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ABSTRACT
REPETITION-RATE STABILIZATION OF A FEMTOSECOND STRETCHED-
SPECTRUM FIBER LASER
Coskun Ulgiidiir
M.S. in Physics
Supervisor: Asst. Prof. Dr. Fatih Omer Ilday
August, 2008

Passively modelocked lasers produce trains of femtosecond pulses, with the temporal
separation between the pulses being determined by the length of the laser cavity. The
repetition rate of the laser is inverse of this temporal separation. For a free-running laser,
the repetition rate is very stable over short time scales (less than 1 ms), but drifts due to
environmental effects on a longer time scale. For applications demanding a precise
repetition rate to be maintained, such as optical frequency metrology, the laser needs to be
locked to an RF or microwave reference source with a feedback loop acting on an actuator

within the laser cavity.

In this work, repetition-rate stabilization of a “stretched-spectrum” fiber laser is reported,
which corresponds to a new modelocking regime. As the name implies, the laser produces
pulses undergoing periodic breathing of the spectra during a complete round trip through
the cavity. To the best of our knowledge, this breathing is the strongest modification
observed in a laser to date. It is noteworthy that even under such strong nonlinearity the

laser is more robust than the regular stretched-pulse laser.
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Encouraged with its robustness, it is proposed that the stretched-spectrum fiber laser is a
promising alternate to laser oscillators for frequency metrology applications and laser
master oscillators in use with accelerator based next-generation light sources. After
photodetection of the laser output, one of the upper harmonics of the laser is locked to a
highly stable dielectric resonator oscillator (DRO) at 1.3 GHz. In order to reduce the
environmental effects on the laser, a handmade encasing was developed and temperature
control of the fibers in the cavity was implemented. Remarkably, the custom encasing of
the laser dramatically improved the laser’s stability, outperforming the DRO up to a 5 kHz
bandwidth. Since the heating-loop is not sensitive enough, latter upgrade does not decrease
the phase noise of the laser, but ensures the temperature stability stays within limits in
unclimatized environment. With the present setup, we observe a maximum locking range of
a few kHz. The system has the potential to stay in-lock indefinitely, as long as the

excessive perturbations on the system are prevented.

Keywords: Femtosecond fiber laser, stretched-spectrum fiber laser, laser phase noise, laser

repetition rate, repetition-rate locking, phase-locked loop



OZET

FEMTOSANIYE, GERILMIS TAYFLI FIBER LAZERDE TEKRAR FREKANSININ
DENGELENMESI
Coskun Ulgiidiir
Fizik Yiiksek Lisans
Tez Yoneticisi: Asst. Prof. Dr. Fatih Omer Ilday
Agustos, 2008

Pasif olarak mod kilitli lazerler femtosaniye atim dizisi olusturur. Bu atimlarin zamansal
araliklarini lazer kovugunun uzunlugu belirler. Lazerin tekrar frekansi bu zamansal araliin
tersidir. Serbest hareketli lazerlerde, tekrar frekansi kisa zaman dilimlerinde (1ms’den daha
az) oldukca kararli olmasina ragmen gevresel faktorlerden dolayr daha biiylik zaman
dilimlerinde sapar. Optik frekans 6lgme bilimi gibi tekrar frekansinin kesin olarak belirli
olmas1 gereken uygulamalar icin lazer bir geribesleme dongiisii ile RF ya da mikrodalga

referans kaynaga kilitlenir.

Bu calismada yeni bir mod kilitleme rejimi olan gerilmis tayfli bir fiber lazerin tekrar
frekansimin dengelenmesi bildiriliyor. Ismi isaret ettigi gibi, bu lazer kovuk iginde bir tur
boyunca periyodik olarak daralip genisleyen tayfa sahip atimlar iiretir. Bilgimiz dahilinde
bu daralip genisleme simdiye kadar bir lazer de gozlemlenmis en giiclii degisimdir. Bu
derece yiiksek dogrusal olmayan etkilerde bile lazerin normal bir gerilmis atimli lazere

nazaran daha saglam olmasi dikkate deger.

Saglamligindan cesaret alarak, gerilmis tayfli fiber lazerin frekans Ol¢lim bilimi ve

hizlandiric1 tabanli yeni nesil 151k kaynagi uygulamalarinda umut veren alternatif lazer
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salingag¢ oldugu oneriliyor. Lazer ¢iktisinin fotoseziminden sonra {ist harmoniklerinden biri
1.3 GHz’de calisan, yiiksek derecede kararli bir dielektrik ¢inlag salingacina (DRO)
kilitlenir. Lazer tizerindeki cevresel faktorleri azaltmak icin, el yapimi bir kutulama
yapilmis ve kovuk icindeki fiberlerin sicaklik kontrolii saglanmistir. Lazerin kutulanmasi
kararliligim1 dramatik olarak arttirmig, SkHz bant araligima kadar DRO’dan daha kararli
olmustur. Sicaklik kontrolii yeteri kadar hassas olmadigindan, lazer faz giiriiltiisiini
azaltmamis, fakat klimasiz ortamda lazer sicakliginin limitler i¢inde kalmasini saglamistir.
Su anki kurulumla, en fazla birka¢ kHz kilitleme smir1 elde edilmektedir. Asiri

rahatsizliklar engellenirse sistem potensiyel olarak sonsuza kadar kilitli kalabilir.

Anahtar sozciikler: Femtosaniye fiber lazer, gerilmis tayfl fiber lazer, lazer faz giiriiltiisii,

lazer tekrar frekansi, tekrar frekansi kilitleme, faz kilitli dongii
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Chapter 1

Introduction

1.1. Brief History of Fiber Lasers

19"™ century hosts the origins of telecommunications. First the demonstration of telegraph
by Samuel Morse in 1837, following the first telephone exchange operated by Alexander
Graham Bell in 1878 initiated the rapid discoveries of communication means. James C.
Maxwell’s clarification of “Maxwell’s Equations” in 1878 led to the discovery of radio
waves by Heinrich Hertz in 1888 and in 1895 the first radio is demonstrated by Guglielmo
Marconi. Early radio has a bandwidth 15 kHz and after more than a century the maximum
bandwidth of wireless communication is still around a few hundred MHz. The reason is
that free space propagation of signals is not suitable for reliable/fast communication links.
The solution to this problem is to use a waveguide for light (information) propagation
hence avoiding distortions present in free space. The basic phenomenon responsible for
guiding of light in waveguides is total internal reflection. Optical fibers, the most common
waveguides, were first fabricated uncladded in 1920s. However the real origin of fiber
optics was not born until the first usage of cladding layer on optical fibers in 1950s. The
use of cladding substantially improved the fiber performance. Nevertheless it is the use of
low-loss silica in fiber fabrication that lets losses around 0.2 dB/km in the

telecommunication wavelength, 1.5 um.
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The developments in optical fibers led not only to advancements in telecommunications,
but also to the birth of a new field, nonlinear fiber optics. Studies of nonlinear phenomena
in optical fibers such as Stimulated Raman- and Brillouin-scattering, optically induced
birefringence, parametric four-wave mixing and self-phase modulation were conducted in
1970s [1-7]. An important milestone was that in 1973, it was suggested that optical fibers
can support soliton-like pulses by the interplay between nonlinear and dispersive effects of
fibers [8]. Optical solitons were first observed in a 1980 experiment [9] and led to further
advances in the field of nonlinear optics. The field continued to grow in 1990s, especially
after the fabrication of optical fibers doped with rare-earth elements (Erbium, ytterbium,
etc). Fiber laser oscillators were the next phase in the field of nonlinear optics. However
one problem was that soliton-like mode-locking regime in fiber lasers has severe
limitations in terms of pulse energy and duration [10, 11]. Several other mode-locking
regimes (dispersion-managed/stretched-pulse [12], similariton [13, 14], all-normal GVD
[15]) have been demonstrated in recent years, which overcome many of these limitations.
Using these new approaches, optimizing pulse energy, more than 10 nJ and optimizing

pulse duration, pulses as short as 35 fs can be routinely obtained [16].
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1.2. Motivation in Synchronization of Laser Oscillators

Passively modelocked lasers generate trains of femtosecond pulses, corresponding to a
frequency comb in frequency domain. Although fiber lasers have superior short term
stability (above 100 kHz), their long term performance suffers from various effects (i.e.
rapid temperature change, pump power instabilities, upper state lifetime of the dopant in
gain fiber, etc). This problem can be solved by locking the laser to an RF or microwave
reference oscillator, hence improving its short term stability. As the laser pulses are
depicted as frequency combs in frequency domain, synchronizing a laser to an ultrastable,
but single frequency RF source would automatically turn out to be an ultrastable frequency
source not at a single frequency but at discrete frequencies separated by the repetition rate
of the laser. Clearly stabilizing a laser to an ultrastable source at particular frequency and
getting the desired ultrastable frequency of choice would be much more efficient in every

aspect rather than building a second RF source at the choice of frequency.



Chapter 2

Introduction to Nonlinear Optics

Much of ultrafast optics is based on understanding the basics of nonlinearities in optics.
This chapter gives basic theories of nonlinear optics, followed by brief descriptions of
major optical interactions due to nonlinearity. This chapter is mostly based on [17], further

details can be found there.

2.1. Nonlinear Optical Susceptibility

Nonlinear optics emerged with the realization that optical properties of a material changes
with light presence. Modification of optical properties in a material requires high intensities
of light. At first this phenomenon seemed to be a problem for optical studies, but later

became the foundation of laser technology.

The nonlinearity occurs in the sense that the response of a material to applied light is
“nonlinear”. For example, high harmonic generation processes depends on power of the
applied field strengths, i.e. square of the applied field leads to second harmonic generation,

cube of the applied field leads to third harmonic generation.
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Polarization has a key role in describing nonlinear optics. It shall be examined in section

3.1 that the nonlinear wave equation is,

op LOE_ 0’PM -
2oz Mgz 2.1

where c¢ is the speed of light in vacuum and # is the linear refractive index. One can see

2pNL
from the above equation that whenever ai

——term is nonzero, the charged particles are

accelerated and as Larmor’s theorem stated, charged particles under acceleration are the

source of electromagnetic radiation.

In conventional optics, polarization P(t) of a material depends on the field strength E (t)

as;
P(t) = o WE(t) (2.2)

where ¥ is the linear susceptibility of the material. However, nonlinear response of
materials does not satisfy Equation (2.2). The applied field causes anharmonic motion of
bound electrons in a material as a result polarization P(t) satisfies the more general

relation;
P@®) = eg(VE®) + xPE2() + xPE3(D) ...) (2.3)

= Plinear + Pnonlinear (2'4)
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where  ¥® and y® are known as the second and third-order nonlinear optical
susceptibilities. In these generalized equations (Equations. (2.3) and (2.4)), goxVE(t) or
Pjinear> the linear term is the dominant contribution to the overall polarization of the
material. Other terms are the correction factors required for compensation of very high
applied field effects on polarization. As one might expect, the propagation of light in fiber
is ruled by Maxwell’s equations from which wave equation is emerged. Nonlinear terms in
polarization also transform the wave equation into a nonlinear differential equation which
has special solutions (light propagation in fibers will be examined in greater detail in later
sections). £,y P E (t), the second order nonlinear polarization is responsible for effects like
Second-Harmonic Generation whereas P®)(t), the third order nonlinear polarization
triggers effects like Kerr Nonlinearity, both of which will be explained in detail in
subsequent sections. P(®)(t) occurs in media with molecular level inversion symmetry
(centrosymmetric media), hence it is zero for liquids, gases, amorphous solids(i.e. glass)
and most crystals because they have no inversion symmetry. However P®)(t) can occur
both in centrosymmetric and noncentrosymmetric media. This distinction is the reason that
in spite of high intensities, there is no second harmonic generation in a laser cavity
consisting of only fibers and free-space; and one needs birefringent crystals inside a laser
cavity to create second harmonic of the pulse. Similarly it is the reason that weaker
polarization term (P®)(t)) has the dominant nonlinear effect in a fiber laser. i.e. Kerr

effect.

A simple order of magnitude estimate of susceptibility values might be calculated as
follows; the second order polarization term P®)(t) would be significant enough with

respect to linear term P(M(t) when the amplitude of the applied field strength E is on the
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order of atomic electric field strength Ea,ze/a02 where e is the electron charge and a0=h/me2
is the Bohr radius of the hydrogen atom (7 is Planck’s constant divided by 2r and m is the
electron mass). Substituting the values of physical constants %, m and e from literature, E,,
is found to be 6.66 x 106 m/V. Thus the second-order susceptibility ' would be on the

(1)

order of ¥/ E,. »V is almost unity for condensed matter, so y” value for condensed

matter is given as;
2?7 =2.09x 10" m/V (2.5)
Similarly, y”would be on the order of ¥’/ E,’, which has a value for condensed matter;
¥ =42x10% m*V? (2.6)

These order of magnitude values of linear susceptibility terms would be a hint why

nonlinearity requires high intensities to govern light propagation inside optical media.

2.2.Nonlinear Optical Interactions

In this section a number of nonlinear optical interactions will be introduced briefly and be
explained how they can be integrated into Equation (2.3), the general polarization equation.
However some of these interactions are beyond the scope of this thesis, hence only the
interactions that govern the physics in fiber lasers will be examined in detail in later

sections.
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Second-Harmonic Generation (SHG):

(a) (b) oo
w
w 2) > w
X 2w
— > e i 2w

Figure 2.1. (a) [llustration of SHG. (b) Energy-level diagram SHG.

In second-harmonic generation two photons at same frequency w are vanished and a photon
at frequency of 2w is created in a single quantum mechanical process. This is illustrated in
Figure 2.1.a. In Figure 2.1.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.
In theory a laser beam with electric field;
E(t) = Ee™™t + c.c. (2.7)

is incident upon a crystal with a nonzero second order susceptibility ¥ then the nonlinear

polarization that is created in such a crystal is given as;

PA(t) = egx PE2(t) = 260y PEE" + (gox PE?e™2¢t + c.c.) (2.8)
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In Equation 2.8, the second-order polarization consists of a contribution at zero frequency
and a contribution at frequency 2w. According to Equation (2.1), the nonlinear wave
equation, contribution at frequency 2w leads to the generation of radiation at the second-
harmonic frequency. However contribution at zero frequency cannot lead to the generation

of any electromagnetic radiation because its second time derivative is zero.

Sum-Frequency Generation (SFG):

(@) (b) g
[ -
N 2) w3= Wi+ w; >
o X —
—2’ Y w3

Figure 2.2. (a) [llustration of SFG. (b) Energy-level diagram SFG

Sum-frequency generation is analogous to that of second-harmonic generation, except that
in SFG the two input frequencies are different as in Figure 2.2.a. If a laser beam with
electric field £(z) (Equation (2.7)) is incident upon a crystal with nonzero )((2) , the nonlinear

polarization that is created in SFG process is given by;

P(w; + wy) = 2e0x P ELE, (2.9)
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Difference-Frequency Generation (DFG):

(a) ®
A
wj =
—_—> 2) W3= W)~ W2 2}
X Emm—
_w w| Y

Figure 2.3. (a) [llustration of DFG. (b) Energy-level diagram DFG

In difference-frequency generation, difference frequency of applied fields is generated

(Figure 2.3). The process is described by the nonlinear polarization;
P(w; — wy) = 2e0x PE,E; (2.10)

To consider the general picture of second order frequency generation, assume an optical

field with electric field;
E(t) = Ee~'®1t 4 Fe~l@2t 4 ¢ c, (2.11)

is incident upon a nonlinear medium with nonzero . Then the nonlinear polarization

created in such a medium is of the form;
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P(Z)(t) — SOX(Z) [E12€—2iw1t + E22€—2iw2t + ZElEZe—i(w1+w2)t + ZElE;e—i(wl—wz)t
+c.cl + 2e0x P [ELEf + ELE;] (2.12)

Each of the complex amplitude term of various frequency components of this nonlinear
polarization corresponds to different nonlinear process. First two terms would be the SHG
form, third one is the SFG form and the last one is the DFG form. However, one should
note that no more than one of these frequency components will be present with any
appreciable intensity in the radiation generated by the nonlinear optical medium. The
reason is that nonlinear polarization processes can produce decent output signal only if a

certain phase-matching condition is satisfied.
Third-Order Polarization:

Third-order contribution to the nonlinear polarization in a nonlinear media with nonzero y’

is;
PO(t) = goxPE3 (1) (2.13)

For the general picture, an applied electric field consisting three frequency components is

assumed to be incident upon the nonlinear media;

E(t) = Ee @1t 4 Fe~iwat 4 Fe~l®st 4 ¢ ¢, (2.14)
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However in this case calculated E’(z) contains 44 different frequency components
corresponding to distinct mixing processes, hence the expression for P’(¢) will be very
complicated. For the purpose of simplicity and sufficiency, the simple case in which the

applied field is in single frequency is considered;
E(t) = Ecoswt (2.15)

Through the use of the trigonometric identity, cos3wt=ic053wt+%coswt, the

nonlinear polarization can be found as;
PO(t) = iso)((3)830053wt + Zso)((3)£3cosa)t (2.16)

In Equation (2.16) each term corresponds to a different nonlinear process which will be

briefly introduced below.

Third-Harmonic Generation (THG):

(a) b
W e Y w]
’ 3w o T
________ 3w
S

Figure 2.4. (a) Illustration of THG. (b) Energy-level diagram THG
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The first term in Equation (2.16) describes a nonlinear response at frequency 3w created by
an applied field at frequency w. This term defines the process of third-harmonic generation,
which is described in Figure 2.4. In this process three photons at frequency w are destroyed

and one photon at frequency 3w is created in a single quantum mechanical process.
Intensity-Dependent Refractive Index:

The second term in Equation 2.16 describes a nonlinear contribution to the polarization at
the frequency of the incident field w. Hence it leads to a nonlinear contribution to the
refractive index experienced by the incident field at frequency w. The nonlinear refractive

index can be represented as;
n=ngy+n,l (2.17)

where nis the linear refractive index and
n, = iRe(;((” (2.18)
8Tl XXXX
is an optical constant that decides the strength of the optical nonlinearity and where

I = n,|E|? (2.19)

is the intensity of the incident field.
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This process is also known as Kerr nonlinearity which plays an important role in fiber

lasers.

All of the processes described up to this point are examples of parametric processes. In
parametric processes the initial and final quantum mechanical states of the system are
same. Conversely, processes in which the initial and final quantum mechanical states are
distinct real levels are known as nonparametric processes. Mainly two differences are there
between parametric and nonparametric processes. The former one is always described by a
real susceptibility, whereas the latter can be described by a complex susceptibility. The
second difference is that photon energy is conserved in a parametric process; conversely
photon energy need not be conserved in a nonparametric process. The following two

nonlinear processes are examples of nonparametric processes.
Saturable Absorption:

Many materials’ absorption coefficient decreases when measured using high intensity
lasers. The dependence of the measured absorption coefficient @ on the intensity / of the

incident field is given by;

oo

T/,

(2.20)

where «a is the low-intensity absorption coefficient and I is the saturation intensity.

Saturable absorption is one of the key concepts in mode-locking of lasers hence its role in

laser operation will be described in detail in Section 3.3.
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Two-Photon Absorption:

Figure 2.5. Energy-level diagram of two-photon absorption.

In two-photon absorption (illustrated in Figure 2.5) an atom has a transition from its ground
state to an exited state by the simultaneous absorption of two photons. In contrast with
linear optics, the absorption coefficient that describes two-photon absorption increases

linearly with laser intensity as;
o=03] (2.21)

where 6(?) is a coefficient that describes two-photon absorption. In addition, the atomic
transition rate R due to two-photon absorption is proportional to the square of the field

intensity, since R = ol /hw, or to;

g 200 2.22
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Stimulated Raman Scattering:

(a)

W Raman
medium

Figure 2.6. Illustration and energy-level diagram of stimulated Raman scattering.

(b)

W= w- ,

16

W= w- O,

To

In stimulated Raman scattering (illustrated in Figure 2.6) a photon at frequency w vanishes

and a photon at the Stokes frequency ws = w — w,, forms. In this picture w, is the

frequency that the atom is left in an excited state with energy hw,, after the scattering. The

stimulated Raman scattering process is very efficient compared to normal or spontaneous

Raman scattering where both an exited atom’s vibration and a photon is annihilated to have

a photon at the anti-Stokes shifted frequency wg = w + w,



Chapter 3
Theory of Fiber Lasers

To understand and describe the propagation of laser light in a dispersive optical medium, it

is necessary to take the theory of electromagnetic wave propagation into account. This

chapter gives derivation of basic wave equation, followed by the theory of pulse

propagation in dispersive optical medium. Discussion of amplification in fibers and mode-

locking will conclude the section. This chapter is mostly based on [18,19], further details

can be found there.

3.1. Ultra-short Pulse Propagation in Fibers

Like all electromagnetic phenomena, the propagation of pulses in optical fibers is ruled by

Maxwell’s equations;

V.D=p
V.B=0
VX E 0B
XE=——
dat
VxXH= +8D
BEAPY:

(3.1)
(3.2)

(3.3)

(3.4)
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where B and D are magnetic and electric flux densities, respectively, and H and E are the
corresponding magnetic and electric field vectors. Since there are no free charges in optical
fibers, free charges p and current density j vanish. The flux densities are related to electric

and magnetic field through the relations given by;
D =¢E+P (3.5)

B=pH+M (3.6)

Where ¢, is the vacuum permittivity, u, is the vacuum permeability, and P and M are
induced electric and magnetic polarizations respectively. For an optical medium M is zero.
Using the mathematical identity V X (V x A) = V(V.A) — V24 and taking the curl of both
sides of Equation (3.3) gives;

V(V.E) — V2E = —%(\7 X B) (3.7)

Using Equations (3.4), (3.5) and (3.6) one can obtain;

0E JoP
VXB:‘U.()S()E‘}"U.()E (3.8)

Substituting Equation (3.8) in (3.7) gives an equation depending on E and P only;

, 9°E  0°P
V(VE) —V°E = —yosoﬁ - ‘uow (39)
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Since there are no free charge carriers, V.E = 0 and using the relation pyg, = 1/c?,

Equation (3.9) can be reduced to the wave equation;

V2E — iaz—E = anZ—P (3.10)
c? 0t? ot?

A few assumptions need to be made before solving Equation (3.10). First the nonlinearity
in P is treated as a small perturbation. Second, the optical field maintains its polarization
along the fiber length so that a scalar approach is valid. Third, the polarization response of
the field is instantaneous. This is valid for a nonlinear response that is electronic in nature,
since the reconfiguration time of the electron cloud is significantly smaller than the period
of the optical light wave. The contributions of molecular vibrations to the nonlinear part of
the polarization (the Raman effect) is neglected for now and will be discussed later in this

section.

The third assumption lets the expansion of the induced polarization in a series of powers of

instantaneous electric field;

P(r,t) = g( VE@,t) + Y PE?(r,t) + Y PE3(1,t) ... ) = P, + Py, (3.11)
\ )\ )
Y T
PL PNL

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 1/c = 5 fs. Hence it is useful to

separate the timescales of electric field and polarization components in the form;
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E(r,t) = %x[E(r, Dexp(ifoz — iwot) + c.c. ] (3.12)
= %x[F(x, YAz, t)exp(ifyz — iwgt) + c.c. ] (3.13)

P, (rt)= %x[PL(r, t)exp(ifyz — iwyt) + c.c. ] (3.14)
Py, (rt) = %x[PNL(r, t)exp(ifyz — iwyt) + c.c. ] (3.15)

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 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 which propagates in the z-direction and is of definite frequency

w, and associated wave number 8, = nw,/c.
The assumption in Equation (3.11) lead to the approximation of nonlinear polarization [18]
PNL(T, t) = EOENL(T, t)E(‘I', t) (316)

where the nonlinear contribution to the dielectric constant is defined as;
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3
en(rt) = 2 xPIE, )1 (3.17)

To obtain the wave equation for the slowly varying amplitude E (1, t) it is useful to work in
the Fourier domain. However, because &y is intensity dependent, it is not possible to apply
a Fourier transform. In the subsequent approach perturbative assumption of Py, is used,
hence €y, can be treated as locally constant. Substituting Equations (3.12) through (3.15) in

Equation (3.10), the Fourier transform £(r, w — w,), defined as;
E(r,w —wy) = f E(r,t) expli(w — wy)t]dt (3.18)
is found to satisfy the Helmholtz equation;
w?\ .
(\72 + ey (1, w) C—2> E(r,w) =0 (3.19)

with the dielectric function given by
e(w) =14+¢, + &y, (3.20)

Equation (3.19) can be solved by using the method of separation of variables. A solution of

the form;

E(r,w —wy) = F(x,v)A(z, w — w,) exp(ikyz) (3.21)
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which is the Fourier transform of Equation (3.13), is assumed; where A(z, w) is a slowly
varying function of z and F (x, y) is the modal distribution of the pulse in the fiber. Further

calculations (see [18] for details) leads to two equations for F(x, y) and A(z, w);

9%2F 92%F w? o -

ﬁ+a—yz+[€((u)c—z—ﬁ ((U)l =0 (3.22)
04 3

2if, P + (f?(w)—p2)A=0 (3.23)

A(z,w) is assumed to be a slowly varying function of z, its second derivative was
neglected. The wave number £ (w) is determined by solving the eigenvalue equation for the
fiber modes (see [18] for details). The dielectric function €(w) in Equation (3.22) is
approximated by;

s(w) = (n(w) + An)? = n? + 2nAn (3.24)

where An is a small perturbation given by the nonlinearity of the refractive index and the

absorption @ and gain g in the fiber;

ia(w) — §(w)

An = n,|E|* +
n =n,|E| 2Ky

(3.25)

The solution for the modal distribution F(x, y) is not affected compared to the case without

the perturbation. However, the eigenvalue solution becomes;
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B(w) = B(w) + AB(w) (3.26)

w?n(w) [ [ Mn(w)|F(x, y)|2dxdy
c2B(w) [ [ |F(x,y)[2dxdy

AB(w) = (3.27)

Only single-mode fibers are considered here, F(x,y) corresponds to the modal distribution

of the fundamental fiber mode HE; given by [18]

Flx,y) =Jo(pp), p=vx*+y*<a (3.28)
inside the core and;
F(x,y) = a/plo(pp) expl—q(p —a)], p=a (3.29)

outside the core. This modal distribution is cumbersome in practice, is approximated by the

Gaussian distribution;

F(x,y) = exp[—(x?* + y?)/w?] (3.30)
where the width parameter w is obtained by curve fitting.

Rewriting Equation (3.23) by using (3.26) and approximating f2%(w)— B¢ by
2B, (32 (w) — Bo) gives;

0A -
=, = 1B(@) + 88(w) - BolA (331)
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After this point, one can go back to the time domain by taking the inverse Fourier
transform of Equation (3.31), and obtain the slowly varying envelope function A(z,t).
Since an exact functional form for §(w) is not known, it is useful to expand it in a Taylor

series around the carrier frequency w, as;

1 1
f(w) =By + (w — wo)fy + E(w — wo)*B, + g(w — wp)*Ps + - (3.32)

where By = B(w,) and,

_4"B

dwn wW=wq

B (m=1.2,..) (3.33)

The cubic and higher-order terms in the expansion are negligible it the pulse duration in the
ps-range. For femtosecond pulses however, third-order dispersion has to be taken into
account. Using a similar expansion for Af(w), substituting both expansions in Equation

(3.31) and taking the inverse Fourier transform it by using;

A(z,t) = %foofi(z, w — wy) exp[—i(w — wy)t] dw (3.34)

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

A  BA iB,d%A
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The effect of fiber loss and nonlinearity is included in the term Af, and can be evaluated
using Equation (3.27). Using f(w) = n(w)w/c and assuming F(x,y) in (3.27) does not

change much over the pulse bandwidth lead to;

A  BA iB,d%A

a
oy Pe T A= 2
P + B, 5t + > 3p2 + 2A iy(wy)]A|*A (3.36)

with the nonlinear parameter y defined as;

_ N, (o) Wy

(3.37)
C'Seff

where S, ¢ ¢ is the effective mode area of an optical fiber. Evaluation of it requires the use of
the modal distribution F(x,y). If F(x,y) is approximated by a Gaussian distribution,
Seff = nw?. Typically, Sefs ranges between 1-100 um? in the 1.5 pm region.

A transformation of Equation (3.36) into a reference frame moving at the group velocity

vy = 1/p; of the pulse envelope leads to;

0A iB, 024

a
=2 —A=i Al2A .

where T =t — Ui =t — ;2. Because of resemblance this equation is called the nonlinear
g

Schrodinger equation (NLSE) and is used to describe the propagation of ps-range pulses
through optical fibers, taking into account chromatic dispersion by S, fiber losses by a and

fiber nonlinearities by 7.
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It is useful to introduce two length scales, dispersion length Lp and nonlinear length Lyy.
This makes it possible to compare the relative strengths of effects over the propagation

distance. These lengths are defined as;

TZ 1

LD:ﬁ_» LNL:]/T
2 0

(3.39)

Here T, is the initial pulse length and P, is the pulse peak power. Rewriting equation 2.29

with these new parameters leads to;

6a+i L62a+a L al? 3.40
9z " 2Lporz 24T, M (3.40)

where the absolute square of the field now gives power instead of intensity, through the

transformation a(z,7) = A(z,t)//Sess-

Unfortunately, some of the assumptions used in deriving the NLSE are not valid for ultra-
short pulses (100 fs regime). The bandwidth needed to support such short pulses is so large
that third-order dispersion effects can no longer be neglected. Furthermore the assumption
that the fiber nonlinearity responds instantaneously compared to the pulse duration is no
longer supported. In addition, the contribution to x© from the Raman effect becomes
significant, as it occurs over a time scale of around 60 fs. 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
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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 equation (3.10). Any y® related effects are still neglected as they

require phase-matching. The scalar form of nonlinear polarization is given by;

3¢ t
Py (rt) = TO & E(r, ) f R(t — t))|E(r, t,)|2dt, (3.41)

which includes the nonlinear effects in a response function y @ R(t — t;) where R(t) is
defined similarly to a time-delayed delta function such that ffoooR(t)dt = 1.This

corresponds to R(t — t;) = §(t — (t; + At)). The upper limit of integration extends up to

t to ensure causality. Somewhat lengthy algebra leads to the expression (see [18] for

details);
0A  0A iB,0%A 5034 1 9
PR e e CRE Y
. 0 *
=L<)/+Ly1a> (A(Z,t)f R(t’)IA(Z,t—t’)|2> (3.42)
0

For pulse durations that can contain many optical cycles (pulse width > 100 fs), it is
possible to simplify Equation (3.42) by setting @; = 0 and y; = y/w, and using a Taylor

expansion of the form;

)
|A(z, t —t)|* = |[A(z,t)|* - t' = A, t)|? (3.43)
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The following equation is acquired;

0A a  iB,0%A Ps3%4 ,oia 9|A|?
52124 7 5~ - o |APAF ogr (AR — Ted =5

(3.44)

where a reference frame moving with the group velocity is used similar to the case in

Equation (3.38). Ty is defined as the first moment of the nonlinear response function
T = fjooo tR(t)dt. This latest form of the NLSE also contains the third-order dispersion

(B5 term), the effect of self-steepening (wy ' term) caused by the intensity dependence of
the group velocity and the Raman-induced frequency shift (T term) caused by the delayed
Raman response. A numerical value has been deduced experimentally as T = 3 fs for the

spectral region around 1550 nm.

Solution of the NLSE is pretty straight-forward for negative [5,. For this case, the solution
does not change along the fiber length. Such a phenomenon is called a solitary wave
solution. It was first observed in 1834 by Scott Russell in water waves propagating with

undistorted phase over several kilometers through a canal.

The physical origin for optical solitons is a balance of dispersion and nonlinearity. Equation

(3.38) can be rewritten as;

0A A2 if, 9%A 3.45
— = iy () s (3.45)
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2
with the assumption of no fiber losses (& = 0). If both 8, and % are negative, there can be

a combination of pulse duration (the parameter responsible for the magnitude of 8,) and

pulse energy (the parameter responsible for magnitude of y), such that both terms cancel
and 2—2 = 0. This means that, the envelope of the pulse does not change while propagating

through a fiber if fiber losses and higher order nonlinear effects are neglected. The solution

is characterized by a hyperbolic secant pulse shape;

@) = [ sech (—) (3.46)

3.2. Amplification in Rare-Earth Doped Fibers

Optical fibers can amplify light at correct wavelength through stimulated emission. This is
done by optically pumping the amplifier fiber to obtain population inversion. Depending on
the energy levels of the dopants (rare-earth elements like erbium, ytterbium, neodymium,
samarium and thulium), lasing schemes can be classified as a three- or four-level scheme
(Figure 3.1). In either case, dopants absorb pump photons to reach an excitation stage than
relax rapidly into a lower-energy excited state. The life time of this intermediate state is
usually long (around 10ms for erbium and 1ms for ytterbium), 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 each
stimulated-emission event. In the case of a three-level lasing scheme, the dopant ends up in
the ground state, whereas it occupies an exited state in the case of a four-level lasing

scheme. Erbium-doped fiber lasers and amplifiers make use of three-level scheme.



CHAPTER 3. THEORY OF FIBER LASERS 30

@ T Bowm T S B
E2 E3

Laser
pump Laser pump emission

emission

A 4 E1 El

Figure 3.1. Illustration of (a) three-and (b) four-level lasing schemes

Optical pumping creates the necessary population inversion between two energy states and
provides the optical gain. Using the appropriate rate equations (see [20] for details), the

gain coefficient for a homogeneously broadened gain medium can be written as;

Yo
1+ (0w — w,)?T} + P/P,

9(w) = (3.47)
where g, is the peak gain value, w is the frequency of the incident signal, w, is the atomic
transition frequency and P is the optical power of the signal being amplified. The saturation
power P is mainly influenced by the parameters such as the fluorescence time 7; (in the
range of 1 ps to 10 ms for commonly used dopants) and the transition cross section c. The
parameter T, is the dipole relaxation time and is usually on the order of 0.1 ps for fiber

amplifiers.

If the saturation effect is neglected in Equation (3.47), the gain reduction for frequencies

off the transition frequency is governed by a Lorentzian profile. The gain bandwidth Av is
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defined as the full width at half maximum (FWHM) of the gain spectrum g(w), given for a

Lorentzian spectrum as;

Aw 1
Av, = —2 =

9= 5 = 772 (3.48)

However, 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).

In the latter part of this section, the effects of gain provided by dopants for the NLSE will

be examined.

The lasing process can be approximated by a two-level system, as the lifetime of the first
upper state is significantly shorter than the lifetime of the state from which stimulated
emission takes place. The dynamic response of a two-level system is governed by the
Maxwell-Bloch equations [20]. The starting point is the wave equation (3.10), but the
induced polarization P(r) has to include a third term P4 (1) representing the contribution

of dopants. Using the slowly varying envelope approximation similar to Equation (3.14);
1
P,;(rt) = Ex[Pd (r,t)exp(ifyz — iwyt) + c.c. ] (3.49)

The slowly varying part is dictated by the Bloch [20] equations which relate the population

inversion density W = N, — N; to the polarization and electric field;
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op g’; H__"F (7':2 D iy — 0P £) %E(r, Hw (3.50)
W We-w 1.,
=T —ﬁlm(E (r,t). P(r, 1)) (3.51)

where p is the magnetic dipole moment, w, is the atomic transition frequency, and E (r, t)

is the slowly varying amplitude defined as in Equation (3.14).

Following the same method in previous section for the derivation of NLSE, the NLSE
(3.36) is modified as;

08 g O B0 A wlAPA + 2 Py 0) 352
B S s o A= iy (0 2egc (T, (3.52)

where the angled brackets denote an averaging over the mode profile |F(x,y)|%. The
preceding three equations (3.50)-(3.52) need to be solved for pulses of a duration
comparable to the relaxation time (0.1 ps). The analysis is simplified considerably for
longer pulses, where the dopants respond so fast that the induced polarization follows the
optical field adiabatically (see [20] for details). Dispersive effects can be included by

working in the Fourier domain and defining the dopant susceptibility as;
P(r,w) = goxa(r,w)E(r, w) (3.53)

The susceptibility is found [20] as;
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asW (r)ngc/wg
(w—w )T, +i

xa(r,w) = (3.54)

Similar approach used in deriving in NLSE can be performed, provided the dielectric

constant is modified to take y, into account. This leads to a change in Equation (3.25);

Xa

An = E|?
n =n,|E| +2n

(3.55)
The major difference is that AS in Equation (3.27) becomes frequency dependent due to
Xa- Hence, when transforming the optical field back to the time domain, both f and AfS
must be expanded into a Taylor series. The resulting equation is found after somewhat

lengthy algebra (see [21] for details);

0A 0A i 0?4 «a
eff 22 4 ° eff_+_A:iy(a)0)|A|2A+

N go1l+id
dz "t o9t 27?% 9tz 2

21+ 62

A (3.56)

where

eff _ gOTZ _1 - 62 + 216

=B+ 1157 (3.57)
eff _ gOTZ _5(52 - 3) + l(l - 362)

2 =ht— TFYDE (3.58)

and the detuning parameter § = (w, — w,)T,. The gain g, is given by;
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o5 [ [ W, t)|F (x,y)|?dxdy
2 F (x, ) 12dxdy

go(z, t) = (3.59)

Spatial averaging is due to the use of Equation (3.55) in (3.27). Equation (3.56) shows that
gain not only affects the group velocity of the pulse (v, = 1 1), but also the chromatic
dispersion through the effective 8,. The change in the group velocity is usually negligible,

since the second term is smaller on the order of 10™* compared to f8;. In contrast, not so for
ﬁzef I since near the zero-dispersion wavelength of the optical fiber, the two terms can

become comparable. Even in the special case of § = 0, ,Bff T does not reduce to B, in fact

it comes down to;
ST = B, +igoT? (3.60)

which is a complex parameter caused by the gain induced by the dopants. The physical
origin of this contribution is called gain dispersion which is due to the finite gain
bandwidth of doped fibers. Equation (3.60) is a result of the parabolic-gain approximation

used in the derivations in [21].

The integration of Equation (3.59) is difficult since the inversion profile depends on the
spatial coordinates x, y and z and the mode profile |F(x,v)|? because of gain saturation.
However, in practice only a small portion of the fiber core is actually doped. If both the
mode and dopant intensity are nearly uniform over the doped region, W can be assumed to
be constant there and zero outside. Then Equation (3.59) can easily be integrated leading

to;
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9o(z,t) = I;oW (z,1) (3.61)

where [ is the fraction of mode power within the doped region. Using Equation (3.61) and

(3.51), the equation for gain dynamics can be found;

990 _ gss = 9o _ GolAl®
ot T, TP

(3.62)

where gg¢ = I;0,W, is the small signal gain. For most fiber amplifiers the fluorescence
time T; is long compared to the pulse width and hence spontaneous emission and pump
power changes do not occur over the pulse duration, Equation (3.62) can be integrated,

leading to;

1 t
gO(Z' t) ~ Jss€XPp <_ E_f |A(Z: t,)lzdt,> (363)

N

where E is the saturation energy which is on the order of 1puJ for fiber amplifiers. This
energy level is not reached in the lasers and fiber amplifiers, so gain saturation is negligible
over the pulse duration. However, for a long pulse train, saturation can occur over
timescales longer than T;. The saturation is determined by the average power in the

amplifier system gq = g(1 + Py, /PS*) 1.

Pulse propagation in an optical fiber is governed by a generalized NLSE (3.36) with

coefficients ﬁf IT and ,[)’ze I7 that are not only complex but also vary along the fiber length. In

the specific case where the detuning parameter § is zero, the NLSE can be written as;
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0A i 0%A Jo—
@t oA 2
57 + > (B2 +igoT3) 372 iy (wo)|A[*A + >

A (3.64)

where T =t — Bff T is the reduced time. The T, term accounts the decrease in gain for

spectral components of the pulse far from the gain peak. This equation is called the “Master

Equation of Mode-locking” [22].

3.3. Modelocking of Fiber Lasers

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

erbium-doped fiber laser used in this thesis.

An electromagnetic pulse propagating in a laser cavity can be denoted by a superposition of
plane waves with different wavelengths. The possible wavelengths of the longitudinal

modes are given by the condition;
ni, = 2L (3.65)

where A, is the wavelength of the longitudinal mode and L is the cavity length. A large
number of modes of different frequency can exist at the same time and each will be
independent in phase and amplitude. Thus the total electric field in the cavity is given by

the sum of the field of all modes;
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Et) =) En(nt)= ) Epyelknriont, Eon = |Eonle®n  (3.66)
n n

where Ej,, is the complex amplitude of the n-th mode and ¢, its phase. Assuming equal

amplitude for all modes, the intensity is;

I(z,t) < E(z,t)E*(z,t) = |E,|? ZN=1ZN=1 e (@n=(®m) (m — n)Q (; - t) (3.67)

where

v
A=wp — Wy = T (3.68)

being the frequency difference between two consecutive modes. If all modes have fixed

phase relation, Equation (3.67) simplifies to;

. N N . of?
1(2,6) « E(z,)E*(2,t) = |E,|2ei? Z Z pim=m0(Z-¢) (3.69)
n=1 m=1

The second exponential part in the above equation will be 1 for all terms of the sum if the

condition,;
Z
Q(E— t)=2mj o z—ct=2Lj j=012.. (3.70)

holds. Then the maximum of Equation (3.69) is;
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Lnax = N2|Eo|? = N2I, (3.71)

The temporal and spatial distances of neighboring pulses as a function of the intensity I,

can be derived from Equation (3.70) as;

Az = 2L, At= ZTL =T (3.72)
This means the intensity maxima repeat with the revolution time T of the laser resonator
and there is one maximum inside the cavity at any time. Due to a fixed phase relation
between the modes in the cavity, pulses with peak intensity I,,,,, will grow, proportional to
the square of the number of modes. To calculate the 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 t = 0. Using geometric series;

(42
1) = I, (3.73)
sin? (— t
The FWHM of the pulses can be derived from the above equation as;
I(AT) Ly aT =2 _1s 3.74
= — - - == .

The pulse width decreases with the number of superposed modes and is directly

proportional to the revolution time of the laser cavity.
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A phase relation between superposed modes can be achieved by a modulation of the gain of
the cavity with the difference frequency () of subsequent modes. All techniques to get a
mode-lock rely on this principle. Due to loss modulation, the electromagnetic field in the

cavity gets additional time dependence;
E,(z,t) = (Eygn + EM%cosQt)ethn?-tont (3.75)

. 1 . . . .
— [EO,ne_lwnt + EETTOd(e_th + elﬂt)e—la)nt] elan

— [EOne—iwnt + lEﬁnod(e—iwnHt + e—iwn_lt)] eiknz
’ 2

The above equation hints that the time dependence induces sidebands in every mode whose

frequencies coincide with the one of the neighboring modes. Since this is valid for the total

bandwidth, a phase synchronization so called “mode-lock™ between all longitudinal modes

1s achieved.

There are several ways to have mode-lock state in a laser. They are categorized by the
method of how gain modulation is done. If an actively driven device, i.e. a switch or
amplitude modulator is used, it will be active mode-locking, if a passive device like a
saturable absorber is used, it will be passive mode-locking. However for the relevance of
this thesis, only a special case of passive mode-locking will be explained in greater detail in

the subsequent part.
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In passive mode-locking the nonlinear component used to make mode-locked lasing more
favorable than continuous-wave (cw) lasing simply introduces a higher loss at low power

so that a short pulse with higher peak power experiences a stronger net gain.

Fiber lasers can also be mode-locked by using intensity dependent changes in the state of
polarization when the orthogonally polarized components of a single pulse propagate inside
an optical fiber. The polarization of the intense center of the pulse is rotated more than the

less intense wings.

Pump
collimator collimator diode
| WDM
M4 1 Ma N2 coupler
plate plate plate
NPE
output port

isolator

Single-mode
fiber

Erbium-doped fiber - ----- beam

Figure 3.2. Schematic of a fiber ring laser mode-locked via NPE

The mode-locking process can be understood considering a fiber laser built in a ring
configuration as shown in Figure 3.2. The pulse is linearly polarized after the polarizing

beam splitter (PBS). The quarter wave plate following the PBS set the polarization to be



CHAPTER 3. THEORY OF FIBER LASERS 41

slightly elliptical, such that Kerr effect in the fiber section has a notable effect on the
polarization of the pulse. After the fiber section, the polarization of the pulse center will
differ from the polarization of the wings. The combination of quarter- and half-wave plate
makes the polarization to be linear in the central part of the pulse, 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 overall effect of the waveplates, PBS cube
and fiber is shortening of the pulse after each round trip, with the PBS effectively acting as

a saturable absorber.

The pulse at the beginning of the fiber section after free-space has to have elliptical
polarization. The reason is explained as: The main contributors to the intensity dependence
of the polarization evolution are self-phase and cross-phase modulation (SPM and XPM).
Assuming the two eigenmodes are polarized along the x- and y-axis with intensity levels I,

and I, the total phase delays @, and @y along the axis can be obtained by adding the

linear phase delays 8, 2L and B, 2L as well as self- and cross-phase modulation term [23];

2

P, = [Bx +yl, + ygly] 2L (3.76)
2

D, = [ﬁy +yI, + y§1x] 2L (3.77)

where L is the fiber length. The difference of the above equations gives the net phase shift

between the two axes;
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2
AD =Py — Dy = |(By —By) +v(Ux— L) + y§(1y —1)|2L (3.78)

Equation (3.78) suggests that circular input polarization does not lead to any intensity
dependent phase shift, so the polarization of the pulse has to be elliptical when entering the

fiber section of the cavity. This is achieved by the quarter-wave plate after the PBS cube.



Chapter 4

Laser Oscillator System and Characterization

Ultrafast fiber lasers have the potential to serve as master oscillators in accelerators. Pulse
durations on the order of 100 fs are required to work in this area, hence the most promising
candidate is a passively mode-locked laser through nonlinear polarization evolution. Noting
these arguments, an erbium-doped fiber laser is selected to be used as the oscillator in this
thesis for which components are widely available due to its operation at the

telecommunication wavelength of 1550 nm.

4.1.Stretched-pulse vs. Stretched-spectrum Type Similaritons

One stability limit for mode-locking is the amount of nonlinear phase shift the pulse
accumulates during one round trip. A soliton, the stable solution to the NLSE as discussed
in Section 3.1, becomes unstable if it accumulates a phase shift of 2n or more per round

trip. This would mean a soliton-laser’s output power is limited to very small levels.

In an approach first found by Tamura ez.al. in 1993 [24], alternating pieces of normal and
anomalous dispersion fibers were combined to have breathing of the pulse duration one
round trip, making the pulse short in the middle of the normal and anomalous pieces of the

fiber cavity. This results in an effective decrease in peak power, as the pulse is only short
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for a small portion of the fiber cavity. Since nonlinear effects are peak power dependent,
the nonlinear phase shift accumulated per round trip is considerably decreased to the case
of a soliton. In other words pulse energy that the laser can sustain before becoming unstable
is increased, thus laser has a higher output power. A further increase in the output power
can be achieved by construction a laser such that the net dispersion of the cavity is not zero
but slightly positive. Therefore the pulse will not reach the transform limit inside the cavity
and will always have a positive chirp. This will further increase the maximum energy of the
pulse inside the cavity while still maintaining stability. However, compared to solitons,
stretched-pulses require more pump power to achieve high enough peak power in order to

have mode-locking sustained.

Pulse formation is dominated by a rich interplay between group velocity dispersion (GVD)
and nonlinear effects [25-27]. Developments leading to better performance are typically
triggered by new pulse shaping concepts and better understanding of underlying dynamics.
Recent studies of Ilday et. al. showed experimental demonstration of a new laser type that

can be regarded as a “stretched-spectrum” laser [28].

The establishment of self-similarity is a fundamental physical property that has been
extensively studied to understand widely different nonlinear physical phenomena [29],
including asymptotic self-similar behavior in radial pattern formation [30] and in
stimulated Raman scattering [31], the evolution of self-written waveguides [32], and the
formation of Cantor set fractals in soliton systems [33] in the field of nonlinear optics; the
propagation of thermal waves in nuclear explosions, the formation of fractures in elastic
solids, and the scaling properties of turbulent flow [34]. Kruglov et. al. [35] and Fermann
et.al. [36] have developed self-similarity techniques that have recently been applied to
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study pulse propagation in normal-dispersion fiber amplifiers, with the result showing that
linearly chirped parabolic pulses are asymptotic self-similar solutions of the NLSE with a
constant gain profile. These results have been confirmed experimentally and have extended
previous theoretical and numerical studies of parabolic pulse propagation [37, 38].
Furthermore Ilday er.al. [39] have observed self-similar pulse evolution in a laser cavity.
Recently Ilday et. al. reported first experimental and theoretical observation of stable pulses
that propagate self-similarly in the presence of amplification (Kruglow-type) in a laser
cavity [see [28] for details]. This corresponds to coexistence of dissipative self-similar
solutions and soliton-like solutions to a modified NLSE subject to periodic boundary
conditions. These solutions are robust enough against perturbations to be observed
experimentally. A characteristic feature of Kruglow-type self-similar pulses is exponential
broadening of the spectrum which must be undone at the end of each round trip. As such,
periodic breathing of the spectrum is observed in the cavity due to alternate of interference

filtering (bandwidth cutoff) and spectral-broadening in a single round trip.

4.2. Numerical Simulation of the Laser Oscillator

In this section, the numerical model used for simulating mode-locking of the erbium-doped
fiber laser is presented. It is based on solving the NLSE (3.44) which was derived in
chapter 3. The model includes the effects of saturable gain, second- and third-order
dispersion, linear losses and nonlinear effects such as gain dispersion in the amplification
section, self-phase modulation, Raman scattering, saturable absorption and bandpass filter.
The pulse is assumed to start from noise and is iterated over many round trips until a steady

state solution is reached. The simulator is based on a code written by Prof. F. Omer Ilday of
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Bilkent University, and a Java interface written by Cagr1 Senel, one of Ilday’s students. It

employs the split step Fourier method, which will be explained in the following subsection.

4.2.1. Split-step Fourier Method

A convenient way to solve the NLSE;

4|2

oT

0A a i, 9%A B34 i d 9
T+ 2T E BT T i A4 + ——= (JAI24) — TRA
2 P24t o e o - |lAPA+ oap (1AFA) ~ T

(4.1)

is the split-step method. It assumes dispersion and nonlinear effects act independently over

a short piece of fiber. It is practical to use Equation (4.1) as;

0A .
5= (D+N)A (4.2)

where D is the differential operator representing dispersion and absorption in a linear
medium and N is the nonlinear operator ruling all nonlinear effects on pulse propagation.

These operators are given by;

S a i, 9 N 93

N TS (4.3)

- i 10
N=iy|lAI?+—==(APA) - T
iy (1A + o (A1) ~ T

dlA|?
T

(4.4)
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The split-step Fourier method obtains an approximate solution by assuming that
propagation over a small distance /4 is carried out in three steps. First, the pulse propagates
over half the distance with only dispersive effects. Then, in the middle of the section,
nonlinearity is included after which the pulse propagates again half the distance (Figure

4.1).

Dispersion  Nonlinearity

only|\ / \olnly
¥ | N

A(z,T)

z=0 |<—h—>|

Figure 4.1. Illustration of split-step Fourier method used for numerical simulations

Mathematically,

A(z+ h,T) = exp (gﬁ) exp (fZJrh]V(z’)dz’) exp (g 5) A(z,T) (4.5)

The exponential operators can be evaluated in the Fourier domain. For the dispersive

operator exp (g D ), this yields

exp (gﬁ) A(z,T) = F;lexp (gﬁ(iw)) FrA(z,T) (4.6)
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where Frdenotes the fourier transform operation, D(iw) is obtained by replacing the
differential operator d/0T by iw. As D(iw) is just a number in the Fourier space, the

evaluation of Equation (4.6) is straightforward (see [18] for details).

4.2.2. Simulator Interface

A screenshot of the simulator interface is shown in Figure 4.2. Table 4.1 summarizes the

parameters needed for the numerics of the simulation.

J0 Ultrashort Pulse Propagator 2.0.4 - Ultrafast Optics and Lasers Group - Bilkent University
File Tools Help

Roundtrip 1 Seqment 1 | | Segment 3 + | Mumber of Segments @ |3 Moise -
L = 228.000000000000 cm _
L2d = -15.8003109054241 o Segment 3 Properties General Parameters
Lad = 250731.319738730  om # of snapshats to be saved z0 Time window length 4096
Lnl = #455572374575332 =]
Ly = Infinity om Lenagth [cm] 100.0 Initial pulse width [fs] @ [100.0
Esst= 0.000000000000000E+000 r D [Fs2fmm] T Initial puiss length I
E_in 1.522885765065541E-003 n E_out 1 522865765065544E-003 nJ TOD [fs~3fmm] 0.168 Total # of passes i 10000
Peak power is 0.103334904497359 W Kerr coef., n2 [10-16 cmzf] 53 # of integration steps ¢ |10
OC Section Effective mode area [um~2] 10.0 Save every Mpass, N 1 100
En 1.522885765065544E-003 nJ E_out 45686572951 96629E-004 nJ Unsaturated gain [d&] 30.0 Pawer [W] ¢ |2000.0

- Gain bandwidth [nm] =0.0 Central wavelength [nm] : | 1550.0
Semiconductar 5.4, ime [Fs]:

Effective gain sat. energy [nJ] 15.0 Ramen response time [fs]: |5.0
E_in 4.560657295196629E5-004 nJ E_out  2.731:539927407872E-004 nJ [ ©ukput coupler o linsar loss
Gaussian Fiter Fraction of transmitted power [ Load previously saved data ta cantinue simulation
En 2.731539927407872E-004 nJ E_out 2.73117215530861 6E-004 nJ [ aturable abscrber [[] Load previously saved data as an initial pulse
Roundtrip 1 Segment 2 ALz ooty
Snapshot Mumber

L = 333.000000000000 cm Psat [W]
L2d = -15.8628451174509 om [[] Inerease initial pulse length
L3d = 2507351.519738730 cm 9
Lnl = &43.45572374675302 cm TMultiplier
Ly = Infinity
Esat = 0.000000000000000E+000 nJd Angle 1! Angle 2! Angle 3t
E_in 2.731172155808616E-004 n) E_out  2.73117215580861 8E-004 nd [ Bandpass Fiter
Peak power iz 1.775413114833815E-002 W Bandwidth [nm]:
A Section b

Figure 4.2. Screenshot of the simulator GUI
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Parameter

Function

Time window length

Number of data points for discretizing time

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 after which data is saved to file

Power [W]

Actual power corresponding to unit size of power

Central wavelength [nm]

The central wavelength of the light used for simulation

Raman response time [fs]

Parameter characterizing the strength of the Raman effect

# of snapshots to be saved

# of segments each fiber section is divided into

Length [cm]

Physical length of the segment

GVD [fs*/mm]

Second order dispersion parameter

TOD [fs*/mm]

Third order dispersion parameter

Kerr coef., n, [10°cm2/W]

The Kerr nonlinearity coefficient

Effective mode area [umz]

Effective mode area for the propagating beam

Unsaturated gain [dB]

Small signal gain of the amplifier

Gain bandwidth [nm]

Finite gain bandwidth for parabolic approximation

Effective gain sat. energy

Saturation energy in arbitrary units for the gain

Output coupler/linear loss

Adds an output coupler to the end of the segment

Table 4.1. Numerical parameters needed for the simulator
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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 should be configured separately. The
saturable absorber 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 saturable absorber is modeled as;

Issp =1 ——F7— (4.7)

where g is the modulation depth and Ig,;is the saturation power of the saturable absorber.

For nonlinear polarization evolution, the model is;

w1
Inppsa = (1 — q)cos (E_I ) (4.8)
sat

4.2.3. Simulation Results

Simulation of the laser is done with the parameters summarized in Table 4.2. A total of six
segments are required for the actual imitation of the laser. However, number of segments
severely increases processor usage. For practical purposes, laser is simulated after some
approximations resulting in just three segments instead of six segments. This
approximation and %35 uncertainty associated with fiber properties (mode-field diameter,
core diameter, numerical aperture, etc.) caused minor mismatch in simulated and
experimental results. The output coupler section of the simulation is approximated as the
total loss due to %5 tap port at isolator in addition to the loss at the NPE output. Although

NPE, output coupler and interference filter are separated by single mode fibers, they were
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all assumed to be located at the end of first segment. Second- and third-order dispersion has

been calculated from the data available in the component datasheets as dispersion depends

linearly on core diameter and numerical aperture. There is no option for backward or

forward pumping in the simulation, so any possible effect of backward pumping

(experimental case) is not accounted for in the simulation results. Initial pulse is selected as

noise for testing the simulation results. The numerical accuracy is also verified by checking

that results are unaffected after doubling the sampling resolution.

Section Fiber type Length Dispersion Total
(cm) (fs*/cm) dispersion (fs?)
Pump coupler Lucent980 54.5 45.1 2457.95
polarizer SMF28+PM Panda 33.5 -228.3 -7648.05
isolator SMF28 40 -228.3 -9132
Collimator 1 SMF28 32.5 -228.3 -7419.75
Fiber Stretcher, SMEF28 228.5 -228.3 -52166.55
collimator 2
Gain fiber Lucent custom made 100 768.7 76870
Er-doped
total 2961.6

Table 4.2. Length of fiber segments and dispersion properties for the laser
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Figure 4.3 shows spectrum of the mode-locked laser which is a stable solution after 4500
roundtrips. In fact, laser can reach mode-lock state after around 50 roundtrips, but for the
sake of stability check, pulse is rotated inside the cavity for 4500 roundtrips to achieve
convergence to the last digit of the solution. Figure 4.4 shows buildup of the pulse from

noise after 50 roundtrips.
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Figure 4.3. Simulated spectrum of the pulse
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Figure 4.4. Buildup of the pulse inside the simulated cavity over 50 roundtrips
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4.3. Setup of the Laser Oscillator

Pump
diode

Erbium-doped

WDM coupler

Polarization
controller #1

Long SMF28 as
' inthe fiber
stretcher

NPE
ot output

%3 output

Polarization
controller #2

Figure 4.5. Schematic setup of the all-fiber stretched-pulse laser

Initially a stretched—pulse erbium-doped laser in all-fiber cavity configuration was
constructed (Figure 4.5). It was very robust; however changing the repetition rate of an all-
fiber laser is somewhat troublesome as it requires modifying the fiber lengths inside the
cavity. Since the main goal of this thesis requires a laser oscillator of which the repetition

rate is adjustable on the order of a few MHz, some modifications were made to the all-fiber
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laser oscillator. Moreover, at that time an exciting-new discovery of a new laser type was
found by Ilday et.al. of Bilkent University (see [28] for details). This new laser kind,
regarded as “stretched-spectrum” laser was found to be very robust, even more so than the
regular stretched-pulse laser. The difference between a stretched-spectrum and a stretched-
pulse is that former one has an interference filter inside the cavity which inspires the name
“stretched-spectrum” as spectral bandwidth of the pulse “breaths” through a round trip

inside the cavity.
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Figure 4.6. Schematic setup of the stretched-spectrum laser oscillator
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As these two points taken into account, the latest laser design was finalized, which is
depicted in Figure 4.6. Coherent with numerical simulations, an erbium-doped stretched-
spectrum laser was constructed. The fiber section consists of 371.5 cm of regular single-
mode fiber for 1550nm (SMF28), 17.5 cm of polarization maintaining fiber (PM panda)
and 100 cm of highly doped (concentration of 6.10*m™) erbium fiber. Together with
variable length free-space section, this gives a pulse repetition frequency of 40.6 MHz.
Given the length of fibers the net GVD of the laser cavity was calculated to be about 2983
fs>. Single mode fibers and polarization maintaining fiber has negative dispersion, and the
gain fiber has positive dispersion. The laser is pumped by a single-mode laser diode with
300 mW power at 980 nm. The coupling to the cavity is done with a wavelength-division
multiplexer (WDM). A WDM consists of two parallel fiber pieces, whose cores fused
together by an electric arc. It is possible to obtain a wavelength dependent transmission
from one fiber into the other, by adjusting the distance of the cores. If the transmission for
one wavelength is 100% from fiber A to B, whereas the transmission from fiber B to A for

another wavelength is zero; a WDM is obtained.

Since an upper harmonic of the laser’s repetition rate needs to precisely match local
oscillator’s RF frequency (1.3 GHz), the free-space section has to be designed cautiously.
Given that adjusting the repetition rate with fiber lengths is only an approximate and
unpractical way, an adjustable free space section between two collimators has to be
introduced. One of the collimators is mounted on a manual translation stage to coarsely
adjust the repetition rate. However, the fine tuning is done with an in-line fiber stretcher
which is an actuator for the phase-lock loop. The stretcher is located after the polarizer to

avoid polarization distortions due to long fiber (~2.5 m) on it.
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Apart from the fiber on the stretcher, most of the remaining fiber in the cavity is located on
an aluminum plate which has a heater on its bottom to efficiently control the temperature of
the fibers. Restraining the fiber temperature in smaller ranges than room conditions (with
0.1°C sensitivity), actually gives better control over the stability of the laser. To further
control the environment of the laser, a plexiglass box with 1 cm thickness is designed to
fully encase it. This would ensure to minimize the susceptibility of the laser to external

factors.

A detailed overview of the fiber lengths and dispersion coefficients is seen in Table 4.2 as
the same parameters were also used as numerical simulation inputs. Two late photos of the

laser oscillator is given in Figure 4.7.a and 4.7.b.

Figure 4.7.a. Photo of the laser cavity including the fiber stretcher and free-space section
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Figure 4.7.b. Photo of the fiber laser inside the custom-made box. Temperature controller is
set to keep the temperature inside the box at 26°C.

4.4. Pulse Characterization

Since the stabilization of the laser to an RF source only compensates phase fluctuations at
low offset-frequencies, the phase-noise of the free-running laser has to be small in high
offset-frequencies. Hence proper operation of the laser needs to be maintained.
Autocorrelation, electric pulse train, optical and RF spectrum of the laser are monitored

before stabilization of repetition rate.
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4.4.1. Autocorrelation

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.
Briefly, the technique depends on second-harmonic generation. Figure 4.8 illustrates the
setup of autocorrelation. Initially the input pulse is split into two, and one of the pulses is
delayed by 7. 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;
P@(t) x E()E(t — T) (4.9)

Since the photo detector’s response is much longer than the pulse width, it integrates the

incident light intensity leading to intensity autocorrelation;
Ly (1) « f I(®)I(t —1)dt (4.10)

with I(t) being the intensity of the input pulse. Since the phase of the pulse is not
conserved, Equation (4.10) 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 4.8.Setup of an intensity autocorrelation

Assuming a Gaussian pulse shape, a deconvolution factor of 0.707 is used in Equation 4.11,

leading to 110 fs of pulse width (see Figure 4.9).

ATEWEM = 0.707Ac5WHM (4.11)

utocorrelation
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Figure 4.9. Autocorrelation of the laser pulse train

4.4.2. Optical & RF Spectrums and Pulse Train Measurements

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 RF spectrum and electrical pulse train on oscilloscope trace spans
the whole bandwidth to check multiple-pulsing presence. Figures 4.10, 4.11 and 4.12

shows clear traces of these three measurements.
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Figure 4.10. Measured optical spectrum of the pulse (simulation output — red)
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Figure 4.11. Oscilloscope trace of the laser with 40 MHz repetition rate
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Figure 4.12. Photodiode response of the laser in frequency domain



Chapter 5

Phase Noise and Timing Jitter

5.1. Brief Introduction to Laser Phase Noise

A mode-locked laser produces train of pulses. The interval between consecutive pulses,
defined as repetition period, is not identical for all neighboring pulses (Figure 5.1). The

drift in pulse-to-pulse period is defined as the phase noise of the laser.

Teep +08, €------------ > T, -At;

rep

Figure 5.1. Time domain visualization of pulses from a mode-locked laser.

Although it is easier to picture phase noise in time domain, due to characteristics of test &
measurement devices, phase noise is studied in frequency domain. To explain the
frequency-domain response of phase noise, pulses need to be converted to frequency
functions. To this end, applying a Fourier transform to time-domain pulses, gives a

“frequency comb” (Figure 5.2).
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Figure 5.2. Time-to-frequency domain conversion of laser pulses.

In frequency domain phase noise or timing jitter corresponds to drift of individual comb
lines. Ideally, comb lines are Dirac-delta functions. However, due to phase noise, actual
comb lines have finite widths (Figure 5.3). The amount of this width is directly

proportional to the timing jitter of a laser.
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Figure 5.3. Single comb line of the laser at 1.3 GHz
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5.2. Measuring Phase Noise of the Laser

Unlike the time picture, frequency response of the pulses covers THz bandwidth as well as
much slower and measurable RF bandwidth. Frequency of a single comb line can be
written as;

f = frep + foeo (5.1)
where n ranges from 0 to very large numbers on the order of 10°, frep 18 the repetition rate
of the laser and f,, is the offset frequency of carrier-envelope phase. f_., based studies are
beyond the scope of this thesis and will not be mentioned in detail. Furthermore, converting
the pulse into electrical signal via photodetection destroys the information about f,,,, hence
phase noise measurements covers only the timing jitter of repetition rate, f..,,. However it
should be noted that ultimate stabilization of a pulsed laser also covers locking of f_., to an

RF source.

Phase noise can be measured by selecting a single frequency comb line of the laser and
phase locking it to a reference oscillator. To convert the pulses in electrical signals, a fast
photodiode from EOT, ET3500 with 12 GHz bandwidth, is used. Unlike the Fourier
picture, photodetection gives a comb line starting from DC (Figure 4.12).A single comb
line (Figure 5.3) is selected by using a %1 bandwidth 1.3 GHz RF filter from Lorch
Microwave (illustrated in Figure 5.4). After the filter, a low-noise amplifier from Mini-
circuits, ZRL-1150LN+, is used; since the comb line needs to have above 0.1 mW power

levels for measurement.
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Figure 5.4. Phase noise measurement setup

A signal source analyzer (SSA) measures the phase noise of a signal by phase locking it to
its local reference oscillator. A low-bandwidth phase-locked-loop (PLL) is required for this
locking. Applying both the reference oscillator signal and DUT’s (device under test) signal
to a mixer and keeping a phase difference of m/2 between both signals (to suppress
amplitude jitter) by the PLL, makes the mixer output signal zero. The remaining

fluctuations represent the timing jitter between the two signals. This output is then sampled
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by an A/D conversion system with high dynamic range and finally signal processing (FFT)

gives the phase noise of the test signal as a function of frequency (Figure 5.5).
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Figure 5.5. Schematic of a phase noise measurement using SSA (from [40])
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Mathematically, when the test signal is phase locked to the internal reference, both signals

are in quadrature or have /2 phase difference. Assume;
Vio(t) = Appsin (wct +Agro)  and  Vpyr(t) = Apyr cos(wct + Appyr)  (5.2)

where w, is the common frequency for both signals, 4, Apyr are amplitudes and A¢;,
A¢pyr are phase jitter of either signal. The (ideal) frequency mixer multiplies the two

signals which yields;
Viixer = Vo (O)Vpyr(t) = ALpApyr sin(w,t + Agp) cos(w .t + Appyr)

1
=5 ApoApyrlsinQact + Appp + Adpyr) + sin(App — Adpyr) | (5.3)
using the trigonometric identity, sin(a + b) = sin (a)cos (b) % cos (a)sin (b). The low

pass filter after the mixer eliminates the sum frequency, which results;

1 :
Viitterea = 2 ApoApyr sin(Ag o — Appyr) (5.4)
Since the phase fluctuations are small, low pass filter output can be approximated using
sin(A¢ o — Appyr) = Apro — Appyr. So the phase fluctuation between the local
reference oscillator and the test signal is measured. However, this technique has a basic
requirement; the phase noise of the local oscillator has to be small compared to the phase

noise of the test signal.
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Figure 5.6. Single sideband phase noise for the laser oscillator in free-running mode.

Figure 5.6 shows a phase noise measurement of the free-running laser at 1.3 GHz from 1
kHz (due to upper state lifetime of erbium) to the Nyquist frequency, 20 MHz. A calculated
RMS timing jitter of 36.7 fs is found from Equation (5.5) (see [41] for the details);

) 1 2 L)
]RMSlfl = 2l jf 2.1010 df (5.5)

where f, is the carrier frequency under test and L(f) is the noise density in dBc/Hz unit.



Chapter 6

Synchronization Circuit and Experimental Results

6.1. Laser Synchronization

Thanks to the manual translation stage inside the cavity, laser has a variable repetition rate
of 40.6 MHz within 1 MHz range. The 32™ harmonic of the laser repetition rate is at the
studied synchronization frequency of 1.3 GHz. The laser is synchronized to a dielectric
resonator oscillator (DRO) from Poseidon Scientific Instruments (PSI) using a phase-
locked loop (PLL). Generated error signal by comparing the 32" harmonic of the laser to
the DRO is fed back to a fiber stretcher inside the laser cavity. Hence the fiber length of the
cavity is controlled and the repetition rate is adjusted with respect to the reference

oscillator.

The error signal is generated through a PLL circuit. After converting the laser output to
electrical signal via photodetection, only 32™ harmonic of the repetition rate is selected by a
bandpass filter. Following the filter the single harmonic is 30 dB amplified by a low-noise
RF amplifier to have enough power at the mixer input. The frequency mixer multiplies the
amplified optic-to-RF converted laser harmonic and the DRO output generating both the
sum and difference frequencies of both sources. A low-pass filter is connected to the output

port of the mixer to eliminate the sum frequency. The filtered signal is then feed to a
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control loop feedback mechanism which is a proportional-integral-derivative controller
(PID controller). The corrective signal generated in the PID controller is then amplified
with a power amplifier to drive the high-capacitive piezoelectric fiber stretcher inside the
laser cavity, onto which 2 meters of laser fiber are wound. Finally, the fiber wound on the
piezo wafers stretches and compresses to modify the repetition rate of the laser in
accordance with the corrective signal. A schematic overview and a photographed operation
of the system is given in Figure 6.1 and 6.2 respectively.
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Figure 6.1. Schematic setup of the PLL system



CHAPTER 6. SYNCHRONIZATION CIRCUIT AND EXPERIMENTAL RESULTS 73

- -
T geansd

F.I"-1 ot F

Figure 6.2. Photograph of the system in operation. Error signal is monitored on the
oscilloscope screen and the harmonic of the laser is monitored on the RF spectrum
analyzer. Laser box is covered with thin metal sheet for temperature isolation.
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6.1.1. Fundamental Components of the Electronic System

Apart from the laser oscillator, the PLL system consists of various electronic components.
Namely low-noise RF amplifier, power amplifier, band-pass and low-pass filters, frequency
mixer, PID controller, DRO, photodetector and piezoelectric fiber stretcher are the
components in the PLL. Except the power amplifier, remaining components are retail

products.

Most of the RF components; low-noise amplifier (ZRL-1150LN+), low-pass filter(SLP-
1.9+) and frequency mixer (ZX05-5+) are from Mini-circuits. Low-noise amplifier has a
gain bandwidth of 750 MHz ranging from 650 to 1400 MHz. 30 dB typical gain is
provided by 12 V dc supply. The ratio of output noise to that which would remain if the
amplifier itself did not introduce noise, in other words noise figure is 1.1 dB. Low-pass
filter has a passband of DC to 1.9 MHz. Stopband extends up to 400 MHz with loss more
than 40 dB, hence attenuating the sum frequency after the mixer at least ten thousand times.
Below 100 kHz, its insertion loss is 0.09 dB. The frequency mixer operates between 5-1500
MHz with typical input powers of 7 dBm. (see [42] for details)

Band-pass filter (4CF2-1300/13-S) is a product of Lorch-microwave. It has center
frequency at 1.3 GHz, Q-factor of 2.9 and a 3 dB bandwidth of %1 corresponding to 13
MHz. (see [43] for details).

PID controller (SIM960) is on the product line of Stanford Research Systems. It has a
bandwidth of 100 kHz with low-noise performance (8nV/vhz above 10 Hz). The PID

controller attempts to correct the error signal between the DRO and the laser harmonic by

calculating and outputting a corrective signal back to the PLL. By adjusting the three gain
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parameters of the PID controller, sufficient output to keep the loop in phase is generated.
The proportional gain determines the reaction to the current error, the integral gain
determines the reaction to the sum of recent errors and the derivative gain determines the
reaction to the rate of change in the error. Mathematically, the PID controller calculates the

formula;

€ = setpoint — measure (6.1)
de
Output = P X {e + 1 f edt+D E} + of fset (6.2)

where ¢ is the error signal, setpoint is the reference signal and measure is the processed

signal (laser harmonic).

Power amplifier is designed and built by Dr. Aykutlu Dana of Bilkent University. PA85
from Apex Microtechnology is used as high-voltage, inverting power operational amplifier
in the design. The power amplifier has a gain of 13 dB and supports output voltages
between -210 to +210 V DC with £215 V DC supply. Vou/Vin graph is given in Figure 6.3.



CHAPTER 6. SYNCHRONIZATION CIRCUIT AND EXPERIMENTAL RESULTS 76

p ] I || || I
200 - i
100 4 -
E y
B T
"g' -
> 1004 -
-200 - -
| T T v T T T T T v T r
5 10 -5 0 5 10 15
V. (volts)

Figure 6.3. Gain response of the power amplifier. Saturation after £10 V DC input voltage
with £215 V DC supply.

An ultra-low noise dielectric resonator oscillator from Poseidon Scientific Instruments is
used as the reference signal source (DRO-1.300-FR). It has a center frequency of 1.3 GHz
with £100 ppm mechanical tuning range. It also has the option to control the center
frequency by voltage controller oscillator (VCO) input, featuring 3 ppm/Volt typical
control rate within £10 V VCO input range. Typical phase noise performance of the DRO
measured by the company is given in Table 6.1. (see [44] for details)
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Carrier offset frequency Guaranteed phase noise Typical phase noise
@100 Hz -87 dBc/Hz -89 dBc/Hz
@1 kHz -117 dBc/Hz -119 dBc/Hz
@10 kHz -140 dBc/Hz -147 dBc/Hz
@100 kHz -165 dBc/Hz -169 dBc/Hz
@1 MHz -170 dBc/Hz <-175 dBc/Hz
@ 6 MHz -170 dBc/Hz <-175 dBc/Hz

However, these noise levels are lower than the given phase noise measurements of the
DRO in the actual setup in the following section due to the fact than measurement
instruments are different and more importantly, the company measured the noise of two

DROs with 3dB subtracted at the end.

A fast photodetector from Electro-optics Technology is used for the electro-optic
conversion of the laser pulses (ET-3500F). Covering the spectral range of 1000-1650 nm,
this InGaAs photodetector has a bandwidth of 12 GHz and rise-, fall-times of <35ps. Noise

equivalent power of the detector is below 0.04 pV/vhz. (see [45] for details)

Piezoelectric fiber stretcher is produced by Canadian Instrumentation and Research. Ltd. It
compresses/stretches the fiber by applied voltage to piezo wafers onto which 5 rounds of
fiber is wounded (approximately 200 cm of fiber). It has a bandwidth of 100 kHz and an
applied voltage limitation of £200 V DC to the piezo wafers. Within this voltage limitation,
it can handle maximum repetition rate change of 93 Hz which corresponds to a range of

+3 kHz around the center frequency at 1.3 GHz corresponding harmonic.
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6.1.2. Performance Analysis of the PLL

The PLL is optimized such that the frequency range in which the laser and the DRO stay in
phase is maximized. Without losing the lock, DRO frequency can be changed in the range
of £3 kHz via the VCO input. This is achieved by setting the PID controller gain
parameters as -32 proportional gain, 5 integration gain and 0.2x107 differential gain. The
range can be further increased by increasing the gain parameters in the PID controller,
however increasing the gain causes the corrective signal to exceed the saturation point of
the power amplifier (Figure 6.3), hence causing the locked error signal to have modulation

and after a point destroys the lock.

When the PLL is not in operation, the laser harmonic and the reference DRO signal are not
phase locked. Mathematically, additional terms will be added to the arguments of
sinusoidal functions in Equation (5.2) which are ¢;, and ¢pyr, constant phases of the
DRO and the laser harmonic respectively. Taking into account these new terms will also

result in modifying Equation (5.4) as;

1 :
Vritterea = 2 ApoApyr Sin(@ro — dro + Apro — Adpur) (6.3)
Hence the approximation made in Section 5.2 for phase noise measurement is not valid
anymore. This unlocked error signal is monitored on the oscilloscope trace as sinusoidal
wave. However when the system is in lock the two signals will be in phase (¢.0 = dpyr)
and Equation 6.3 can be approximated as sin(A¢.y — Adppyr) = Apro — Adpyr

generating a DC signal instead of a sinusoidal one.
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The performance of the PLL was measured recording this DC signal over 41.3 hours.
Although the system was observed to stay in lock for much longer times (possibly
indefinitely) in absence of intentional halts or excessive distortion, memory limitations
force the recording time to be relatively small. 41.3 hours of recording is given in Figure
6.4. Because of the memory limitation, the whole data points were not plotted. Instead rms
of 100 seconds data chunks are given, which actually indicates if the lock was distorted or

not. Figure 6.4 also includes rms error signal for the case where the lock is interrupted.
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Figure 6.4. Performance record of the PLL (black line). Distorted lock (red line).
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6.2. Synchronization Results in Phase Noise

Comparing the phase noise performance of the free-running laser and the DRO, it is shown
that at high frequencies (1 kHz to 20 MHz, Nyquist frequency of the laser) the laser is only
1.5 times worse in stability than the DRO and it even outperforms the DRO up to SkHz
offset frequencies (Figure 6.5).
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Figure 6.5. Free-running laser and DRO phase noise comparison



CHAPTER 6. SYNCHRONIZATION CIRCUIT AND EXPERIMENTAL RESULTS 81

However, having less phase noise in laser up to 5 kHz range avoids noticing the effect of
the stabilization in terms of phase noise improvement since the bandwidth of the PLL is
100 kHz. Therefore, one can either decrease the phase noise of the DRO or intentionally
increase the phase noise of the laser at low frequencies. Since the DRO in use is not a low-
noise crystal reference phase-locked DRO, the latter option would be exercised. As the
laser oscillator is encased, external disturbances are decreased to minimum which further
decreases its phase noise. Even removing the casing does not increase laser’s phase noise
above DRO’s phase noise, so additional disturbance is created by literally having the laser
to listen to random songs. The effect is given on Figure 6.6. Substantial phase noise is
added to the laser at low frequencies (below 1 kHz). Figure 6.6 also depicts that above 100
kHz offset frequencies, the free-running DRO has the lowest phase noise which certainly
would not be transmitted to the laser when they are in lock because of the limitation in PLL

bandwidth (100 kHz). Yet, the laser has excellent stability at these frequencies.
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Figure 6.6. Phase noise comparison of the DRO and the laser at various conditions.

Figure 6.7 magnifies the section of Figure 6.6 where actual effect of locking loop is seen.

Comparing the rms jitter stored only in this region, PLL actually improves the stability of

the disturbed laser to the level of the DRO.
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Figure 6.7. Zoomed in section of the phase noise graph to show the PLL effect on the
laser’s stability.



Chapter 7

Conclusion and Outlook

Based on the frequency response of ultrafast laser pulses, a fiber laser’s repetition-rate

stabilization system has been built and studied in this thesis.

Due to its excellent stability and robustness, a stretched-spectrum fiber laser was developed
to serve as the core of the system producing optical pulses of 123 fs in transform limit. In
agreement with numerical simulations, experimental construction of the laser oscillator had
been pursued to the point of utmost completion. A manually adjustable free-space length
was introduced to have the ability to shift the repetition rate in small amounts such that the
upper harmonic frequency used for the PLL is roughly adjusted. For fine adjustment a
piezoelectric fiber stretcher was integrated inside the laser cavity as an actuator for the
PLL. Prior to the construction of the PLL system, the laser was indirectly stabilized.
Plexiglass is being the raw material; a strong encasing of the laser was built to minimize
environmental fluctuations in the vicinity the laser. Although the encasing would dampen
fluctuations and delay their effect on the laser, long term temperature instabilities like
daytime-nighttime periods were also taken into account. 0.1°C sensitive temperature
control ensures to keep the cavity fiber temperature hence the optical path length in set

values.
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The laser’s phase noise was measured to be lower than the free-running DRO’s up to 5 kHz
offset frequencies. Demonstrations of decreasing phase noise of the locked laser were

conducted via the exercise of artificial boost in its phase noise by external disturbances.

The stabilization of the repetition rate was performed with a 1.3 GHz DRO as the reference
oscillator and 32™ harmonic of the laser as the test oscillator. The PLL system handles
locking ranges of +3 kHz around the center frequency of 1.3 GHz. It promises to keep
synchronization over short and long time scales. A period of 41.3 hours was recorded as the
system stayed in lock where the amount of this period was not dictated by the lifetime of
the locking, but the limitations of measurement devices and computers. Disregarding
intentional shutting offs, the loop was observed to run for several weeks without any

problem.

Finally, the success of repetition-rate might be improved by replacing the free-running
DRO with a crystal reference phase-locked DRO which makes a more stable reference. In
addition to adding short term stability to the laser with a DRO reference oscillator, long
term stability can also be implemented using atomic-transition based references (i.e.

Rubidium stabilized diode laser) as reference oscillators in the PLL.
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