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ABSTRACT

DEVELOPMENT OF A PICOSECOND PULSED MODE-LOCKED FIBER LASER

Yagcl, Mahmut Emre
M.Sc., Department of Physics
Supervisor: Assoc. Prof. Dr. Hakan Altan

January 2013, 55 Pages

Fiber lasers represent the state-of-the-art in laser technology and hold great promise for a
wide range of applications because they have a minimum of exposed optical interfaces,
very high efficiency, and are capable of exceptional beam quality. In the near future, the
most important markets such as micromachining, automotive, biomedical and military
applications will begin to use this technology. The scope of this thesis is to design and
develop a short picosecond pulsed fiber laser using rare-earth doped fiber as a gain
medium. The proposed master oscillator power amplifier (MOPA) will be used to generate
pulses with high repetition rates.

In this study, first we explain the basic theoretical background of nonlinear optics and fiber
laser. Then, the numerical simulation will be introduced to explain how the laser system
design and optimization. The simulation is based on nonlinear Schrédinger equation with
the method of split-step evaluation. The brief theoretical background and simulation
results of the laser system will be shown.

Finally, the experimental study of the developmental fiber laser system that comprises an
oscillator, preamplifier and power amplifier will be discussed.

Keywords: Fiber laser, ytterbium doped fiber laser system, pulsed laser operation, high
power laser.
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PIKOSANIYE ATIMLI KiP-KILITLI FIBER LAZER GELISTIRILMESI

Yagci, Mahmut Emre
Yiksek Lisans., Fizik BOlumu
Tez Yoneticisi: Dog. Dr. Hakan Altan

Ocak 2013, 55 Sayfa

Fiber lazerler, giinimuz lazer teknolojisinin ulastigl en son gelismedir. Bu teknolojinin ¢ok
genis uygulama alanlari olacagi umut edilmektedir bunun sebebi hassas optik parca
gereksiniminin az olmasi, yiksek verimlilik, yiksek 1sin kalitesi gibi 6zelliklerin bu
teknolojiyi 6n plana c¢ikarmasidir. Yakin gelecekte hassas isleme, otomotiv, biomedical ve
askeri uygulamalar gibi en 6nemli pazarlar bu teknolojiyi kullanmaya baslayacaklardir. Bu
tez calismasi kapsaminda, nadir toprak elementi katkill kazang fiberi kullanilarak
pikosaniye atiml fiber lazer gelistirilecektir. Yuksek frekansda yuksek enerjili atimlar elde
etmek icin ana osilatorlt glc yikselteci yontemi kullanilacaktir.

Bu calismada oncelikle dogrusal olmayan optik ve fiber lazer ile ilgili teorik bilgiler
verilmistir. Daha sonra lazer sistemini dizayn ve optimize etmek icin kullandigimiz numerik
simulasyon anlatiimistir. Bu simulasyon dogrusal olmayan Schrédinger denklemini ayrik-
adim teknigi ile cézme Uzerine kuruludur. Simulasyon ile ilgili teorik bilgi ve simulasyondan
elde edilen sonuclar gosterilecektirmistir.

Son olarak da gelistirilen sistem icin yapilan deneysel ¢calismalarin sonuclari gésterilmistir.
Geligtirilen lazer sistemi, lazer salingacl, 6nyikseltec ve gug¢ yikseltecinden olugsmaktadir.

Anahtar Kelimeler: Fiber lazer, yttrebium katkili fiber lazer sistemi, atimh lazer
operasyonu, yiksek giclu lazerler.
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CHAPTER 1

INTRODUCTION

1.1 Brief History of Fiber Lasers

The development of the fiber technology was initiated with the development of the field of
telecommunications. First, the telegraph by Samuel Morse in 1837, then the telephone by
Alexander Graham Bell in 1878 started the rapid development in the communication area.
In 1878, James C. Maxwell opened the way for discovering radio waves by Heinrich Hertz
in 1888 and the first radio was developed by Guglielmo Marconi in 1895. For the first
radios, the bandwidth was about 15 kHz and these days the maximum bandwidth of
wireless communication is around a few hundred MHz. The reason of this limit is that free
space propagation of signals is not suitable for reliable and fast communication links. As a
solution, using a waveguide for light (or information) propagation was proposed but the
development process took longer time. The basic phenomenon responsible for guiding of
light in waveguides is total internal reflection. The first optical fibers were fabricated in
1920s [1-3]. However, these optical fibers did not have a cladding section thus these were
not successful or effective in guiding light. After two major improvements, fiber optics
showed remarkable advancement. First is the development of the cladded fibers in the
1950s [4-7], these types of fibers improved the guidance of light in the core of the fiber by
surrounding it with also a silica cladding. The second improvement was the development
of low loss fibers in 1979 [8]. The host material which is silica has nearly perfect purity for
which Rayleigh scattering and material or infrared absorption at long wavelengths are at
the fundamental limit for optical loss. Fig. 1.1 presents the loss characteristics of silica
based fiber as a function of wavelength [9]. The minimum loss (about 0.2 dB/km) is at
~1.55 ym wavelength. This is the main reason as to why modern telecommunications use
~1. 55 ym wavelength.
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Figure 1.1 Loss characteristic of silica based fiber as a function of wavelength [9].

The developments in optical fibers led not only to advancements in telecommunications,
but also to the birth of a new field, nonlinear fiber optics because the core of the fiber
forced the intense light to travel in a small area for long distances. Hence, in the 1970s,
“studies of nonlinear phenomena in optical fibers such as Raman and Brillouin scattering
were conducted” [10-12], “followed by investigations in optically induced birefringence,
parametric four-wave mixing and self-phase modulation” [13-17]. Soliton-like pulses
supported by optical fibers as a result of interplay between the dispersion and nonlinearity
were first suggested in 1973 [18] and observed experimentally in 1980 [19]. Availability of
rare-earth doped (especially Erbium doped) fibers triggered the invention of the first fiber
laser oscillators. Soliton-like mode-locked fiber lasers [20, 21] were followed by several
other mode-locking regimes; stretched-pulse (dispersion-managed soliton) [22], similariton
[23, 24], all-normal-dispersion (dissipative soliton) [25] and most recently soliton-
similariton [26].

Fiber laser amplifiers mainly based on master-oscillator-power-amplifier design started to
emerge after 1980s. The main factor holding back the high power amplifiers was the
limited brightness of solid state diodes, which made it hard to couple more than ~1 W of
pump power into the core of a fiber to amplify the signal. Solving this problem by using the
double clad design [27] where the pump propagates through the cladding led to high
power pump coupling into the fiber. Today fiber lasers can go up to 10 kW and their power
level is reported to increase by a factor of ~1.7 each year [28]. Beam quality, robustness,
and optical efficiency are important factors for fiber laser to become dominant over other
types of lasers in several industry areas.

In this thesis we constructed a picosecond pulsed ytterbium doped fiber laser source and
amplifier. The fiber laser system is a part of the project whose title is “Developing fiber
laser system for industrial applications of precision micromachining”. Although the purpose
of development is precision micromachining, this application is not discussed in this
thesis. Thus, the only fiber laser system is discussed throughout the thesis.



After the introduction, the next chapter will explain the theoretical background of fiber laser
which includes pulse propagation, mode locking theory, amplification process and main
limitations for fiber lasers. The chapter three will summarize the numerical simulation for
fiber laser that contains an explanation of the numerical method and obtained simulation
results for fiber laser. The chapter four will explained all experimental works during the
development of fiber laser source and amplifiers. The chapter five will summarize all
studies.






CHAPTER 2

THEORETICAL BACKGROUND OF FIBER LASER

2.1  Optical Fibers

Although there are lots of other fiber designs, the simplest one is seen in Fig. 2.1, which is
called as the step-index fiber and composed of a fused silica glass core with a refractive
index of n; surrounded by also a glass cladding with a slightly lower index of n;.

n

2
m Cladding Coating

Figure 2.1 Step-index fiber diagram

Light is guided in the core by total internal reflection at the core/cladding interface. Two
basic parameters of this structure are the index difference, which determines the
numerical aperture (NA) of the fiber as

NA = 2 —n2)'2 2.1)

and the core radius , which determines the normalized frequency (V-parameter) of the
fiber together with the numerical aperture and the wavenumber k, = w/c = 2n /A as

V = koaNA (2.2)

V-parameter is particularly important since it is related to the number of modes that an
optical fiber can support. For single-mode operation, it should be less than 2.405. The
cladding radius is not so important as long as the evanescent field of the light stays within
the cladding.



2.2 Nonlinear Optics

Nonlinear optics defines as a modification of the optical properties of a material when
interacting with light existence. The high intense light is needed to change the optical
properties of a matter. After the realization of nonlinear optics, this phenomenon was
considered as a problem for optical researches, however later turned into the basis of
ultrafast laser technology.

The nonlinearity happens when the response of a material is “nonlinear” with respect to
applied light. For instance, the occurrence of harmonic generation depends on the
intensity of the applied field, i.e. the square of the applied field creates second harmonic
generation, and cube of the applied field creates third harmonic generation as well as
other processes.

Polarization is an important factor in defining nonlinear optics. It will be explained in detail
in section 2.4. The nonlinear wave equation is [29],

pop  LOPE _ 97PM 53
o Mg (23)

where c is the speed of light in vacuum and n is the linear refractive index.
In linear optics, polarization P(t) of a substance is related to the field strength E (t) as [29];
P(t) = eoxE(t) (24)

where y@ is the linear susceptibility of the substance. However, the Equation (2.4) does
not describe the nonlinear response of substances. The electromagnetic wave creates
non-harmonic motion of bound electrons in the substance; consequently, polarization P(t)
is defined the more appropriate equation (2.5) [29];

P(t) = &(x VE®) + xPE2() + YPE3 (D) ...) (2.5)

= Plinear + Pnonlinear (26)

where y® and y® represent the second and third-order nonlinear optical susceptibilities.
In equations (2.5) and (2.6), Pjne.qr, the linear term is the leading factor for the total
polarization of the substance. The remaining terms are the correction elements that are
needed for compensation of intense electromagnetic field on polarization. As we can think,
the propagation of electromagnetic wave in optical fiber is governed by Maxwell's
equations where the wave equation is derived. Nonlinear terms of the polarization can be
also put into the electromagnetic wave equation which is converted to a nonlinear
differential equation that has special solutions (the propagation of the light in optical fibers
shall be explained in later subsections). P®)(t), the second term of nonlinear polarization
creates nonlinear process such as Second-Harmonic Generation, while P®)(t), the third
term of nonlinear polarization creates nonlinear effect such as Kerr Nonlinearity, both of
them shall be examined in detail in following subsections. P®(t) happens in material with
molecular level lacking inversion symmetry (centrosymmetric media), as it is known that



the second term of nonlinear polarization is zero for gases, liquids, most crystals, and
amorphous solids(i.e. glass) due to inversion symmetry. Nevertheless, the third term of
nonlinear polarization can happen both in symmetric and non-symmetric molecular
structures. This difference explains the fact that despite the high optical power, it is not
observed generation of second harmonic in a fiber and free-space laser cavity. Besides, it
also explains why birefringent crystals produce second harmonic generation inside a laser
cavity. Likewise, it is also the reason why the leading nonlinear effect in a fiber laser is the
weaker third order polarization term.

A simple approximation of susceptibility values can be calculated in this way. “The second
order polarization term P®)(t) would be significant enough regarding linear term PM(t)
when the amplitude of the applied field strength E is on the order of atomic electric field
strength E.=ela,’ where e is the electron charge and a,=h/me? is the Bohr radius of the
hydrogen atom (A is Planck’s constant divided by 2T and m is the electron mass).
Substituting the values of physical constants A, m and e from literature, E, is found to be
6.66 x 10° m/V. Thus the second-order susceptibility X(Z) would be on the order of )((1)/ Eat
)((l) is almost unity of condensed matter, so X(z) value for condensed matter is given as”
[29];

x?=2.09x10™ mv (2.7)

“Likewise, x® would be on the order of x"“/ E,° which has a value for condensed
matter” [29];

X¥ =4.2x10% mV? (2.8)

These approximated non-linear susceptibility values give us a prediction why we need
high intensity levels to observe the nonlinear effects in optical media.

In this section, some of parametric and non-parametric nonlinear optical processes will be
examined shortly. It will be also clarified how they can be joined into Equation (2.5), the
total polarization relation. Nevertheless, these nonlinear optical processes are beyond the
scope of this thesis, therefore only the nonlinear processes which include the physics in
fiber lasers will be explained comprehensively in following subsections.

Second Harmonic Generation (SHG):

(@) (b) e
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Figure 2.2 (a) Diagram of SHG. (b) Energy-level diagram SHG.



“In second-harmonic generation two photons at the same frequency w are vanished and a
photon of frequency of 2w is created in a single quantum mechanical process. This is
illustrated in Figure 2.2.a. In Figure 2.2.b, the solid line is the ground state and the dashed
lines are the virtual levels, which represent essentially the combined energy of one of the
energy eigenstates of the atom and of one or more photons of the radiation field” [29]

“In theory a laser beam with electric field” [29];
E(t) = Ee ™t + c.c. (2.9)

is incident upon an optical medium with a nonzero second order susceptibility X(Z) then the
second order polarization term which is produced in such an optical medium is defined by
[29];

P@(t) = gox PE2(t) = 20y PEE" + (gox PE%e 2%t + c.c.) (2.10)

“In Equation 2.10, the nonlinear polarization comprises a contribution at zero frequency
and a contribution of frequency 2w. According to Equation (2.3), the nonlinear
electromagnetic wave relation, contribution at frequency 2w causes the generation of
radiation in the second-harmonic frequency. However, contribution at zero frequency
cannot cause the generation of any electromagnetic radiation because its second time
derivative is zero.”

Sum Frequency Generation (SFG):
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Figure 2.3 (a) Diagram of SFG. (b) Energy-level diagram SFG

Sum-frequency generation is similar second-harmonic process, excepting in sum-
frequency generation the two incoming photon frequencies are different which is shown in
Figure 2.3.a. If the certain photons with electric field E(t) (2.9) is incident upon an optical
medium with nonzero second order susceptibility )((2), the second order polarization term
which is produced in sum-frequency generation is defined by [29];

P(w; + w;) = 260X PE, E, (211



Difference Frequency Generation (DFG):
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Figure 2.4 (a) Diagram of DFG. (b) Energy-level diagram DFG

In difference-frequency generation, two photons with different frequencies are inputs for
the optical medium then the photon whose frequency is difference of incoming photons is
created (Figure 2.4). The generation is explained by the second order polarization term
[29];

P(a)1 - wz) = 2£0X(2)E1E2* (2.12)

To think about the overall process of a second order harmonic generation, suppose a
medium with electric field [29];

E(t) = Ee~'®1t + Ee~'®2t 4 ¢, c. (2.13)

is incident upon a optical medium with nonzero second order susceptibility X(Z). then the
second order polarization term which is produced in such an optical medium is defined by
[29];

P(z)(f) — sox(z)[Elze_Zi“’lt + Ezze—Ziwzt + 2E1Eze—i(w1+w2)t

+2E Eje @170t 4 ¢ ] + 260 ¥ PD[E,Ef + E,E;]  (2.14)

Each of the complex components of the different frequency elements of this second order
polarization term is related to different nonlinear process. First two components represent
the SHG process, third component is the SFG process and the last component is
corresponding to DFG process. Nevertheless, we should pay attention that at same
instant only one of these frequency elements will be supported in an optical medium. This
is because these parametric nonlinear generations require particular phase-matching
condition.



Third Order Polarization:

When the y® term is nonzero, the third-order polarization component in a nonlinear
medium is described by [29];

PA(t) = gox®E3 (1) (2.15)

To generalize the process, one can suppose that the electric field comprising three
frequency elements interact with the nonlinear medium [29];

E(t) = Ee~'@1t 4 EFe~i@2t 4 Fe~i®st 4 ¢ ¢, (2.16)

Nevertheless, inserting E3(t) to the third order polarization term is quite complicated. The
calculated E3(t) includes 44 frequency terms. For this reason, the convenient and
sufficient electric field that has only one frequency term is described as [29];

E(t) = Ecoswt (2.17)

Using well-known trigonometric relation, cos3wt = icos3wt + Zcoswt, the third order
polarization might be considered as [29];

PO = iso)((3)83c053wt + %sox(3)£3coswt (2.18)

The terms of equation (2.18) states different nonlinear process that shall be shortly
explained below.

Third Harmonic Generation (THG):

(@) o
w w
w X(3) » 1.
—_—
3w
e w
3w

Figure 2.5 (a) Diagram of THG. (b) Energy-level diagram THG
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The incident electric field at frequency w produces new frequency component at 3w with
THG nonlinear effect. The first term of the Equation (2.18) represent for this new
frequency component. This term explains third-harmonic generation that is shown in
Figure 2.5. For THG process, the photon at frequency 3w is created by three photons at
frequency .

Intensity Dependent Refractive Index:

The second term of equation 2.18 is related to nonlinear refractive index with the incident
optical field at frequency w. The nonlinear refractive index might be given [29];

n=mngy+n,l (2.19)

“where n, is the linear refractive index and n, is an optical constant that decides the
strength of the optical nonlinearity and | is the intensity of the incident field” [29].

The nonlinear effect is commonly called as Kerr nonlinearity that has great importance in
fiber lasers.

The all nonlinear effects that are introduced above are known as parametric processes. In
parametric nonlinear effects, the quantum mechanical states of the system do not change
after interacting with nonlinear medium. On the contrary, in nonparametric processes, the
first and last quantum mechanical states of the system have different real levels. There
are basically two differences in parametric and nonparametric processes. The parametric
process is defined by a real susceptibility, while the nonparametric process might be
defined by a complex susceptibility. Besides, the second difference is that the energy the
photon must be conserved in a parametric process; on the contrary, the energy of the
photon does not have to be conserved in a nonparametric process. The subsequent two
subtitles are examples of nonparametric processes.

Saturable Absorption:

Absorption coefficient of many substances reduces when high intense laser beam is
incident upon the substance. The phenomenon is known as saturable absorber. The
equation (2.22) is described process where a is measured absorption coefficient and the |
intensity of the incident field [29];

o

11/

(2.22)

“where «, is the low-intensity absorption coefficient and I is the saturation intensity” [29].

Saturable absorption has an important factor in the concept of mode-locking of lasers
therefore the effect of saturable absorber in laser oscillators shall be explained in detail in
Section 2.6.
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Two-Photon Absorption:

Figure 2.6 Energy-level diagram of two-photon absorption.

The two-photon absorption phenomenon (shown in Figure 2.6) is defined that a material
absorbs simultaneously two photons from its ground state to an excited state. Conversely
to linear optics, in the two-photon absorption process the absorption coefficient increases
linearly with laser intensity. The relation can be given as [29];

oc=0®] (2.23)

The coefficient 6® represents the two-photon absorption. Furthermore, the rate of atomic
transition R because of two-photon absorption is related to the square of the optical field
intensity, as it is known that R = ¢l /hw, hence [29];

R = oI 2.24
- hw ( . )
Stimulated Raman Scattering:
(a) b
A
w Raman Ws= W- Wy
e > Ws= W- W,
medium
w1

I

Figure 2.7 lllustration and energy-level diagram of stimulated Raman scattering
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“Stimulated Raman scattering (SRS) shown in Fig. 2.7 and stimulated Brillouin scattering
(SBS) are similar to each other. In these processes, the incident photon at frequency is
annihilated and a photon at the Stokes frequency is created, leaving the atom (molecule)
in an (vibrational) excited state with energy after the scattering, which corresponds to
either an optical (SRS) or an acoustic phonon (SBS). Due to the very limited gain
bandwidth of the SBS process, it is not effective and can be safely ignored for the
broadband optical spectra as required for ultrashort pulse propagation. However, SRS can
be a significant contributor for ultrashort pulses and must, in general, be taken into
account.” [29].

2.3 Dispersion

Dispersion can be defined as the propagation of different frequency components with
different velocities. Mainly there are three types of dispersion; material, waveguide and
modal dispersions. The most dominant one is the material dispersion (or chromatic
dispersion), which arises from the dependency of refractive index n(w) on frequency. This
is related to the characteristic resonant absorption frequencies of the medium. The
Sellmeier equation gives a very successful approximation of the refractive index for
frequencies far from these resonances [30];

m
B;w?
n? =1+ Zﬁ (2.25)

where w; is the resonance frequency and B; is its strength. The resonant wavelengths of
silica are given as 0.0684 ym, 0.116 ym, 9.896 ym with strengths of 0.696, 0.408, 0.897,
respectively [30]. Naturally, there are no resonances in the wavelength range where the
silica fibers are commonly used (0.3-2.0 ym).

Waveguide dispersion occurs since the different frequency components in a waveguide
have different propagation constants along the propagation direction. Modal dispersion is
also similar; different modes in a waveguide have different propagation constants. In
general the effect of modal dispersion is larger than the waveguide dispersion. However, it
does not exist for a single-mode fiber.

Although dispersion is important in fiber optics in general, it is particularly important for the
short pulse propagation, as it is very effective in broadening the pulse. After defining the

dispersion which is related to the propagation constant f(w), we can now write its Taylor
expansion about where the pulse spectrum is centered [30]:

1
B@) = (@) == fo+ ful0 = @0) + 3 fo(@ = @)+ .(226)

Where n(w) = n.rr(w) is the effective index of the fiber and g, = d"B/dw" is evaluated at
= w, . We can write few terms of this expansion, which are of physical significance [30]:

o = = n(@0)o, 227)

8 = %(n(w) tw dn(w)) ng 1

o =9-_ .(2.28)

0
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1 _dn(w) d*n(w)
/32—;(2 1o T2 )wo .(2.29)

Where ng is the group index and v, is the group velocity. Physically, the envelope of a
pulse propagates with the group velocity g while g, represents the dispersion of group
velocity responsible for broadening of the pulse. So B, is known as the group velocity
dispersion (GVD) parameter. Sometimes the dispersion parameter D is used in place
of B,, which are related to each other by the following equation [30]
dp; 2mc _ Ad*n(A)
b= =l
Where A = 2nc/w is the wavelength corresponding to the frequency w.

(2.30)

2.4  Pulse Propagation in Fiber Laser

The process of the pulse propagation in optical fibers is governed by Maxwell's equations
like all other electromagnetic phenomena,;

v.D=p (231)
V.B=0 (2.32)
VXE = 0B 2.33
VXH—'+aD 2.34

In the equations, B and D represent magnetic and electric flux densities, respectively.
Besides, H and E are related to magnetic and electric field vectors, respectively. Free
charges p and current density j disappear, because there are no free charges in optical
fibers. It is known that the magnetic and electric flux densities are related to electric and
magnetic fields and this relation can be defined as;

D=¢E+P (2.35)

B=uH+M (2.36)

where P and M are induced electric and magnetic polarizations, ¢,is the vacuum
permittivity, u,is the vacuum permeability respectively. It is known that M is zero for a
nonmagnetic medium like optical fibers. The use of the mathematical relation V x
(Vx A) = V(V.A) — V24 and calculating the curl of Equation (2.33) gives;

0
V(V.E)—V?E = _E(V X B) (2.37)
Then inserting Equations (2.34), (2.35) and (2.36) we can acquire;
OE oP

VXB= #OSOE—"_ ﬂoE (2.38)
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One can calculate the following equation by substituting Equation (2.38) in (2.37). The
equation depends on E and P only;

, 9°E  9°P
V(V E) —V°E = —ﬂofom - Mom (239)

In homogenous medium, V. E is zero due to no free charge in the medium. Besides, use of
the equality u,e, = 1/c?, one can simplify the Equation (2.39) to the wave equation;

1 0%E 0°P

2p " — -
VE - = Hoa (2.40)

While solving this equation for the fiber modes, we assumed that the nonlinear part of the
polarization is small and ignorable. This is acceptable for calculating the fiber modes but
for short pulse propagation we have to include the nonlinear part since the intensity at the
peak of an ultrashort pulse can be extremely high. When only the linear polarization is
considered, it is straightforward to take the Fourier transform of the wave equation and
write it in frequency domain. However, if the nonlinear part is included, this is not an easy
task. Before starting to solve the equation, we have to assume that the polarization
response of the medium is instantaneous. This is a good assumption for the electronic
response because the reconfiguration time of an electron cloud is <1fs. However, the
vibrational response can be quite slow (~60 fs for Raman scattering) and will be included
later in this section.

In general, polarization can be written in terms of the powers of instantaneous electric
field;

P(r,t) = s(x VE@,t) + xPE(r,6) + YPE3(r,t) .. ) =P, + Py, (241)
\ NG J
L PNLY

“The electric field has a time structure that has a rapidly and slowly varying component.
The slow timescale is the width of the pulse, which is typically on the order of 100 fs. The
fast timescale is the optical cycle, which is on the order of A/c = 3 fs. Hence it is useful to
separate the timescales of electric field and polarization components in the form” [29];

E(r,t) = %x[E(r, Dexp(ifiyz — iwot) + c.c.] (2.42)

= %x[F(x, V)A(z, t)exp(ifyz — iwyt) + c.c.] (2.43)

P, (rt) = %x[PL(r, t)exp(ifyz — iwyt) + c.c.] (2.44)
Py,(rt) = %x[PNL (r, Oexp(ifoz — iwgt) + c.c.] (2.45)

“Only the real part of the above equations is physically relevant, hence complex conjugate
parts will not be stated anymore. Here, x is the unit vector perpendicular to the
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propagation direction, which can be ignored because of the assumption that the
polarization is maintained during the propagation through the fiber. E(r,t) and P,y (1, t)
are the slowly varying envelopes of the corresponding components. For future
simplifications, the dependencies on x and y (modal pattern) from that on z and t
(propagation) are separated. This is appropriate because the transverse mode structure in
the fiber is to first order independent of propagation length and time. The quickly varying
parts in both z and t are expressed as a plane wave that propagates in the z-direction and
in a medium with effective index n” [29].

From the Equation (2.41), nonlinear polarization can be defined by using the fact y® =0
for optical fibers [30, 31]

Py (r,t) = gy, (r, )E(r, t) (2.46)

where the dielectric coefficient is assumed to be locally constant with a value of [30];

= 3 3 2
eny (1, 0) = X PIE(r, ] (2.47)

When using the slowly varying amplitude E(r,t) assumption to get the wave equation, it
is convenient to work in the Fourier space. Nevertheless, we know that ¢y, has intensity
dependence hence we cannot apply a Fourier transform. For this reason, we have to
make perturbative assumption of P,. The assumption is that the dielectric coefficient is
assumed to be locally constant value. Substituting Equations (2.42) through (2.45) in
Equation (2.40), the Fourier transform E(r, w — w,), defined as [30];

E(r,w —wy) = f E(r,t) expli(w — wy)t]dt (2.48)
is found to satisfy the Helmholtz equation [30];
(,()2 ~
(!72 + ey, (1, @) c_2> E(r,w)=0 (2.49)

where the dielectric relation defined by [30]
ew)y=14+¢, +¢&y, (2.50)

By means of separation of variables method, one can solve the Equation (2.49). The form
of the solution is as [30];

E(r,w — wy) = F(x,v)A(z, w — w,) exp(ikyz) (2.51)

Equation (2.51) is the Fourier transform of Equation (2.43). it is supposed that A(z, w) and
F(x,y) are two part of the slowly varying function. A(z, w) defines the pulse propagation
and F(x,y) defines the modal pattern in the fiber. Additional calculations give two
equations for F(x,y) and A(z, ) [30];
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9*°F °F w?
W+a_}/2+[£(w)c_z_ﬁ (w)]F=0 (252)
04 -
2iBy =+ (B*(w) — B3)A =0 (2.53)

In the second equation, we can neglect the first term with the second derivative because
A(z,w) is supposed to be propagation part of the slowly varying function. The first
equation must be solved in order to find the fiber mode distribution and propagation
constant f,. Inclusion of nonlinear polarization term has no effect on F(x,y) but is slightly
modified S, as follows, additional calculation might be found in [30, 31]. The dielectric
function in Equation (2.52) can be approximated as [30];

e(w) = (n(w) + An)? = n? + 2nAn (2.54)

where An is the nonlinearity of the refractive index, the absorption & and gain g in the fiber
implicitly embedded into as [30];

ia(w) — g(w)

An = n,|E|? + 2k

(2.55)

The nonlinear refractive index leads a corresponding nonlinear term in the propagation
constant, which can be expressed as [30];

B(w) = B(w) + AB(w) (2.56)
and calculated from

w?n(w) [ [ An(w)|F(x,y)|*dxdy
c2B(@) [ [T |F(x,y)|2dxdy

AB(w) = (2.57)

Only single-mode fibers are taken into consideration here and we can think about the
F(x,y) corresponding to the modal distribution of the fundamental fiber mode HE;; shown
as [30];

F(x,y) =Jo(pp), p=+x*+y?><a (2.58)
inside the core and;
F(x,y) = ya/plo(pp) expl—q(p —a)], p=a (2.59)

outside the core. We should note that the shape of the fundamental mode is very similar
to a Gaussian so in practice it is generally approximated by a Gaussian function in the
form of

F(x,y) = exp[—(x? + y?)/w?] (2.60)
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Inserting Equation (2.56) into Equation (2.53) and then rewriting Equation (2.53) by using
the assumption that f(w) and B, are very close to each other so we can use f%(w) —

§ = 2Bo(B*(w) — Bo) [30];

0A

5, = [1B@) +88(w) = BolA (2.61)

Now, if we write Taylor series expansion of 8 (w) about w, ;

1 1
B(w) = Py + (w0 — wo)fy + 2 (w = wo)*B, + g(w — )Pz + (2.62)
where g, = B(w,) and,

d"g

dwn wW=wqo

B (m=12.) (2.63)

“The cubic and higher-order terms in the expansion are negligible if the pulse duration is in
the ps-range. For femtosecond pulses however, third-order dispersion has to be taken into
account.” inserting AB(w) and B(w) into Equation (2.61) and then taking the inverse
Fourier transform it by using [30];

A(z,t) = %fmff(z, w — wy) exp[—i(w — wy)t] dw (2.64)

gives the following equation for A(z, t);

04 9A iB,d%A

92 " Prart g gr = 10k (2:6%)

Finally, we can insert AB, obtained from Equation (2.57) so that;

04 L g A IBOA @ oAl 2.66
9z " Prar Tz aer T20 T e (2.66)
The nonlinear parameter y is described as ;
n,(w
_ 2(Wo)wo (2.67)
CSesr

where the effective area S, can be found from the modal distribution function of an
optical fiber. Note that if is approximated by a Gaussian function, then effective area is
simply S.;; = nw?. Typically, S, ranges between 1-100 um?in the 1.5 um region.

The Equation (2.66) can further be simplified by a coordinate transformation. If the
retarded time is used instead of the proper time [30];
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6A+i'8262‘4+a,4—'( )IA|2A 2.68
9z " 2 arz T 20 T @ (2.68)

whereT =t -2 =t —p,z.
Vg

“Because of the resemblance of this equation it is called the nonlinear Schrodinger
equation (NLSE) and is used to describe the propagation of ps-range pulses through
optical fibers, taking into account chromatic dispersion by B,, fiber losses by a and fiber
nonlinearities by y”.[29]

“It is useful to introduce two length scales, dispersion length Lp and nonlinear length Ly,.
This makes it possible to compare the relative strengths of effects over the propagation
distance. These lengths are defined as” [30];

T2 1
LD = E, LNL = ‘}/_130 (2.69)

Here T, is the initial pulse length and P, is the pulse peak power. Rewriting equation 2.68
with these new parameters leads to [30];

6a+i L62a+a L al? 270
9z " 21,002 T 24T, M (270)

where the absolute square of the field now gives power instead of intensity, through the
transformation a(z,t) = A(z,t)/./Sess-

After this point, we will develop the NLSE a bit more by adding the third-order dispersion
(TOD) term, which becomes significant for extremely short pulses (<100 fs). In addition,
the spectrum of a short pulse can be wide enough that the Raman scattering will transfer
energy from high to low frequency components within the pulse, which is called the self-
frequency shift. The next few pages in this section will deal with the extension of the NLSE
to include these effects.

“For pulses with a wide spectrum, the Raman effect can amplify low-frequency
components of a pulse by energy transfer from the high-frequency components of the
same pulse. As a result of it, a red-shift of the optical spectrum of the pulse, a feature
referred to as Raman-induced frequency shift takes place. To include this effect, one
needs to re-evaluate the nonlinear polarization as given in equation (2.40). Any y@®
related effects are still neglected, as they require phase matching. The scalar form of
nonlinear polarization is given by” [30];

_3% @ ’ 2
PNL (T, t) - TXxxxxE(r' t) R(t - tl)lE(rr tl)l dtl (271)

including the delayed response of the polarization by the response function R(t) such that
ffow R(t)dt = 1. After some calculations, the following result can be obtained [30];
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aA+0(A+iﬁzaz‘4 P 0’4 _, |A|2A+i a(|A|2A) TR A
2 207 22 " saee Y w, dT R

dlAl*
ar

(2.72)

where Ty is the first moment of the nonlinear response function given by Tz = f_ww tR(t)dt.

The term B; with is responsible for third-order dispersion, wg* term is for self-steepening
and shock formation and Ty is for the self-frequency shift. Experimentally, it was found
that T, = 3 fs around 1.5 um wavelength.

There is a simple solution to this equation if 3,. is assumed to be negative (i.e. anomalous
dispersion). This solution is called as “soliton”, which was first observed in 1834 by Scott
Russell in water waves propagating with undistorted phase over several kilometers
through a canal [42]. Assuming no losses, Equation (2.68) can be written in the following
form

0A A2A iB, 0%A 273
— = iy(@o)lAlPA - = (273)

Here, we are searching a solution such that it will preserve its shape while propagating
through the fiber. After some calculations, it can be verified that a hyperbolic secant
function satisfies this condition: [30];

1521 T
1AD)] = ’y—TOzsech (T_o) (2.74)

2.5 Amplification in Rare-Earth Doped Fibers

Optical gain through stimulated emission is a key ingredient of any laser. By doping the
core of a fiber with suitable types of atoms, it is possible to obtain lasing at selected
wavelengths. For certain applications like medicine, metrology, etc. where the eye-safe
region (1.4-2.1 ym) is preferred, dopants such as erbium (1.5 ym), thulium (1.9 ym) and
holmium (2.1 ym) are suitable. However, if pure power is required such as in material
processing, the most suitable dopant is ytterbium (1.06 ym) because of its small quantum
defect. Also Yb ions have a single excited state, which means it is relatively immune to
excited state absorption and self-quenching, thus Yb can be doped in higher
concentrations. Depending on the energy levels of the dopants, lasing schemes can be
classified as a three-level (like Yb) or four-level (like Er) scheme (Fig. 2.8). In either case,
dopants absorb pump photons to reach an excitation stage and then relax rapidly into a
lower-energy excited state. The lifetime of this intermediate state is usually long (~1 ms for
Yb, 10 ms for Er), and the stored energy is used to amplify incident light through
stimulated emission. The difference between the three and four-level lasing schemes is
the energy state to which the dopant relaxes after a stimulated-emission event. For a
three-level case, the dopant ends up in the ground state, whereas for a four-level case, it
ends up in an excited state.
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Figure 2.8 Energy-level diagram of three and four level lasing model.

Optical pumping creates the necessary population inversion between the excited and
lower energy states and provides the optical gain as given by [32]

glw) =—I= = Iss (2.75)
1+ 2 1+
Esat Psat

where g, is the small signal gain at the peak of the gain spectrum, w is the frequency of
the incident signal, and P is the optical power of the signal being amplified, Py, is the
saturation power, E,,; is the saturation energy, 7 is the gain relaxation time.

The actual gain spectrum of a fiber laser can deviate significantly from the Lorentzian
profile. The shape and the width of the gain spectrum are sensitive to core composition
(i.e. the amorphous nature of the silica and the presence of other co-dopants such as
aluminum or germanium). The measured absorption and emission spectrums of a Yb-
doped silica fiber can be seen in Fig. 2.9.
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Figure 2.9 Absorption and emission cross section of Yb-doped silica glass [34].
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Incorporating the gain term into the NLSE given by Eq. 2.68 is not an easy task, however
comprehensive theoretical background and detailed derivation can be found in [32, 33]
.There is more than one possible approach to modeling this effect, but a reasonably
broadly applicable, yet simple result is given by

6a+i( +_T2)62a+a—g
o, TP W) gt

a = iy(wy)lal?a (2.76)

where T =t — B,z is the reduced time. The T, term accounts the decrease in gain for
spectral components of the pulse far from the gain peak. Note that the gain is simply
added near the loss term with the inverse sign. However, the dispersion term is slightly
modified by the “gain dispersion”, which is caused by the finite gain bandwidth of the
doped fibers. This equation, with the addition of saturable absorption (of the form |a|?a )
would constitute the so-called “master equation of mode-locking” [35].

2.6 Mode Locking Theory

“Mode-locking a laser leads to ultra-short pulses with duration of a few-ps or less. For this
purpose a phase relation between the many longitudinal modes which can exist in a laser
cavity should be found. In this section, the principle of only passive mode-locking will be
introduced using an artificial saturable absorber, as this is the method implemented in the
ytterbium-doped fiber laser used in this thesis. This subsection is based on [36, 40] and
comprehensive theoretical background and detailed derivation can be found in these
references.”

Mode-locking is, in simplified terms, to induce a fixed phase relationship between the
longitudinal modes of a resonant cavity. There can be many modes in a ring cavity, which
satisfy;

nl, = 2L (2.77)

where L is the length of the ring cavity, n is the mode number and 4,, is the corresponding
wavelength. Interference between these modes produces pulses, which can be as short
as femtoseconds depending on the number of the modes involved. Of course this is
related to spectral width of the pulse as it can be seen from the relation above. The total
electric field in the cavity can be written in terms of the fields of separate modes as;

B =) Byt =) Epyelnion, Eop = |Enletn  (278)
n n

where E,, is the complex amplitude of the n-th mode and ¢, is the phase. For simplicity
let's assume the amplitude of all modes are the same (i.e. square shaped spectrum).
Then we can write the intensity as;

I(2,6)  E(z, OE" (2,t) = |E0|ZZN ZN ei(¢n—(¢m>(m—n)n(§—t) (2.79)
n=1 m=1

where the frequency difference between two consecutive modes is defined as

22



e
0= wnyy —wn = (2.80)

For the mode-locking condition, all of the modes should have a fixed phase relation. Then
we can write the intensity in a simpler way;

. N N , af?
1(2,6) % E(z,)E* (2, t) = |Ey|2ei% Z Z ¢im-ma(Z-t) (2.81)
n=1 m=1
The term in the summation will be equal to unity for the following condition:
Z
Q (E_ t)=2mj & z—ct=2Lj, j=012,. (2.82)

where j is an integer. In this case, the intensity is the maximum, which means that a
pulse is formed with;

Lnax = N2|Eo|? = NI, (2.83)

The temporal and spatial separation of neighboring pulses can be derived from Equation
(2.84) as;

Az=2L, At=—=T (2.84)

This means the intensity maxima repeat with the roundtrip time T of the laser resonator
and there is only one maximum inside the cavity at any time. The peak of the pulses is
proportional to N°. We can also calculate full-width-half-maximum (FWHM) of the pulses;
the superposition of N modes is assumed to be similar to the interference of N planar
waves at a fixed time = 0 . Using geometric series;

sin? (N—Q t)

0=k sin? (7 t)

(2.85)

Sl

The FWHM of the pulses can be derived from the above equation, which yields a pulse
width decreasing with the number of modes, as expected;

120 1
= =_T (2.86)

1
I(AT) = El‘max d T = NT N

The fixed phase relation between the superposed modes can be achieved by creating a
modulated gain (or loss) in the cavity with frequency Q. All the techniques for mode-
locking rely on this principle. Due to this modulation, the electromagnetic field in the cavity
gets additional time dependence;

E.(z,t) = (Eon + EM%cost)eknz-tont (2.87)

23



. 1 . . . ;
— [Eo‘ne—twnt + EE‘I"rand (e—lﬂt + eLQt)e—Lwnt] elknz
. 1 . . .
— [EOne—lwnt + _Er‘rlnod(e—twnﬂt + e—Lwn_lt) etknz
’ 2

From this equation, it can be seen that the time dependence in every mode induces
sidebands whose frequencies coincide with the frequencies of neighboring modes. Since
this is valid for the total bandwidth, phase synchronization, so called “mode-lock”, between
all longitudinal modes is achieved. There are several methods to create the desired gain
or loss modulation in the resonator in order to achieve mode-locking, but in general giving
loss is the easier and preferred one. These methods are mainly divided into two
subgroups; active and passive mode-locking. For active mode-locking, generally (acousto-
optic or electro-optic) modulators are utilized, while for passive mode-locking, saturable
absorbers are used. As a saturable absorber, usually nonlinear polarization evolution
(NPE) is used. Since the polarization rotation (due to Kerr effect) at the peak of a pulse
will be higher than at the wings, it is possible to selectively pass the peak of the pulse
through a polarizer beam cube (PBS) by carefully controlling the polarization so that NPE
acts as a saturable absorber. The saturable absorber favors the pulse formation since the
phase locked modes experience a lower loss. However, for the relevance of this thesis,
only a special case of passive mode-locking will be explained in detail in the subsequent
part.

In order to obtain passive mode-locking process (for detail see [41]), the nonlinear
element creates mode-locked lasing process more convenient than continuous-wave (cw)
lasing process that presents a lower optical efficiency at low power levels so that the short
pulse which has higher peak power experiences more net gain.

When the orthogonally polarized elements of one pulse propagate inside an optical fiber,
the use of change of intensity dependence in polarization can create mode-locked fiber
lasers. The polarization of the pulse center changes more than the wings of the pulse that
has lower intensity.

WDM SMF Yb-fiber
0.5m \
Isolator =SFLE \
Pump diode Coupler D
5% ;
_Coupler \
Collimator PBS Collimator /
=] e — 30%
5] 5|
QWP QWP HWP
Free space

Figure 2.10 Schematic of a fiber ring laser mode-locked via NPE
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Mode-locking with the nonlinear polarization evolution process might be realized when
one think about the concept of ring fiber configuration as shown in Figure 2.10. After
passing through the polarizing beam splitter (PBS), the polarization state of the pulse is
linear. The pair of polarizing beam splitter and quarter-wave plate creates slightly elliptical
polarization state just before entering the optical fiber. When the pulse propagates in the
fiber, Kerr effect nonlinearly manipulates the polarization state of the pulse. After the
optical fiber segment, the change of polarization state will be maximum at the center of the
pulse. After passing through the pair of quarter and half wave plate, the polarization state
of the pulse center will be linear, “so the center of the pulse passes through the PBS cube
and the wings are reflected out of the cavity through the nonlinear polarization evolution
(NPE) port.” The total overall influence of the waveplates, PBS cube and fiber segment is
shortening of the pulse after each round trip, with the PBS effectively acting as a saturable
absorber.

2.7 Main Limitations for Fiber Laser Oscillators an ~ d Amplifiers

In this section, we will present the factors that mainly limit the high power designs. In fiber
lasers, light is strictly confined in the core region and propagates for long distances
(several meters) in a nonlinear medium compared to other solid state lasers. So it is
understandable that the nonlinear effects are the main concerns in high power fiber laser
design, coming before the material damage or thermal problems.

Stimulated Raman scattering (SRS) is the most important nonlinear effect, which severely
limits the performance of a high power system. As explained before, SRS involves
conversion of an incident photon to a lower energy scattered photon and an optical
phonon. This effectively extracts energy from the main pulse and generates a Stokes
wave at a downshifted frequency. The basic equation governing the Raman process is
[30]

dl
a7 = 9rWDls (2.88)

Where I; is the Stokes intensity, I, is the incident pump intensity, and is g the Raman
gain coefficient, which is a function of the frequency difference Q between the pump and
Stokes waves. Raman gain coefficient is fundamentally related to the imaginary part of the
third-order susceptibility X®. Fig 2.11 shows the Raman gain spectrum for silica as a
function of Q.

For silica, the Raman spectrum is a continuum because of its amorphous structure unlike
many media where the Raman shift occurs in specific frequencies. The peak of the
Raman gain, 10™ m/W, occurs around 13.2 THz. This means that for a 1060 nm pump
wavelength, the peak of the Stokes wave will be around 1120 nm. If we integrate Eq. 2.88,
we get [30]

I = I;(0)exp(grlpL) (2.89)
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Figure 2.11 Raman gain spectrum for silica at 1 um wavelength [30].

From here we can deduce two important results. First, the Stokes wave grows
exponentially with the pump intensity and the length of the fiber L, hence so at some point
SRS will set a fundamental limit to the achievable power of the system. Second, Stokes
wave needs an initial intensity I;(0) in order to be strengthened. If there is no signal in
Stokes frequency, it will grow from the quantum fluctuations in the cavity. Assuming a
single photon in each mode of the cavity, the following relation can be obtained [30]:

gRPcrL
Acsr

=16 (2.90)

Here P, is the critical incident pump power where the Raman threshold is reached and
defined as the power at which the Stokes power becomes equal to the pump power at the
fiber output.

Another important effect not describe previously is stimulated Brillouin scattering (SBS),
and it is similar to SRS. It is also related to the third-order susceptibility X® and can be
effective at very low powers if the conditions are suitable. SBS is basically conversion of
an incident photon to a scattered photon with slightly lower energy and an acoustic
phonon. Due to the phase-matching requirements, the scattered photon travels in the
opposite direction of the incident photon. For silica, this is on the order of 10 GHz with a
bandwidth of 10 MHz. It is also possible to write an equation for the Brillouin threshold
similar to Eq. 2.90 [30],
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where g is the Brillouin gain with a peak value of 5x10™ m/W This is a relatively larger
value compared to the Raman gain indicating a smaller onset time for SBS. However,
because of its small bandwidth, SBS can only be effective for very narrow-spectrum
pulses like the ones form a single-frequency laser. For pulses shorter than 10 ns, SBS is
negligible. Also, there are some techniques to suppress SBS. Since it is sensitive to the
phonon velocity, nonuniform heating of the fiber throughout its length will help by changing
the phonon velocity. Actually, in an amplifier this is the case; the entrance of the fiber
where the pump light is injected has significantly higher temperature than the output end.

Bulk material damage threshold of silica is one of the important parameters to keep in
mind while designing a high power fiber laser. In literature, one can find many values for
this threshold. Also, pulse duration and doping level have effects on this value, which
makes things more complex. In general, it is safe to assume a value of 100 GW/cm? for a
1 ns-long pulse, which is inversely proportional to the square root of the pulse duration.
For CW operation, the damage threshold approaches to 10 GW/cm?. For doped fibers half
of these values should be used.

Surface damage threshold of silica is much smaller than the bulk damage threshold.
Again, there is no agreement about its value however taking it as five times smaller than
the bulk damage threshold is a reasonable estimate. This means that the fiber ends are
much more sensitive to optical damage than the bulk fiber itself. In high power designs, it
is customary to use end-caps in order to increase this threshold level.

Self-focusing is a phenomena occurring at extremely high powers. The guided light
focuses onto itself because of the index profile created by the intense electric field. The
critical power can be estimated from [30]

0.154%
16

P, =
cr nonz

(2.92)

where nyis the refractive index and n, is the nonlinearity coefficient. For silica, the critical
power for self-focusing is around 4.5 MW at 1 ym wavelength.

Core fusing (or fiber fusing) is a catastrophic damage induced by a defect point, which can
occur at power levels as low as few watts. This defect point can be inside the core as well
as a dust particle at the tip of a fiber. At this point, a hot plasma forms and travels in the
backward direction with a relatively slow speed (~1 m/s), even detectable by eye. It is
especially dangerous in telecommunication systems where kilometers of fiber may be
destroyed by this process. It is also important for the high power systems since it is an
unpredictable event, which may damage the other parts of the system.

Finally, photodarkening is the increase of optical losses by formation of color centers.
Although the absorption occurs mainly in the visible region, its extension into the infrared
region may severely drop the performance of fiber lasers operating in the 1-2 ym band.
The formation of color centers becomes easier in the presence of large diameter atoms
(like rare-earth atoms such as Yb) and their number rapidly increases by the collaborative
action of excited Yb ions. As a result, lowering the doping level is an efficient way to
reduce photodarkening rate. Co-doping with certain ions like phosphorus also helps.
Photodarkening is a reversible process that can be cured by annealing the fiber at ~300
°C but the coating will be destroyed during this process.
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CHAPTER 3

NUMERICAL SIMULATIONS

3.1 Method of Numerical Simulation

In this chapter, Method and results of the numerical simulation software which was
developed by ultra-fast optic (UFO) group in Bilkent University is explained detail.
Theoretical background of the simulation is based on solving nonlinear Schrodinger
equation (NLSE) by the split-step Fourier method. It includes the effects of second and
third-order dispersion, linear losses, saturable gain and nonlinear effects such as gain
dispersion, Raman scattering, self-phase modulation, saturable absorption and band-pass
filter effects. The initial pulse assumption is to start from noise or a Gaussian profile. The
simulation runs over many roundtrips until a steady state solution is reached. NLSE
containing all of these effects is shown in equation (3.1)

%+i(ﬂ2+igr§)62a_éﬁ+a—ga
0z 2 or’ 6 dr° 2

. 2 i 0 2 6|a|2
=iy||a a+——(a] a)-T,a——
I as (e ) Tall

(3.1)

Two newly defined operators are introduced in order to make this equation more
convenient;

O O
% =(D+N)a (3.2)

where the differential operator (D) represents the linear dispersion and absorption terms
and the nonlinear operator (N) represents all nonlinear effects during pulse propagation.
These two operators are defined by;

0 i(B, +igry) aza_&a_anra—g

D= e .
2 ar’ 6 dr° 2 53
N =iy o ae =2 (o -1, 0202 (3.4
@, 0T " oar '

The split-step method assumes that the fiber is divided into small pieces of fiber, each with
length h. The approximate solution of the split-step Fourier method is reached by
assuming that pulse propagation over small pieces is achieved in three steps. First, the
pulse propagates over half the distance with only dispersive effects. Then, in the middle of
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the section, nonlinearity is applied after which the pulse propagates again half the
distance with only dispersive effects (Fig. 3.1).
Mathematically,

a(z+h,7) Dexp(g B) exp(h ISI) exp(g B)a(z, T) (3.5)

The terms with can be evaluated in Fourier domain much more easily:

exp(g IID))a(z, r)=F" exp(g IID)(i a))j F.a(z7) (3.6)

Dispersion  Nonlinearity

only only
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<
< >
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Figure 3.1 illustration of split-step Fourier method used for numerical simulations

S

where F; denotes the Fourier transform operation. Since D(iw) is just a number in the
Fourier space, the evaluation of Eq (3.5) is straightforward. This is why the split-step
Fourier method is order of magnitude faster than methods like finite difference.

A screenshot of the simulator interface is shown in Fig. 3.2. The parameters to be entered
into the simulator are listed in Table 3.1. “The initial pulse shape can be one of the pre-
defined pulse shapes ranging from Gaussian pulse shape to noise. Each segment of the
laser cavity should be configured separately. The saturable absorber (SA) is implemented
at the end of a segment, by converting the total nonlinear phase shift accumulated over
the round trip into an amplitude modulation. The semiconductor and NPE saturable
absorbers are modeled in the simulation as”

(3.7)
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where and are the intensities before and after SA, is the modulation depth and is the
saturation intensity of the SA. Gain saturation is also taken into account as
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Figure 3.2 Screenshot of the simulator user interface
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Table 3.1 Numerical parameters needed for the simulator

Time window length Number of data points for discretizingtime

Parameter

Initial pulse width [fs] Actual length of the pulse corresponding to a # of data
points
Initial pulse length # of discrete points representing the FWHM of initial pulse

Total # of passes # of passes to be made over the entire sequence of

segments
# of integration steps # of discrete steps taken per each page per segment

Save every N pass, N # of roundtrips afterwhich data is savedto file

Power [W] Actual power corresponding to unitsize of power

Central wavelength [nm] The central wavelength of the lightused for simulation
SETELR G I EER T R 5 B Parameter characterizing the strength of the Raman effect
OB EL RO ER G EEEVEL B # of segments each fiber sectionis divided into

Length [cm] Physical length of the segment
GVD [fs¥mm)] Second order dispersion parameter
TOD [fs*/mm)] Third order dispersion parameter
LG M R R L v B The Kerr nonlinearity coefficient

3G CR G ERETEER T G B Effective mode area for the propagating beam

Unsaturated gain [dB] Small signal gain ofthe amplifier
Gain bandwidth [nm] Finite gain bandwidth for parabolic approximation
Effective gain sat. energy Saturation energy in arbitrary units for the gain

O TN BT T ER TR GRS Adds an output couplerto the end of the segment
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3.2 Results of Numerical Simulation

The study of numerical simulations are conducted to obtain information about the
dynamic properties of the pulse throughout the laser cavity, beginning with fiber laser
oscillator, fiber stretcher, preamplifier and power amplifier. The simulation was done with
two parts. In the first part, we simulate oscillator that is responsible for pulse generation
and in the second part, the simulation run for pulse propagation outside the oscillator.
After obtaining pulse characteristics of the oscillator from the simulation, this simulation
result was used as the initial condition for the pulse propagation outside the oscillator such
as fiber stretcher, the preamplifier and the power amplifier.

The subsequent parameters used for the oscillator fiber segments: g, = 24.18 fs?/mm
B3 =7632 fs3/mm ,n, =2.3x10 "% cm?/W. The effective mode area for the single
mode fiber and gain fiber was 25 pm® and 23 pm?® respectively. For the oscillator
simulation scenario, there are three main section which are the in-fiber propagation,
saturable absorber that describes NPE and a Gaussian-shaped band-pass filter with 10
nm bandwidth (both of which are modeled as transfer functions, in time and frequency
domains, respectively). The numerical Simulations are conducted until the laser cavity
reaches a stable solution within certain number of round trips. The numerical result was
checked by increasing the sampling resolutions. The following figures 3.3 and 3.4 display
the simulation results for the oscillator with total cavity GVD of 0.16 ps®, Eg, = 1.1 nj and
Jo = 30 dB. Besides, the simulation results of the fiber stretcher and power amplifier are
shown in figures 3.5 — 3.8. The lengths and positioning of the fibers are as used in the
experiments. The combined action of gain, nonlinearity, normal dispersion, and spectral
filtering leads to linearly chirped optical pulses with a spectral profile that develops the
steep and structured edges characteristic of self-phase modulation (SPM).
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Figure 3.3 The simulation result of pulse width the oscillator output.

33



10F -
~ 0.8F \_J 7
:. o
. 0.6F -
204} -
%2) | AN =16.4 nm
c
QL 02F Ac= 1062 nm 7
E b

0.0

1050 1060 1070

Wavelength (nm)

Figure 3.4 The simulation result of the oscillator output spectrum
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Figure 3.5 The simulation result of pulse width of the fiber stretcher.
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Figure 3.6 The simulation result of pulse width of the power amplifier
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Figure 3.7 The simulation result of the fiber stretcher output spectrum.
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CHAPTER 4

DESIGN AND IMPLEMENTATION OF FIBER LASER SYSTEM

In this chapter, design and implementation studies will be explained during the
development of this fiber laser system. The laser system used for this study is based on a
MOPA (master oscillator power amplifier) configuration. The basic idea behind the MOPA
is that a fiber laser system is divided into a seed laser and a laser amplifier which
increases the output power. In the first part of this chapter, the seed laser is explained and
in the second part the amplification system will be described in detail.

4.1 Seed Laser Source

Short-pulse, high-power fiber lasers has been used in many areas such as scientific,
biomedical and industrial, applications. “Especially, the use of short-pulsed fiber lasers in
material processing is promising due to their simplicity, low cost and ease of use. For
precision micromachining, surface texturing, pulsed laser deposition, and marking,
typically relatively low power (<20 W) pulsed fiber lasers are utilized. The pulse durations
and repetition rates range from 100 fs to 100 ns and from 20 kHz to 100 MHz,
respectively” [46].

The purpose behind the development of this laser is precision micromachining. This
purpose gives the initial point for determining some laser parameters such as pulse
duration, pulse energy and repetition rate. It is well-known that nanosecond pulsed lasers
are not appropriate for precision micromachining because of excessive thermal damage to
the material [43-45]. For these applications lasers typically have pulse energy on the order
of a few mJ and repetition rate in the kHz range. From references [43-45] point of view,
the desired seed source parameters are determined to within picosecond pulse duration
and MHz repetition rate. . As a result, the seed laser is chosen as a passively mode
locked laser oscillator with nonlinear polarization evolution (NPE) these lasers typically
have lower energy per pulse and higher repetition rates than nanosecond lasers have.

4.2  Passively Mode Locked Laser Oscillator

The diagram of the implemented experimental setup for the seed source is shown in Fig.
4.1. The seed source is an all-normal dispersion (ANDi) type Yb-doped fiber oscillator
which is a passively mode locked laser with an artificial saturable absorber. Nonlinear
polarization evolution (NPE) method is used as the saturable absorber in the oscillator.
NPE part of the oscillator is labeled as ‘Free space’ in Fig. 4.1. The main idea is based on
the fact that the polarization of the pulse center changes more than the wings of the pulse
that has lower intensity.

37



Oscillator

WDM SMF Yb-fiber
e
_ 05m
/@ [(SPLF’ \
s Isolator \
N .
Pump diode Coupler
5% i
Coupler /
- Collimator PBS n n Collimator N
1 30%
E“_‘ I | p— | ’
QWP QWP HWP
Free space

Figure 4.1 Diagram of the fiber laser oscillator: PBS: polarizing beam splitter cube, SMF:
single-mode fiber, SPLP: single-mode pump protection, WDM: wavelength-division

multiplexer, QWP: quarter wave plate, HWP: half wave plate

The pulse shaping mechanism with NPE is briefly explained as follows: After passing
through the polarizing beam splitter (PBS), the polarization state of the pulse is linear. The
pair of polarizing beam splitter and quarter-wave plate creates slightly elliptical polarization
state just before entering the optical fiber. When the pulse propagates in the fiber, Kerr
effect nonlinearly manipulates the polarization state of the pulse. After the optical fiber
segment, the change of polarization state will be maximum at the center of the pulse. After
passing through the pair of quarter and half wave plate, the polarization state of the pulse
center will be linear, “so the center of the pulse passes through the PBS cube and the
wings are reflected out of the cavity through the nonlinear polarization evolution (NPE)
port.” The total overall influence of the wave plates, PBS cube and fiber segment is
shortening of the pulse after each round trip, with the PBS effectively acting as a saturable
absorber.

The oscillator consists of 4.8 m of standard single-mode fiber (SMF) for 1 ym wavelength
(core diameter of 6.2 ym, 0.14NA) and 0.5 m of highly Yb-doped gain fiber (core diameter
of 4 uym, 0.14NA, ~1200 dB/m nominal absorption at 976 nm), followed by another 1.5 m
of SMF. Together with the fixed length free-space section, this gives a pulse repetition
frequency of 30 MHz. The gain fiber is pumped in-core by a fiber-coupled laser diode
operating at 976 nm with an approximate output power of 285 mW. In addition to that,
single-mode pump protection (SPLP) is added after the pump diode to protect the diode
from reflected light. The coupling of pump power to the cavity is done by using a
wavelength-division multiplexer (WDM). The total group velocity dispersion (GVD) of the
cavity is ~0.16 ps’. The table 4.1 explains obviously calculation of total GVD of the cavity
where B, represents the dispersion of group velocity.
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Table 4.1 Cavity total GVD calculation table

Fiber type Length (cm) B, (fs“/cm) GVDyota (f59)
Yb-fiber 50 279.349 13967.45
HI-1060 349 221.478 77295.822

Lucent-980 280 268.24 75107.2
Grating 0 0.0 0

Air 18 0 0
Total 697 166370

Fast saturable absorption required for mode-locking is obtained from nonlinear
polarization evolution (NPE), which is implemented with three wave plates and a
polarizing beam splitter cube. Also a filter isolator is used with a bandwidth of 10 nm. Due
to the heavy chirp on the pulse, the influence of the filter in the time domain is to remove
the temporal wings of the pulse, and assist in the saturable absorber. The transmission
peak of the isolator, centered at 1062 nm, sets the central wavelength of the pulses.
Actually, the optical isolator is placed in the oscillator to maintain unidirectional ring cavity
configuration which ensures that the laser signal travels only one direction in ring cavity.
In addition, the coupler 95/5 is placed to monitor the oscillator characteristics. The mode-
locked operation is self-starting and appears to be stable if the temperature of the
environment is stable and there is no external stress on the fiber of the oscillator such as
vibration, mechanical shock, etc. An output power of 65 mW is obtained directly through a
30% output coupler after the gain fiber. The detail results and measurement of the
oscillator will be shown in following subsections. The photo of the mode locked Yb-doped
fiber laser oscillator is displayed in figure 4.2 and figure 4.3.
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Figure 4.2 The photo of implemented mode locked Yb-doped fiber laser oscillator.
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Figure 4.3 The labeled photo of implemented mode locked Yb-doped fiber laser oscillator.
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4.3 Oscillator Characterization
4.3.1 Autocorrelation Measurement of Oscillator Pul se

“Characterization of femtosecond laser pulses cannot be performed electronically since
oscilloscopes and photo detectors do not have bandwidths on the order of a few hundred
THz. For femtosecond pulses, autocorrelation technique has to be performed in the optical
domain using nonlinear optical effects”.

In this thesis intensity autocorrelation is used for temporal measurement of the pulse. “The
technique depends on second-harmonic generation. Fig. 4.4 illustrates the setup of the
autocorrelation. Initially the input pulse is split into two, and one of the pulses is delayed
by . Then the two pulses are focused on a second-harmonic crystal in a non-collinear
fashion. Assuming the material response is instantaneous, the convolution of two
interfering  signals or the induced nonlinear polarization simplifies to”;

PP (t)DE(t)E(t-7)

PP()DE(t)E(t-7) (4.1)

“Since the photo detector’s response is much longer than the pulse width, it integrates the
incident light intensity leading to intensity autocorrelation”;

e (1) 0 1 (©)1 (t-r)et 42)

“I(t) being the intensity of the input pulse. Since the phase of the pulse is not conserved,
Equation (4.2) does not contain full information about the pulse. However, if the pulse
shape is known, the pulse width can be calculated by deconvolution of the correlation.”
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Figure 4.4 The diagram of an intensity autocorrelation.
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Assuming a Gaussian pulse shape, a deconvolution factor of 0.707 is used in Equation
(4.3) [46] , leading to pulse width. The result is shown in Fig. 4.5.

ArpiHY =0.707AT 00 (4.3)
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Figure 4.5 Autocorrelation result of the oscillator output from 30% port of coupler.

The measurement result of the oscillator pulses is shown in figure 4.5. The autocorrelation
result at FWHM width is 14 ps. The pulse shape is assumed to be a Gaussian so that the
corresponding pulse duration is estimated approximately as 10 ps. The long-range up to
200 ps autocorrelation result indicates no secondary pulses. In addition, no periodic
modulation on the optical spectrum supports this result which was measured by 0.015nm
wavelength resolution which is shown in figure 4.5.

4.3.2 Optical Spectrum and Pulse Train Measurements  of Oscillator

If too much energy is accumulated inside the cavity, the laser will go into multiple-pulsing.
To ensure proper operation of the laser, multiple-pulsing should be avoided. Optical
spectrum together with the pulse train on the oscilloscope is used to check the presence
of multiple-pulsing. Fig.4.6 and 4.7 show clear traces of these two measurements.
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4.3.3 Summary for oscillator characterization

Table 4.2 Summary of oscillator parameters

Repetition rate 30 MHz
Average power (from 30% port of coupler) 65mwW
Pulse energy 2.16nJ
Pulse width at FWHM 10 ps
Peak power 220 W
Spectral bandwidth at FWHM 14.6nm
Central wavelength 1062nm

4.4  Amplifier System

The amplifier system of the laser consists of two main parts which are the preamplifier and
power amplifier. The diagram of the amplifier system is shown in Fig 4.8. The oscillator
output power of 65 mW at 30 MHz is acquired directly from 30% port of output coupler
after the Yb-doped fiber. The output fiber of oscillator is spliced to input of the amplifier
system so that the coupling efficiency is improved and alignment error is completely
eliminated for this point.

Stretching fiber SMF Yb-fiber

Passively mode Isolator Coupler WDM O
locked oscillator
SPLP
Pump diode
DC Yb-fiber
O MPC Isolator Coupler
— { }

| —| ]
Isolator collimator \ /
——

0,
High power diode 7

Figure 4.8 Amplifier system diagram for the laser.

The amplifier system begins with an isolator to protect the oscillator from back reflected
signals. Also, it is necessary that the output power of the seed laser is enough for
preamplifier stage in order to suppress the amplified spontaneous emission (ASE) which
is due to the gain peak of Yb at 1030 nm. After the isolator, about %95 of the output
power from the seed laser passes through a 100m long SMF stage to stretch the pulses.
The remaining signal is reserved for monitoring purposes. Preamplifier is placed in order
to ensure the reliable signal power for the power amplifier. The signal level of
approximately 100mW or more can be sufficient for both suppressing of ASE and
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saturation of power amplifier. This assumption comes from purely the experimental
observation of our past project which is the nanosecond fiber laser source and its high
power amplifier. The preamplifier stage comprises of a 0.5 m Yb-doped fiber which is
same as in the oscillator pumped in-core by a 976 nm laser diode over WDM. In addition
to that, single-mode pump protection SPLP is added after the pump diode to protect the
diode from back reflected light. After the preamplifier, a 5/95 coupler and isolator is placed
for monitoring and protection purposes, respectively.

In the power amplifier stage forward pumping structure is preferred in order to protect the
pump diodes from the damage from a returning peak power signal to the pump ports.
Pump coupling to the gain fiber is achieved by multi-port-combiner (MPC) whose pump
port fiber is a multimode fiber (core diameter of 105 um, 0.46NA). The signal port of the
MPC is a large mode area (LMA) fiber (core diameter of 20 ym, 0.07NA). After second
isolator, 250 mW of signal power is coupled to the output fiber of the MPC. There one 975
nm diodes whose maximum output power is 25 W was used. The diode which was
coupled to 105 ym core diameter multimode fibers is used as a pump for the power
amplifier. The empty pump port is used for monitoring the power. The high-power amplifier
housed a 2.5 m long LMA double clad (DC) Yb-doped fiber that has similar attributes as
with the MPC signal fiber. The DC fiber which is the gain medium for amplifiers has 9x10%°
m~ of ytterbium doping concentration. The MPC output fiber is spliced to the gain fiber.
The stripping region on the outer cladding is recoated using a low-index polymer to avoid
pump loss through the splice region. Finally, gain fiber is spliced to the fiber of the isolator-
collimator. The task of the isolator is to not allow the reflected beam coupling back into the
laser system. In addition, the gain fiber was coiled to about 10 cm diameter to improve the
output beam quality of power amplifier. The main idea for suitable small coiling is to
prevent the excitation of higher order transverse electromagnetic modes (TEM). Photo of
the mode locked Yb-doped fiber laser amplifier is shown in figures 4.9-11.

Figure 4.9 The implemented amplifier system for the laser. The ground floor contains

preamplifier and the upper floor contains power amplifier.
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Figure 4.10 The labeled photo of the implemented amplifier system for the laser.

Figure 4.11 The all fiber laser system.
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4.5  Amplifier Characterization
45.1 Autocorrelation Measurement of Amplifier Syst  em

The autocorrelation measurement result of the pulses at 15 W (red line in graph) of
average power is shown in Fig. 4.12. The autocorrelation result of 15 W at FWHM width is
71 ps. The pulse shape is assumed to be a Gaussian so that the corresponding pulse
duration is estimated approximately as 50 ps. The long-range up to 200 ps autocorrelation
result indicates no secondary pulses. In addition, no periodic modulation on the optical
spectrum supports this result which was measured by 0.015nm wavelength resolution
which is shown in figure 4.5.

Besides, variation of FWHM pulse width was observed with different average power
levels. The pulse width as a function of the output power is shown in Fig. 4.13. The pulse
width decreases with power because of successive gain narrowing. When gain narrowing

happens in power amplifier, the highly chirped pulse losses some longer wavelength
components so that the pulse width become shorter.

1.0

o
&

Intensity (a.u.)

0.0
-150 -100 -50 0 50 100 150

Time Delay (ps)

Figure 4.12 The autocorrelation measurement results. The solid red line measured at 15
W and the dashed line at 1 W
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Figure 4.13 The pulse width as a function of the output power

4.5.2 Optical Spectrum and Power Scaling Measuremen t

The optical spectrum of the preamplifier and power amplifier measured after the stretching
stage. As shown figure 4.8, pulses of the oscillator are temporally stretched in a 100 m
long SMF stage. The broadened pulses pass through the preamplifier stage which
includes 0.5 m long SMF Yb-fiber. The result of the spectral measurement of the pulse
after the preamplifier is displayed in Fig. 4.14. The spectral width is expanded slightly to
16.6 nm and some oscillations are observed at the edges of the spectrum because of
nonlinearity. There is no major ASE signal at the gain peak of 1030 nm, nor a stimulated
Raman scattering (SRS) signal at longer wavelengths. The optical spectrum at 15 W
measured after power amplifier is shown Fig. 4.15. At 15 W of average power, the pulse
energy is about 500 pJ and the peak power is estimated at 10 kW. Some oscillations
develop on the spectrum at high powers due to nonlinear effects. It is hard to say which
nonlinear effects create oscillation on spectrum however the possible strongest nonlinear
effect is self-phase modulation
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Figure 4.14 Measured spectra obtained from preamplifier output.
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Figure 4.15 Measured spectra obtained from the power amplifier output at 15 W.
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Experimentally measured signal power as a function of pump power is shown in Fig. 4.16.
Output signal power was measured at 15 W from the isolator-collimator output of a total
coupled pump power of 22 W. Optical conversion efficiency is calculated to be about 70%.
The deviation of the measured values from lower pump powers to high pump power is due
to shift of the diode emission wavelength. At low pump powers, the peak emission
wavelength from the diodes is around 960-965 nm, which is far away from the peak
absorption wavelength (~976 nm) of a Yb-doped fiber. This deviation can be compensated
by increasing the diode temperature. As the diode drive current is increased, the emission
wavelength shifts toward 976 nm.
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Figure 4.16 Measured signal power as a function of pump power.

4.5.3 Summary for Power Amplifier Characterization

Table 4.3 Summary of power amplifier parameters

Repetition rate 30 MHz
Average power 15W
Pulse energy 500nJ
Pulse width at FWHM (15W) 50 ps
Peak power 10kW
Central wavelength 1062nm

50




CHAPTER 5

CONCLUSION

Fiber lasers are commonly used in many areas including materials processing, medical,
metrology, and defense applications. Fiber lasers have some special advantages against
common solid-state lasers. Their excellent beam quality, power scalability, high efficiency
and alignment-free operation are some of those advantages. Thus, the application areas
of fiber lasers are continuously increasing proportional to their maximum output power
level, which is increasing at a rate of approximately 1.7-times per year for the past
decade. For many applications, flexibility and misalignment-free operation is important. In
this thesis, we constructed a picosecond pulsed ytterbium doped fiber laser source and
amplifier.

After introducing the fiber lasers in chapter one, we summarized the basic theoretical
background of nonlinear optics and fiber laser in chapter two. The chapter covered
parametric and nonparametric processes for nonlinear optics and included pulse
propagation, mode locking theory, amplification process and main limitations for fiber
lasers.

The developed fiber laser system was based on a master oscillator power amplifier
(MOPA) configuration. The system consisted of two main parts which were seed laser and
amplifiers. The seed laser was a passively mode-locked ytterbium (Yb) doped fiber laser
oscillator, i.e. ring fiber laser which had an isolator to ensure unidirectional round trips. In
passive mode locking, the method of nonlinear polarization evolution (NPE) was used as a
saturable absorber in the oscillator. The implemented fiber laser oscillator showed stable
10 picoseconds (ps) pulses with a 30 MHz repetition rate. The central wavelength of the
oscillator was at 1062 nm because of the transmission bandwidth of the isolator. The
spectral bandwidth of the oscillator was about 14 nm with obtaining 65 mW average
output power at output port which was used in amplifier stages. The corresponding pulse
energy and peak power for output port was about 2.2 nJ and 220 W, respectively. The all
characteristics and discussion of the oscillator about experimental work were reported in
the chapter four.

After the development of the laser oscillator, the preamplifier and power amplifier stages
were constructed. The preamplifier mainly consisted of two parts which were pulse
stretcher and core-pumped amplifier. In order to store more energy in per pulse a pulse
stretcher was used before the amplifiers. The pulse stretcher was 100 m single mode fiber
which had positive dispersion around 1060 nm so that the oscillator pulse duration 10 ps
increased 62 ps after the stretcher. Then the laser signal amplified to 265 mW by a single
mode Yb-doped fiber. The optical pumping scheme of the preamplifier was forward core
pumped and the wavelength of the pump diode was 976 nm. After this stage, the laser
signal amplified by a forward cladding-pumped power amplifier with double clad Yb-doped
large mode area fiber. The amplifier was pumped by 22 W at 976 nm and the output
power was measured at 15 W, the corresponding optical conversion efficiency is
estimated %70. The spectral measurement after amplifiers showed that the some
oscillations develop on the spectrum at high powers due to nonlinear effects. Besides,
Amplified spontaneous emission and stimulated Raman scattering was not observed. At
15 W of average power, the pulse duration and pulse energy were about 50 ps and
500nJ, respectively. The corresponding peak power was estimated approximately 10 kW.
The all characteristics and discussions of the amplifiers about experimental work were
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reported in the chapter four. During the all design and optimization process, the numerical
simulation was used for the fiber laser system. The simulation was based on nonlinear
Schrédinger equation with the method of split-step evaluation. The brief theoretical
background and simulation results of the laser system were reported in chapter three.

The developed fiber laser system can be used in material processing with high precision,
spectroscopy, and medicine.
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