetition

rate of 15 kHz and the pulse width of 50 ps. a signal output power of 10 mW corresponding to

0.66 pJ was attained.

g )

10¢
;
M
793 nm pump diode S
g 6l
Tm doped fiber E
w 4L
@
=]
u
LR FBG HRFBG 3 2t

Pump power (W)

Figure 3.28:(a) The schematic setup of linear cavity design for Q-switched laser;(b) the average
signal output power as a function of pump power.

The output of linear cavity Q-switched laser was amplified with one stage amplifier which
resulted in a maximum of a few J being obtained. Figure 3.29 shows pulse width and repetition

rate of the output signal. The pulse duration was about 10 ps with the repetition rate of 10 kHz.
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In order to measure the pulse width and repetition rate of the signal a biased free space InGaAs

detector was used.

6
" g A
5
4
>3
>
o 2
=
o
=1
0
. (PR
p '
2
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
time (ms)

Figure 3.29: The pulse width and repetition rate of output signal.

For 20 kHz and 6.7 W pump using Q-switched laser and then amplify it. And 460 mW for

pumping the amplifier the average output power as a function of pulse width was measured.

The setup is shown in Figure 3.30.

1210 nm pump diode

Tm single clad fiber

1940 nm Q-switched laser

B

Isolator

Figure 3.30: The schematic setup of Q swithced laser amplifier
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The average signal power as a function of pulse width is shown in Figure 3.31. The maximum

output power was about 50 mW with the pulse width of 45 ps.
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Figure 3.31: Average power as a function of pulsewidth.
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Conclusion

In this research the history and theory of the fiber lasers together with the results of multiple
experiments on fiber lasers with wavelength in the 2pum region was presented. The Thulium doped
fiber laser operating at 1940 nm using a 790 nm pump source and a 1210 nm pump source was
investigated. In the case of 790 nm pump source Tm>" doped double clad fiber with two different
lengths (1.3 m and 2.3 m) was used as the gain fiber. Based on the experimental setup the efficiency
of the 1.3 m laser was lower than the 2.3 m laser by 3% which was expected as 2.3 m laser wasn't
fully pumped and reabsorption also was observed. It should be mentioned that the pump threshold
for the 1.3 m fiber laser was about 1.6 W while that for the 2.3m fiber laser was about 1.9 W and
the maximum obtained laser power was 5 W for the 2.3 m fiber laser. Tm>" doped fiber laser was
used as a seed laser for a master oscillator power amplifier (MOPA). The wavelength of the seed
laser was 1940 nm and it was amplified by a MOPA. The length of gain fiber was 5-meter Tm**
doped double clad fiber from IX Blue. Different input signal power was demonstrated and the
slope efficiencies of 32%, 33%, and 35% were found for input signal powers of 0.42 W, 0.55 W,
and 0.8W respectively. In the case of 1210 nm pump source, TH512 core active fiber, a codoped
thulium/holmium fiber, was used and the absorption coefficient of TH512 at 1210 nm was found
to be about 75 dB/m and the maximum output of the 1210 nm pump diode was about 500 mW

with a single spatial mode and the slope efficiency of the fiber laser with 30 cm TH512 gain fiber

was about 39% and was 43% for 60 cm TH512 gain fiber.

A fiber laser operating at 1950 nm was also built using coupled diode pump laser at 793 nm. 3.5

m Tm>'-doped silica fiber with a core diameter of 10 m was used as the gain fiber. The efficiency
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of laser was about 37% and the output was stable up to 25 W input pump power. The maximum

obtained signal output was 7.5 W.

Using codoped Tm**/Ho** to build a fiber laser operating at 2050 nm with two different pump
source 1940 nm and 1210 nm. In the case of 1940 nm a 1950/2050 WDM was used to combine
the pump and signal laser. Im and 2m THS512 gain fiber was spliced to the common port of the
WDM. the slope efficiency for both fiber lengths were about 3.3%, while the slope of the residual
pump power is very high. Also, for I m gain fiber more than 60% of the 1940 nm pump power
wasn’t absorbed by TH512 and for 2 m gain fiber more than 50% was not absorbed. This indicates
that the Ho** concentration of TH512 is not large enough to be efficient for lasing beyond 2 pum.
The maximum signal laser power was about 25 mW for both 1 m TH512 gain fiber and 2 m TH512

gain fiber. It is also worth to mention that center wavelength as at 2048.98.

An active Q-switched laser was also built. Two setups of ring cavity and linear cavity were
investigated both operating at 1940 nm. The ring cavity setup was pumped by 793 nm diode laser
and the length o the gain fiber was 1.6 m double clad gain fiber. Using a pump power of 2.9 W,
with the pulse width of 500 ns; the average power as a function of repetition rate was investigated.
For the linear cavity, an average of 80 cm long single clad Tm3+-doped fiber was used as the
gain medium with a pump diode laser source operating at 1210 nm. Different repition rate with
different pulse width were investigated. In the laser experiment, the output of linear cavity Q-
switched laser was amplified with one stage amplifier which resulted in a maximum of a few pJ

output laser withe pulse duration of 10 ps with the repetition rate of 10 kHz.
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