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Chapter 1

Introduction




2 Introduction

Optical fibers are probably one of the most important scientific achievements
in the last century. They form the backbone of our communication infrastruc-
ture and allow us to access almost any information in a matter of seconds
through the internet. But there is more to optical fibers than their well-known
ability to guide signals around the globe and this thesis will investigate some of
their alternative applications.

This project is a collaboration between the Arhus University and the NKT-
Photonics group. NKT-Photonics is a constellation of relatively small spin-off
companies of which three have been relevant for the work presented here: Ko-
heras, Crystal Fibre and NKT-Research & Innovation (NKT-Research). Ko-
heras produces various types of fiber lasers, mainly for sensing and surveillance
purposes, while Crystal Fibre is manufacturing a special type of optical fibers
- the photonic crystal fibers (PCFs). NKT-Research carries out relevant basic
research to support further development of the companies within the NKT-
Photonics group.

The NKT-Photonics adventure really took off in the year 2000 when the NKT-
owned spin-off company, Giga was sold to Intel for about 1.3 billion Euros. The
sale spurred further growth of other spin-offs - among those Koheras and Crys-
tal Fibre - and significant investments were made in production facilities and
fundamental research. Additionally, the NKT-Academy [1] was founded and nu-
merous photonics-related PhD-projects were initiated in Denmark and abroad.
At the University of Arhus, the present and three additional NKT-Academy
PhD-projects were started in 2001-2002 in collaboration with Sgren Keiding at
the Institute of Chemistry. The initial work was focused on understanding and
using the properties of the recently emerged PCFs made by Crystal Fibre. The
new fibers drew much attention at the time, mostly because of the spectacu-
lar super continuum generation which had been demonstrated by Herrmann in
2001 [2, 3]. The prospect of using the demonstrated bandwidth of more than
1000 nm for telecommunication purposes brought the PCFs to the front pages
and rose the expectations for the future of Crystal Fibre. Shortly after however,
the telecommunication market collapsed and numerous companies disappeared
from the scene. In the following months it became clear that it would take
years for the telecommunication industry to recover, so NKT-Photonics decided
to shift the focus away from telecommunication applications and development
of new fiber lasers for industry, sensing and medicine became the main priority.
The shift made sense since the existing knowledge about fiber lasers in Koheras
could be combined with the unique fibers from Crystal Fibre to give a compet-
itive edge.

As a NKT-Academy student with close contact to NKT-Research, the transition
also had an impact on the focus areas of my PhD. My first year was dedicated to
finding new applications of the PCFs and I focused on parametric amplification
of super continua from PCFs and continuous wave four-wave mixing (chapters



3 and 4). With NKT-Research focussing on fiber lasers it was natural to shift
to this field as well and I started working on fiber amplifiers and Q-switching
of fiber lasers. These projects were made in direct collaboration with NKT-
Research and their partner at the University of Valencia, Spain. The results are
described in chapter 5.

In the following two years Crystal Fiber developed new types of PCFs. With
the production of fiber lasers in mind, the original small core, highly nonlinear,
fibers were now accompanied by a variety of doped Large Mode Area (LMA)
fibers. The versatility of the PCF technology enabled scaling of the fiber dimen-
sions without sacrificing mode quality. The increased mode size implied very
low nonlinearity and thereby the capacity to guide high power levels.

Driven by the new fibers from Crystal Fibre and other fiber manufacturers,
the development of high power fiber lasers has virtually exploded and today
fiber lasers can almost match conventional solid state lasers in terms of out-
put power. Q-switched fiber lasers and femtosecond fiber oscillators are also
emerging in these years and rapidly approach the performance level of tradi-
tional systems. The USA-based company IMRA [4] and Frank Wise s group
at Cornell University [5] have been major driving forces in the development of
fiber oscillators. Today, more than ten nanojoule femtosecond pulses can be
obtained from environmentally stable fiber oscillators [6].

The high-power development has mainly been pushed by the German company
IPG [7] and Andreas Tinnermann’s group in Jena [8]. IPG has demonstrated
more than 1.5 kW of continuous wave from a fiber laser [7] and is now devel-
oping commercial fiber laser systems. The group in Jena has pushed the limits
of average power and pulse energy from fiber lasers and has been a valuable
cooperator for Crystal Fibre in the development process. The combination of
cutting edge fiber technology and high power expertise has led to rapid progress.
One of the latest results from Jena is a 100 W 220 fs laser [9].

I stayed in Jena during summer and fall of 2005 and worked on super contin-
uum generation in collaboration with Thomas Schreiber, a NKT-Academy stu-
dent and member of the Jena group. Specifically, we investigated super contin-
uum generation in PCFs with femtosecond pulses in a two-pump configuration.
The experiments were motivated by a newly developed nanosecond whitelight
source from Koheras which was based on a similar dual-pump scheme. The fem-
tosecond experiments were therefore made to obtain a deeper understanding of
the fundamental processes of the dual-pumping scheme. The outcome of this
work is described in chapter 7.

The last part of my stay in Jena was dedicated to a larger project combining the
work with super continua and high power fiber lasers. Returning to the former
idea of making parametric amplification of super continua from PCFs (chapter
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3), a high power fiber laser pumped parametric amplifier was built. The ex-
periment demonstrated a new way of making optical parametric amplification
and introduced fiber lasers as pump sources for such setups. The potential and
advantages of fiber laser pumped optical parametric amplifiers will be described
in chapter 8.

Outline of the thesis

The thesis starts with a broad introduction to nonlinear optics and optical
fibers with emphasis on PCFs and nonlinear fiber optics. The following chap-
ters chronologically describe the main topics of this project.

Chapter 2 Nonlinear optics and optical fibers.

A brief introduction to nonlinear optics and a description of the fundamental
properties of optical fibers. The nonlinear Schrédinger equation is derived and
microstructured fibers are introduced.

Chapter 3 Intracavity frequency doubling of a Ti:Sapphire oscillator.

The first part of my PhD was focused on re-designing a femtosecond Ti:Sapphire
laser cavity. The aim was to make intracavity frequency doubling in order to
obtain a strong blue pump source which could pump a parametric amplifier.
The synchronized seed for the amplifier was a supercontinuum generated in a
PCF by the remaining fundamental power from the Ti:Sapphire oscillator.
The chapter is based on publication I. (see publication list)

Chapter 4 Continuous wave four-wave-mixing in a photonic crystal fiber.
The unique dispersion of some PCFs allows nonlinear effects to take place at
low power levels. Four-wave-mixing is usually only important in the spectral
region close to the zero dispersion wavelength, but in PCFs it can take place
over hundreds of nanometers. The chapter is based on publication II.

Chapter 5 Q-switched fiber laser.

This chapter describes the work with nanosecond Q-switched fiber lasers. Sev-
eral approaches to obtain pulsed sources were attempted and this chapter will
describe the work with an all-fiber Q-switched laser based on modulation of a
fiber Bragg grating. The chapter is based on publication III.

Chapter 6 Fiber dispersion measurements with white-light interferometry.

One of the main advantages of PCFs is the ability to tailor the dispersion profile.
Precise knowledge of the dispersion is crucial for understanding the nonlinear
effects taking place in the fibers. White-light interferometry is a simple, reliable
technique to measure dispersion and this chapter describes a fiber based setup



made on request from NKT-Research. Dispersion profiles from well-known fibers
as well as novel designs are presented.

Chapter 7 Dual-wavelength pumping of photonic crystal fibers.
Co-propagating two femtosecond pulses in a PCF is shown to result in su-
per continua displaying exceptional flatness in the blue and green part of the
spectrum. The underlying mechanism is identified as cross-phase modulation.
Deeper understanding of the process may help to improve existing white-light
sources relying on the dual-pump technique. The chapter is based on publica-
tions IV and iii.

Chapter 8 Fiber laser pumped optical parametric amplifier.

The power scalability of fiber lasers make them ideal pump sources for high
average power optical parametric amplifiers. Building on the idea from Chapter
3, a super continuum generated in a PCF is amplified in a nonlinear crystal
pumped by the frequency doubled output from a fiber amplifier. The chapter
is based on publication V and iv.

Chapter 9 Summary and acknowledgements.
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Chapter 2

Nonlinear optics and optical fibers

A brief introduction to nonlinear optics and the fundamentals of fiber optics.
The governing equations for pulse propagation in optical fibers are described
and micro-structured fibers are introduced.



8 Nonlinear optics and optical fibers

2.1 Nonlinear optics

The field of nonlinear optics is complex and encompasses myriads of interesting
effects and practical applications. In spite of its richness, most of the effects
can be described accurately with just a few equations. This introduction to
nonlinear optics is therefore limited to a simple analysis of Maxwell’s equations
which govern the propagation of light.

In dielectric media and in absence of free charges or currents the equations are
given by

V-D(r,t) = 0 (2.1)
V-B(r,t) = 0 (2.2)
V x E(r,t) = _% (2.3)
V x H(r,t) = % (2.4)

where D is the electric displacement and B, E are the magnetic and electric
fields respectively. H and D are related to the magnetic and electric fields
according to

B(r,t) = poH(r,t) D(r,t) = ¢oE(r,t) + P(r, t) (2.5)

where P is the polarization and pg,ep are the permeability and permittivity of
free space respectively. Equations 2.1-2.5 can be decoupled and, by assuming
V - E = 0, the following expression is obtained

1 O%E(r,t) 0?P(r,t)
V2E(r t)+ - 2.6
0+ &5 Ho™ 52 (2:6)
where c is the speed of light in vacuum. The polarization is given by
P(I‘, t) = onE(I‘, t) (27)

where y is the optical susceptibility. x can be calculated by an iterative pro-
cedure employing first order perturbation methods [10] and the polarization is
therefore conveniently expressed as a sum of a linear term and nonlinear terms

P=P +P,=ecx" E+e) xVEY (2.8)
j>2

Introducing the linear refractive index n?(w) = e(w) = 14+ x, eq. 2.6 can be

written as
n(w)? 9?B(r,t) 0?P(r,1)

2 ot M T

~V?E(r,t) + (2.9)
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where €(w) is the dielectric function. This expression shows that the nonlinear
polarization acts as a source term for a driven wave equation. In absence of P,;
the radiation simply propagates as a free wave with speed v = ¢/n.

Most nonlinear effects are well described with this equation and can be
related to a given y¥)-tensor. For example, the real part of y(?) is responsible
for second harmonic generation (SHG) and the real part of x(3) enables third
harmonic generation, self-phase-modulation (SPM), self-focusing and four-wave-
mixing. The imaginary part of x(® is responsible for two-photon absorption,
Raman-gain and more. Still higher order processes are weak and can usually be
neglected. In optical fibers all even orders of x vanish due to inversion symmetry
in the amorphous SiO3 [10] and the only significant nonlinear contribution is
therefore from x(®). The nonlinear polarization is then reduced to

Pnl(r,t):eo/// X3 (b1, to, t3)E(r, t1)E(r, t2)E(r, t3)dty diadts
(2.10)

where x(3)(t,t1,to,t3) is approximated by x®)(t,t1,ts,t3) = X R(t — t1)5(t —
t2)d(t — t3) [11]. The interaction between light and the vibrational modes of
silica are included through the following functional form of R(t)

R(t) = (1= fr)o(t) + frhr(t) (2.11)

fr is the fractional part of the response dominated by Raman scattering and
hr is the Raman response function which can be estimated through analysis
of the Raman gain curve[11-13]. Figure 2.1 illustrates Raman scattering where
energy is lost due to vibrational excitation of the material. In absence of Raman

—_—

Figure 2.1: The excitation energy between the vibrational states |0 > and |1 >
in silica is lost to the material in Raman scattering.

scattering, the nonlinear response is dominated by the fast motion of electrons
and the polarization can be modelled by replacing hgr(t) with a delta function
[12].

In the following section, basic properties of optical fibers will be investi-
gated. The equations governing the mode structure and pulse propagation will
be developed and the electronic nonlinear response (Kerr nonlinearity) will be
included to obtain the nonlinear Schrédinger equation.
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2.2 Basic properties of optical fibers

Conventional optical fibers guide light by total internal reflection. A core with
high index of refraction is surrounded by a cladding with lower index of refrac-
tion and the index-difference determines how tightly the light is confined in the
core. Various index-profiles have been made in order to enhance the guiding
properties [14], but the most commonly used type is the simple step index fiber.
Figure 2.2 shows typical dimensions of such a fiber. A small silica core with a
diameter of 5-12 pm with index n is surrounded by a cladding layer of roughly
125 pm in diameter with index no. An additional layer of a polymer is added to
enhance the strength of the fiber and leaves the fiber with an outer diameter of
250 pm. The fiber’s numerical aperture, NA = /Nicore — Nelaq directly relates

=1

Figure 2.2: Left: Schematic view of a step-index fiber. The size of the core
depends on the purpose of the fiber, but single-mode fibers in the near-infrared
typically have core diameters of 5-12 pum. Right: At incident angles below the
critical angle given by 0. = sin~'(NA) the rays are captured by the fiber, while
bigger angles allow the light to escape through the cladding.

the index-difference to the maximally allowed angle between the fiber axis and
the wave-vectors of the incident light: NA = sin(f.) (see right panel of figure
2.2). The choice of coupling optics therefore depends on the size of the fiber
core as well as on the fibers ability to capture the light.

In single-mode fibers the typical index difference between core and cladding
is of the order of 0.2-1% so NA-values are not exceeding 0.25 (0. < 15°). Hard
focussing is therefore not possible and high brightness sources are generally
needed to get significant coupling into a guided mode. Increasing the NA makes
it easier to couple light into the fiber and also reduces bend losses since the
condition for total internal reflection is relaxed. The price is however that
the fiber may support several spatial modes, which greatly diminish the beam
quality after the fiber. In most applications, it is desired, if not mandatory, to
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have only one spatial mode.

To get a better understanding of the important quantities in fiber optics, it is
beneficial to return to eq. 2.9. Neglecting the nonlinear terms, the equation is
conveniently solved in Fourier-space by replacing the operator aa_; with —w?

2
2 W= 2
VZE(r,w) = 2n (W)E(r,w) (2.12)
A superposition of plane waves is a solution to this equation and since the
light must also be confined in the transverse dimension of the fiber, a linearly
polarized solution must be of the form

E(r,w —wy) = £F(x,y) - A(z,w — wp) - e~ (Foz—wot) (2.13)

where F is the transverse field distribution, A is a slowly varying envelope,
wp is a fast carrier frequency and fJy is the wave-number corresponding to the
central frequency. A is normalized such that |A|? represents the optical power.
The product of the independent transverse and longitudinal parts leads to two
conditional equations [12, 15]

82 82 2

(502 * g Fl@w) + W’ ()55 Fle,y) = B°F (@,y) (2.14)
2ifh 2 A=) + 260(B ~ Ao) Az, ) = 0 2.15)

where the second derivative of the slowly varying envelope A (z,w —wy) has been
neglected and the approximation (8% — 82) ~ 28y(3 — (o) has been used in de-
riving eq. 2.15. Both measures are justified as long as Aw << w. Equation 2.14
is known as the scalar Helmholtz equation and it leads to the conditions for the
guided modes and their field distribution F(x,y) in the fiber. Propagation along
the fiber is governed by equation 2.15 which will finally result in a nonlinear
Schrodinger equation.

The scalar Helmholtz equation (eq. 2.14) is an eigenvalue problem where
0 is an eigenvalue of the transverse field distribution F(x,y). In absence of
nonlinear polarization, the solutions for F(x,y) are superpositions of Bessel and
Neumann functions and it can be shown that there are only confined modes when
k*n? > % > k?n3 [16]. There may be several values of 3 fulfilling this condition
in which case the fiber is multi-mode - meaning that more than one spatial
field distribution is possible in the fiber. Figure 2.3 illustrates the intensity
distribution for the fundamental mode and two higher order modes. The uniform
fundamental spatial mode is preferred for most practical applications because
of its high brightness.

The so-called normalized frequency V is introduced to quantify when single-
mode operation can be obtained and it can be shown that the following condi-
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O

O O
O

Figure 2.3: Simulated transverse intensity distributions for the fundamental mode
LPo1 and the two higher order modes LP11 and LP21. Nomenclature and further
reading can be found in [14].

tions must be fulfilled [16]

V = koa(n?,,. — n.q)"? = 27% -NA < 2.405 (2.16)
where A is the wavelength in vacuum and a is the fiber core radius. V is an
important design parameter and eq. 2.16 indicates the trade-offs faced when
designing optical fibers. In order to ensure single-mode operation of the fiber,
the core size and the NA of the fiber must be balanced to keep V below 2.405.
Increasing the core size thus requires a corresponding decrease in NA and vice
versa.

2.2.1 The nonlinear Schrodinger equation

When the Kerr-nonlinearity is included in eq. 2.9, the effective refractive index
fi(w) is modified by the weak nonlinear term e,; = 2y |E|?

?=e=1+x"+ %><(3>|E|2 (2.17)

The change in n is small so
n? = (n+ An)* ~ n? + 2nAn (2.18)
which allows us to solve eq. 2.14 with first order perturbation methods: First
n? is used to find the field distribution F(x,y) and the propagation parameter (3.

The ’eigenfunctions’ F(x,y) are then used to calculate the first order correction
to B due to the term 2nAn

Bw) = B(w) +AB (2.19)
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The unperturbed linear propagation constant is approximated by a Taylor-
expansion around the carrier frequency, wg

B(w) = Fo + B1(w —wp) + %ﬁz(w —w)? + éﬁg(w —wp)® + ... (2.20)

where 3; = gi

W

wo *

This expression is inserted in eq. 2.15 and a Fourier transformation back
to the time domain gives the following equation for the time-dependent slowly
varying envelope

aA n— 1 871
5 +;ﬂnT%A =iABA (2.21)

For a given field distribution, Af is given by:

wo [ [ An|F(ac y)|2dxdy

A =
b cf [ 7 |F(z,y)2dady

(2.22)

with
An = 3 Re[x®]|E[? + i( S Im[xY] + 3 Im[x®]|E|? ) (2.23)
8n 2n 8n

Neglecting the imaginary parts of xU) (absorption) eq. 2.22 simplifies consid-

erably:
NoWwo

Al = cA

|A|2 =47 (2.24)
where ns is the nonlinear refractive index which in silica is ~ 3-10720(W -m)~!
and Ay is the effective mode area. The final result thus becomes

in— 1 8
o 2
nZﬁn oA =lAPA (2.25)

where 7 is termed the nonlinear parameter. Equation 2.25 describes the basic
effects during propagation of an optical pulse in single-mode fibers and is referred
to as the nonlinear Schrodinger equation.

2.2.2 Dispersion

When electromagnetic radiation is incident on a material, the constituting atoms
are polarized and the resulting macroscopic polarization radiates at the same
frequency as the incoming light, but with a frequency dependent delay [17].
Different frequencies therefore propagate with different speeds in the material
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which causes a spreading, or dispersion, in time. There are several causes of
temporal dispersion in optical systems. Presence of atomic resonances cause
continuous absorption and emission of matched frequencies which are thereby
delayed. Multi-mode beams may be dispersed in time if the various modes ex-
perience different indexes of refraction due to their spatial extension. This is
important in multi-mode optical fibers where higher order modes extend far
into the cladding of the fiber and thereby see a lower index of refraction (see
figure 2.3). Finally there is waveguide dispersion which is only important in
single mode fibers. It arises because the mode is not completely confined to the
core of the fiber. Depending on the size of the core and the index difference
between core and cladding, a part of the mode will leak into the cladding and
thus experience a lower index. Waveguide dispersion can be tailored by varying
the mentioned parameters and it is possible to shift the zero dispersion wave-
length (ZDW) of the fiber considerably. This has been done successfully with
telecommunication fibers where it is advantageous to have zero dispersion in
the low-loss window around 1550 nm [18] and with PCFs where ZDWs can be
realized deep into the visible [19].

All types of dispersion, are included in the expansion of 8(w) in eq. 2.20. The
first terms are related to the group velocity (1), group velocity dispersion (8z),
third order dispersion (f3) and so forth. It is useful to change to a coordinate
system moving with the group velocity (retarded frame) with the following
transformation T = ¢ — z/vgmup =t — (1z. Equation 2.21 is then reduced
to

0A in—toon o
5.+ 7;26717 oA =lAPA (2.26)
The effect of group velocity dispersion (GVD) can be illustrated by neglecting

higher order dispersion terms and nonlinearities (v = 0). Fourier transforming
eq. 2.26 then yields

0A(z,w) i 9 B
which is solved by .
A(z,w) = A(0, w)exp(%ﬁngZ) (2.28)

The solution shows that the pulse spectrum is not changed by GVD, but a fre-
quency dependent phase is introduced. Transforming back to the time-domain
results in the following expression for the time dependent pulse envelope

A(z,T) = % / A(O,w)exp(%ﬂngz —iwT)dw (2.29)

For a gaussian input pulse A(0,7) = exp(—T¢T?) - exp(iwoT) the integral is
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easily solved to give

QF%ﬂQZTQ ]) o ( Fo T2
- DN-exp(——
1 + (2F0ﬂ22)2 P 1 + (2F0ﬁ22)2

which reveals that the pulse acquires a time dependent phase and is temporally
broadened. The phase is quadratic in time which means that the instantaneous
carrier frequency w(T) = g—?i is linearly chirped. The sign of B2 determines
whether the pulse is up-chirped (red faster than blue) or down-chirped. Figure
2.4 shows a simulated 150 fs gaussian pulse after propagation through 1.3 meter
of a normally dispersive 5 pm single-mode fiber when nonlinearity and higher
order dispersion are neglected. The initially unchirped pulse picks up a linear
chirp over the entire pulse with the leading edge of the pulse being redshifted
and the trailing edge blueshifted.

A(z,T) = exp(i[po + woT + ) (2.30)
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Figure 2.4: Upper row: Temporal profile of a 0.67 nJ 150 fs gaussian pulse before
(left) and after (right) propagation through 1.3 m of a 5 pum single-mode fiber
when higher order dispersion and nonlinearity are neglected. The dotted lines
show the change in instantaneous carrier frequency across the pulse envelope. The
linear chirp due to the group velocity dispersion is evident in the right panel. The
sign of B2 determines whether the red (normal dispersion) or the blue (anomalous)
spectral components are faster. The bottom row shows the unchanged spectrum
of the pulse.

Higher order dispersion terms can usually be neglected but in case of ultra-
short pulses or wavelengths close to the zero dispersion wavelength (ZDW) of
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the fiber, third and even fourth order dispersion may have to be included in eq.
2.26. Like f32, the higher order terms do not change the spectrum of the pulse
but significantly alter the temporal shape [12].

From a practical point of view, second order dispersion is not a problem since
a linear chirp is conveniently removed by simple prism or grating sequences [20].
In contrast, higher order dispersion is not easily compensated and therefore leads
to decreased pulse quality.

2.2.3 Self phase modulation

The effect of the nonlinear term in eq. 2.26 is best illustrated by neglecting
dispersion. The equation then reduces to

oA |
5= v|A2A (2.31)

which is solved by
A(,T) = A(0,T) exp(iv|A(=, T)[? 2) (2.32)

Equation 2.32 shows that the nonlinearity does not change the pulse shape but
merely imposes a nonlinear phase which depends on the temporal profile of the
pulse itself - hence the effect is named self phase modulation (SPM).

Figure 2.5 shows a simulated 0.67 nJ 150 fs gaussian pulse after propagation
through 30 cm of a 5 pm single-mode fiber when dispersion is neglected. The
chirp is seen to be linear at the center and nonlinear at the wings of the pulse.
The central chirp is similar to the chirp caused by positive GVD (see figure 2.4)
with red frequency components being shifted to the leading edge of the pulse
and blue components to the trailing edge.

The joint action of positive GVD and SPM is therefore to rapidly chirp
and broaden the pulse. However, negative GVD can in some cases balance the
linear part of the SPM chirp and the pulse can propagates without changing
its form in time and frequency. This type of solution is called a fundamental
soliton [12]. Physically, the negative GVD shifts the blue spectral components
to the leading edge of the pulse where they get redshifted back again by SPM.
Fundamental solitons can propagate through thousands of kilometers of fiber
without degrading and have been used successfully for data transmission in
telecommunication lines [21].

If the dispersion is not exactly balanced by SPM, the pulse will ”breathe”
in the sense that it broadens and contracts periodically in time and frequency
as it propagates along the fiber. This type of solution is called a higher order
soliton and fission of such solitons is fundamental for the understanding of super
continuum generation in optical fibers.
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Figure 2.5: The upper row show the temporal profile of a 0.67 nJ 150 fs gaussian
pulse before (left) and after (right) propagation through 0.3 m 5 pym single-mode
fiber when dispersion is neglected. The central part of the pulse gets linearly
chirped while the wings of the pulse pick up higher order phase. The bottom row
shows the spectral evolution and the creation of new frequencies is clearly seen.

Full modelling of propagation of ultrashort pulses in optical fibers requires
inclusion of higher order nonlinear effects. Especially Raman scattering proves
to be important, but also cross-phase modulation, self-steepening and four
wave mixing have to be included. The derivation of the extended nonlinear
Schrédinger equation follows the derivation presented in section 2.2.1 but all
elements of ¥ must be included. As the mathematics get extensive the result
will merely be introduced without proof when super continuum generation in
PCFs is discussed in section 2.5.

2.3 Rare Earth doped fibers

Rare Earth (RE) doped glass has been investigated and used as a laser media for
more than four decades. Since the eighties, RE doped fibers have been available
and fiber lasers and amplifiers have been an active field of research ever since.
When RE elements are dissolved in a glass host, they become triply ionized by
removal of the two outer 6s electrons and an inner 4f electron [22]. The optical
properties of the dopants are then determined by the partially filled 4f orbital
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and since the outer 5p and 5s electrons effectively shield the 4f electrons from
the field of the host material, the laser characteristics, such as wavelength and
gain bandwidth, are almost independent of the host. Today, optical fibers can
be doped with a variety of REs with Erbium, Ytterbium (Yb), Neodynium and
Thulium being the most used. In this thesis, only Yb-doped fibers have been
employed.

The optical transitions in Yb take place between the F5 /5 and the Fy /5 levels.
The field of the silica host causes Stark splitting as illustrated in figure 2.6 (left)
and homogeneous broadening turns the discrete levels into energy bands [22].
It is noteworthy that these two bands are energetically isolated, so out-of-band
transitions (ex. excited state absorption) are not possible. The energy gap
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Figure 2.6: Left: Energy levels for the optical transition of 4f electrons in Yb3*.
Right: Cross-section for absorption and emission in Yb-doped silica [23].

between the two ’ground states’ of the bands correspond to a wavelength of
976 nm and the system can therefore be pumped with commercially available
telecom pump diodes. The most probable event for an electron excited to the
ground state of Fy /s, is to return to the first Stark level of the lower band. This
transition releases a photon with an energy corresponding to A = 1030 nm. In
the same manner, excited atoms can relax into higher Stark levels in F7/, and
wavelengths from 976 nm to almost 1200 nm can be realized. The transitions
have different probabilities as illustrated in figure 2.6 (right) which shows the
cross-section of emission and absorption as a function of wavelength.

The upper state life time is approximately 900 us so spontaneous emission
takes place on this timescale. Because of the tight confinement of light in optical
fibers, the spontaneously emitted photons have high probability of exciting a
guided mode and can therefore be amplified along the fiber. Amplified spon-
taneous emission (ASE) is a main limitation of the extractable energy from
standard single mode Yb-doped fiber lasers.
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2.4 Photonic crystal fibers

In the beginning of the 1990’s, the field of fiber optics was dominated by telecom-
munication applications. The physics behind light propagation in fibers was
fully understood and, apart from being media for data transmission, fibers were
also used as nonlinear frequency converters, sensors and even lasers. The in-
vention of Erbium-doped fiber amplifiers really pushed the development of fiber
based communication lines and an impressive development of fiber based optical
components took place. On a more fundamental physical level, there was how-
ever not much development. This changed dramatically in 1996 when Russel
suggested and demonstrated a revolutionary new type of optical fiber [24]. In-
stead of guiding light by total internal reflection, these fibers relied on a bandgap
effect similar to what is known from semiconductors. Russel suggested to make
defects in the silica matrix to prevent light at a given wavelength from propa-
gating in the transverse direction and thereby confine it to the core of the fiber
[19]. The mathematical description of the photonic bandgap is not straightfor-
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Figure 2.7: Light encountering an air defect in the silica matrix will be reflected
or transmitted depending on the incident angle. If the product of the transverse
wavevector and the thickness of the defect is an odd integer of 7, the light can
be resonantly guided in the defect.

ward [25] so a more intuitive picture can be beneficial. Figure 2.7 shows rays
propagating in a silica slab with an air defect of thickness d. Depending on the
incident angle, the light will be transmitted or reflected at the silica/air inter-
faces. However, if the transverse wavelength matches the dimension of the defect
a resonance occurs and light can be guided in the defect. At a given incidence
angle, a range of wavelengths will be guided in the defect and thus escape the
silica slab. But if the size of the defect is reduced to the order of a wavelength,
resonances are no longer possible and all wavelengths will remain in the silica.
It is therefore possible to confine light by surrounding it by such defects. This
is the basic idea of photonic bandgap fibers (PBGs). Figure 2.8 shows a cross
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section of a PBG fiber made by Blaze Photonics. An air-core is surrounded
by an array of air holes which run along the length of the fiber. Transverse
propagation is prohibited because of the non-resonant nature of both the air
holes and the thin silica bridges which support the structure. Such fibers can

Figure 2.8: SEM image of an air-guiding photonic bandgap fiber. The light is
confined to the central core by surrounding it with anti-resonant structures. The
diameter of the core is roughly 9 pm. Picture provided by Crystal Fibre.

be designed to be single-mode in a certain wavelength interval by making sure
that higher order modes have resonances in the defects and thus are radiated
away in the air cladding.

The production of PBG fibers is nontrivial and although Russel’s initial
idea was based on air-guiding of this type, the first realization of a bandgap
fiber was actually with a solid core [19]. This class of fibers is named photonic
crystal fibers (PCFs) and although the guiding mechanism is in principle the
same as in the PBG fibers, the simpler picture of total internal reflection is
usually adopted to describe these fibers. As for conventional fibers, the index
difference between the core and the cladding determines the guiding properties
and again it is possible to define a V-parameter which relates the NA of the
fiber to the number of supported modes. The main difference between PCFs
and standard fibers is the strong wavelength dependence of the effective index
of the PCF cladding due to presence of the air defects. In standard fibers the
index-difference between core and cladding is almost independent of wavelength
and for a given core size and NA, the fiber is only single-mode above a certain
wavelength (eq. 2.16). Only by decreasing the core size or the NA, the fibers can
be kept single-mode at lower wavelengths, but the price is decreasing coupling
to the guided mode. In PCFs the wavelength-dependent cladding index arises
because shorter wavelengths are more confined to the silica core whereas longer
wavelengths extend more into the cladding and thus see a lower index. The
wavelength dependent NA makes it possible to keep the V-parameter below the
single-mode cut-off for all wavelengths and it has been shown that an air-filling
fraction of d/A > 0.4 leads to this ’endlessly single mode’ situation [26, 27].
An additional advantage of the potentially high index-difference (air to silica)
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between core and cladding is the possibility of making NA values as high as 0.6
which enables efficient coupling to even very small cores.

Figure 2.9 shows a schematic drawing of a PCF where the core is actually
a defect in a regular array of air holes of diameter d. The distance, A, between
air holes is called the pitch. The right side of the figure shows a real image of a
PCF produced by Crystal Fibre.

ilica cladding

Air hole

Figure 2.9: Left: Schematic drawing of a PCF. A solid core represents a defect
in a regular array of air holes. The size of the air holes and the distance between
them (pitch) are crucial for guiding and dispersion properties and must be kept
constant throughout the fiber. Right: Realization of a PCF. In this case the
defect is made up of several missing air holes in the center of the fiber, leading
to a large mode area fiber

The dispersion of these fibers can also be tailored to a great extent. Tuning
of the parameters d and A can add significant waveguide dispersion and shift
the zero dispersion wavelength far into the visible. Herrmanns demonstration
of super continuum generation in a PCF relied on shifting the ZDW to 800
nm where Ti:Sapphire oscillators can deliver sub-100 fs pulses. In absence of
dispersion, the ultrashort pulses stay short and the fiber therefore exhibits a
huge nonlinear response.

It was later demonstrated that the core size of the PCFs can be scaled to
much larger dimensions. Like in conventional fibers, a decrease in NA allows an
increase of the core dimensions while maintaining single-mode operation. Crys-
tal Fibre has recently realized a huge 60 pm diameter core intrinsically single
mode fiber, which is designed for high power application where nonlinearities
must be minimized [28]. Figure 2.10 shows the double clad structure with a
solid core surrounded by two microstructured areas. The inner rings of air holes
confine light in the low NA single mode core while the outer ring of large air
holes constitutes the pump cladding and causes a huge NA of 0.6 for the pump
light. The high NA enables the use of cheap low-brightness diodes to pump the
fiber and the modal overlap between the core and the 180 pm multi-mode pump
core ensures efficient pump absorption in the strongly Yb-doped core. The com-
bination of heavy doping and large core area enable high energy storage in the
fiber leading to extremely efficient lasing and amplification.
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Figure 2.10: Large mode area, double clad photonic crystal fiber. The core is
made by removing 19 air holes and is heavily Ytterbium-doped with an absorption
of roughly 25 dB/m. As a consequence very efficient lasing can be realized with
short ~ 0.5 meter fibers which in combination with the large core area, minimize
nonlinear effects.

2.5 Super continuum generation in PCF's

Supercontinuum generation (SCG) in optical fibers has been extensively inves-
tigated in the last decade due to the improvements in production of micro-
structured fibers. The super continua have been an important part of the work
in this thesis and a brief description of the theory is therefore given.

SCG in PCFs is a rather amazing effect to observe. Spectra spanning more
than 1000 nm can be generated with sub-nJ pulses directly from oscillators.
Figure 2.11 illustrates the process when 50 fs pulses from a Ti:Sapphire oscillator
are coupled into a 20 cm long 1.7 pm core PCF. The input power is increased
from left to right and the spectrum broadens accordingly as apparent from the
right panel where white light is seen from the core of the fiber. The shown
far-field clearly reveals the hexagonal structure of the fiber.

Before the demonstration of PCF's, super continua of similar bandwidth were
usually obtained by focusing pJ pulses in Sapphire glass. Such continua often
degrade due to accumulated material damage and can be highly unstable [29)].
Super continua generated in PCFs are more attractive for many purposes since
they are stable and come in a perfect spatial mode due to the single-mode nature
of the fibers. As a consequence new PCF-based white-light sources have already
emerged and found use in optical frequency metrology [30] and tomography [31].

The physical background of supercontinuum generation in PCFs with fem-
tosecond pulses has been described theoretically [2] and experimental verifica-
tions of the model have been reported many times [3, 32-35]. It describes SCG
as a process where a higher-order soliton is formed by a short pump pulse in
the anomalous dispersion region of a fiber. This higher-order soliton breaks up
into red-shifting fundamental solitons due to perturbations such as third or-
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Figure 2.11: Super continuum generation in a 1.7 pm core PCF pumped with 50
fs pulses from a Ti:Sapphire oscillator. At a pulse energy of approximately 1 nJ
a broad super continuum is generated as evident from the white core in the right
picture.

der dispersion, stimulated Raman scattering and self-steepening. The spectral
overlap between the breathing soliton and phasematched linear waves results
in emission of non-solitonic radiation (NSR) in the normal dispersion region -
often deep into the visible. If the dispersion profile of the fiber is known, the
phasematching condition can be evaluated and the wavelength of the NSR can
be calculated. In general, the NSR is shifted towards the blue when the pump
wavelength is moved away from the ZDW.

The propagation of ultrashort pulses is accurately described by the extended
nonlinear Schrodinger equation. It includes the linear effect of loss/gain «, dis-
persion 3,,, SPM, self-steepening and the fractional contribution of the delayed
Raman response function with the parameters fr and hg(t) [12]. With the
same notation as in section 2.2.1, the slowly varying pulse envelope A(z,T) is
determined by

n 1 an . a
A+Zﬂ” al orn w[(l_fR)(|A|2A_wioa_T(|A|2A))+

1+ —%)(A(Z,T) /OOO ha(D)|A(z, T —7)2dr)] (2.33)

Equation 2.33 is capable of reproducing the SCG process described above to a
great extent, even when an octave spanning spectrum is created.
A soliton is characterized by its soliton number, N

’YPOT()?
|52
where P, Ty are the input peak power and pulse duration. A higher-order

soliton (N > 1.5) breathes and reshapes its original form periodically - but
even small perturbations cause it to break up into its constituent fundamental

N? =

(2.34)
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solitons. Each of these obtain peak powers and pulse durations according to
[36]
(2N — 2k +1)? To

B = N? e TN -2k +1
Upon fission, the fundamental solitons experience the soliton self-frequency shift
(SSES) due to the overlap of its spectrum with the Raman gain spectrum. The
soliton emitted first (k=1) has the highest peak power and is therefore shifted
faster towards the infrared spectral region. Four wave mixing (FWM) and
cross-phase modulation (XPM) fill the gap between the infrared pump and the
visible NSR when temporal overlap and phasematching between the various
components are present. FWM and XPM will be described in greater detail in
chapters 4 and 7.

Tk (2.35)



Chapter 3

Intracavity frequency doubling
of a femtosecond Ti:Sapphire
oscillator

A Ti:Sapphire femtosecond cavity is extended and intracavity frequency dou-
bled. The purpose is to obtain a powerful 400 nm source to pump an optical
parametric amplifier. The remaining fundamental power from the oscillator is
used to generate a super continuum in a PCF which serves as a synchronized
seed signal for the parametric amplifier.

25
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3.1 Introduction

The main focus of this work has been to rebuild a Ti:Sapphire femtosecond
oscillator to enable intra cavity frequency doubling while still having enough
fundamental power to generate a super continuum in a PCF. The second har-
monic (SH) beam is used to pump an optical parametric amplifier (OPA) seeded
with the synchronized output from the PCF. The large nonlinear response of
PCFs enables generation of visible seed pulses - even with infrared pJ pump
pulses [37] and tunability across the gain bandwidth of the OPA can be ob-
tained by means of crystal angle tuning and by varying the power coupled to
the PCF.

3.2 Intracavity second harmonic generation

Generation of sub-100 femtosecond pulses in the blue spectral region can con-
veniently be done by frequency doubling of Ti:sapphire lasers. By using a low
repetition rate amplified laser system, high peak powers and thereby high con-
version efficiency can be obtained. If higher repetition rates are needed, the
output directly from the oscillator can be frequency doubled, but the relatively
low peak power implies a reduced conversion [10]. A good compromise between
the two techniques can be made by placing the doubling crystal inside the cav-
ity of the oscillator where the peak power is typically 10-100 times larger than
extracavity. Intracavity frequency doubling (IFD) of Ti:sapphire femtosecond
oscillators was first demonstrated by Petrov [38] in 1991 and has later been pur-
sued by several authors [39-41]. Depending on the application, an IFD-system
can be constructed aiming at the shortest possible pulses or with the highest
possible power in mind. In 1992 Ellingson et al [40] reported 1.6 nJ, 89 fs pulses
at 430 nm and Kang has obtained 1.5 nJ at 422 nm with a pulse duration of
29 fs [39].

In the work presented here, the intention has been to maximize average
power which resulted in 73 fs, 4 nJ pulses at 405 nm. The more than two-
fold increase in pulse energy compared to previous reports is a result of using
a thicker nonlinear crystal and the extended cavity length which reduces the
repetition rate to 50 MHz.

3.2.1 Setup

The setup for IFD is shown in Figure 3.1. A commercially available Ti:sapphire
femtosecond oscillator ("Mira Seed” from Coherent Inc.) is redesigned by in-
troducing a mirror M3 about 10 cm from the slit and the output coupler. The
mirror is put on a translational stage in order to facilitate the return to normal
operation of the laser and the stage is secured in the cavity floor. Once inserted,
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Figure 3.1: Schematic view of the setup. O.C., output couplers. P1,P2 fused
silica prisms. Starter is a mirror which can vibrate. M3 is put on translational
stage.

the mirror reflects the light out of the existing laser box and into a new arm
consisting of 4 mirrors positioned on the laser table. Two spherical mirrors,
(M4 and M5) with a radius of curvature of 5 ¢cm, create a second focus in which
a 0.5 mm thick AR coated 3-BBO crystal cut at 29° is placed. The crystal is
mounted in a system of three rotational stages and a translational stage makes
it possible to vary the crystal position between M4 and M5. The spherical mir-
rors are high reflectors at 810 nm and transmit approximately 90% at 405 nm.
M5 is placed on a translational stage so the separation between the two mirrors
can be varied with high accuracy.

The modelocking mechanism in the cavity is the Kerr-nonlinearity which
causes a lensing effect in the Ti:Sapphire crystal. As a result, high intensity
fluctuations have different beam parameters (width, divergence) than a contin-
uous wave (CW) beam. The former can be favored by placing a narrow slit at
the point in the cavity where the high intensity beam is smaller than the CW
beam. The slit then causes losses for the CW but not for the fluctuation, which
is then allowed to grow further in intensity. Initialization of pulsed operation
can therefore be made by inducing an intensity fluctuation simply by tapping a
cavity mirror or otherwise perturbing the cavity [42].
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The right position for the slit is estimated by simple ABCD-matrix calcula-
tions [43] and when the slit is put in the predicted position, the laser actually
modelocks. However, when the BBO crystal is inserted in the secondary focus,
modelocking is not possible. The high cavity losses associated with increased
SHG because of pulsed operation make a CW solution more favorable and stable
modelocking can not be sustained. Trial and error have however revealed that a
slight reduction of the separation, d, between the two spherical mirrors M4, M5
leads to very stable modelocking. In fact, modelocking seems to be facilitated
by the presence of the nonlinear crystal and, at certain values of d, the laser
even modelocks without any slit. This effect originates from an improved spa-
tial overlap of the pump and signal mode in the Ti:Sapphire crystal. With the
extended cavity set for modelocking, the CW mode is larger than usual when
it impinges on the spherical mirrors M1 and M2 surrounding the Ti:Sapphire
crystal. In contrast, the modelocked beam resembles the beam produced by the
original setup and is thereby more similar to the pump mode. Thus, the CW
mode is not weakened by a slit but by a poor overlap with the pump.

With the right settings, the system is highly functional and easy to operate.
It locks simply by vibrating a cavity mirror ("starter” in Figure 3.1) and it
operates for as long as we have tested (10 hours+) with good power stability.
An Ar-ion laser is used to pump the Ti:Sapphire crystal and any drift in the
output power is closely related to instability of the pump. Figure 3.2 (left) shows
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Figure 3.2: Left: Second Harmonic power as function of pump power for a funda-
mental output coupling of 1% . Right: Output powers for the SH (squares) and
fundamental beam (dots) as function of 810 nm output coupling through mirror
M6.

SH power as function of pump power when 1% of the fundamental is coupled
out of the cavity. No saturation is found which implies that higher outputs can
be achieved.

Experiments have shown that 12-15 mW at 810 nm are needed to signifi-
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cantly broaden the spectrum in the nonlinear fiber. A certain output coupling
of fundamental intensity must therefore be included when designing the cavity
for SHG. Figure 3.2 (right) shows SH power and fundamental power as a func-
tions of the transmission of the cavity end-mirror, M6 at a constant pump rate
of 5.7 W. Maximum SH output of 220 mW at 405 nm through M4 is achieved
when the output coupler M6 is replaced by a high reflector. This gives a conver-
sion efficiency of 3.9% and corresponds to pulse energies of 4.4 nJ. A sufficient
amount of fundamental light for pumping the PCF is achieved when the trans-
mission of the output coupler is 1%. In that case 22 mW at 810 nm is obtained
simultaneously with 200 mW at 405 nm.

3.2.2 Cavity dispersion

Optimal SH power is very dependent on the net cavity group velocity dispersion
(GVD) and the cavity prisms are therefore essential for achieving maximum
output. By adjusting the position of prism P1 in figure 3.1, the SH output can
be tuned from 70 mW to 210 mW without loosing modelocking. The travelling
pulse is responding to local GVD, which makes the pulse-duration vary within
the cavity [41, 44]. By minimizing the pulse duration at the position of the BBO
crystal, maximum SH output is obtained. As the short pulse travels through the
crystal it is chirped so its second pass through the crystal will produce less SH.
Optimizing the system, 220 mW can be obtained in one arm while 110 mW is
measured in the other. In general, maximum power is achieved when prism glass
is retracted from the cavity to give negative net GVD. By doing so, bandwidth
is reduced which means that there is a tradeoff between power and minimum
pulse duration. In presence of negative GVD, the laser operates in soliton mode
and a higher order soliton is circulating in the cavity. Close to zero GVD,
third order dispersion (TOD) effects become significant and a perturbation of
the soliton takes place, resulting in emission of non-solitonic radiation [45-47].
Figure 3.3 shows how the fundamental and SH spectra change as net GVD in
the cavity is increased. The appearance of the non-solitonic peak at 780 nm
in the fundamental spectrum is a clear indication of a perturbed soliton and
near-zero cavity GVD. The spectrum of the SH does not change much during
this process, but the power output decreases. As net GVD is further increased a
CW-spike (not shown) appears in the fundamental spectrum and modelocking
is no longer stable.

To obtain the highest SH power the amount of prism glass is minimized,
setting a large negative net GVD. This gives near-Gaussian spectra as seen in
Figure 3.3(a) and 3.3(f) and reliable operation.
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Figure 3.3: Fundamental (f-j) and second harmonic (a-e) spectra as function of
prism-setting. Top curve corresponds to maximum negative GVD.

3.2.3 Characterization

Outside the cavity the SH beam is collimated by an AR coated fused silica lens
with a focal length of 20 cm. The SH beam is initially vertically polarized but
is sent through a half-wave plate resulting in a horizontally polarized beam.
The p-polarized pulses are then compressed with two Brewster-cut fused silica
prisms, resulting in 180 mW, 73 fs pulses. The fundamental pulses are colli-
mated with a telescope and compressed to 55 fs. Figure 3.4(c) shows the trace
from an interferometric autocorrelation of the fundamental pulses. The signal
is measured by two-photon absorption in a GaAsP photo diode [48]. Figure
3.4(a) shows the spectrum of the fundamental pulses with a 19 nm FWHM giv-
ing a time-bandwidth product d7dr = 0.45 indicating almost transform-limited
pulses.

To characterize the SH pulses, a collinear cross correlation of the 405 nm and
810 nm pulses is made. A 25 pm thick BBO crystal aligned for sum frequency
mixing (SFM) is used as nonlinear medium, and the weak signal is measured
with a photomultiplier tube and a lock-in amplifier. The group velocity mis-
match for SFM in BBO is 881 fs/mm [49], so the crystal thickness of 25 um
limits the temporal resolution to 23 fs but with a fundamental pulse duration
of 55 fs this is not a limiting factor. The trace is shown in figure 3.4(d). The
correlation is seen to be nearly Gaussian with a FWHM of 93 fs which translates
into a FWHM of 73 fs for the 405 nm pulses. Figure 3.4(b) shows the spectrum
of the SH with a FWHM of 4.8 nm which then gives a time-bandwidth prod-
uct of 0.63. The high product is likely due to non-compensated TOD in the



3.3 Optical parametric

amplification

31

-
o

. .
o) [

= FWHM 19 nm ] H ]
g8 g8 FWHM 4.8 nm
T 0.6 E 0.6 4
N N
T 0.4 © 0.4 E
@®©

£ €

£ £

5 0.2 S 0.2 1
z z

00 1 1 0.0 1 1 1
780 800 820 840 395 400 405 410 415
Wavelength [nm] Wavelength [nm]
T T T T T T T T
. 4

5 u;, 1.0 d)

% FWHM 55 fs S 08 4

a a o FWHM 93 fs
© el

o 0.6 4

8 S S -

T T 04 7

£ £

o © 0.2 T
z z

1 1 1

Delay [fs]

o
o

200 -100 0 100 200
Delay [fs]

Figure 3.4: a) Spectrum of the fundamental pulses. b) Spectrum of SH pulses.
¢) Autocorrelation of the fundamental. d) Cross-correlation of fundamental and
SH.

prism-compressor.

The red beam is found to be a nearly perfect TEMy mode while the blue is
slightly distorted due to the astigmatism induced by the spherical mirrors. The
astigmatism also introduces a small spatial dispersion in the beam.

3.3 Optical parametric amplification

Optical parametric amplification (OPA) is a highly interesting method to gen-
erate short pulses in the visible and near-infrared. Chapter 8 will explain OPA
in more detail. Here it suffices to say that OPA is a x(?) process in which an
intense pump beam is converted into signal and idler beams when a phasematch-
ing condition is fulfilled. Nonlinear crystals, such as BBO, are useful media for
these processes as the difference in refractive index along the crystal axes en-
ables phasematching by simple angle-tuning of the crystal. The efficiency of the
process depends mainly on the intensity of the pump and the extent of spatial
and temporal overlap between beams.

The main goal of this work was to demonstrate that amplification of seed
pulses generated in a PCF can take place with the blue pump power available
from the frequency doubled oscillator. The seed beam is generated by launching
14 mW of the 55 fs, 810 nm beam into a 1.7 pum core PCF (Crystal fibre NL-
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PM-750). The low dispersion, in addition to the small core, results in a large
nonlinear response and figure 3.5 (left) shows how the relatively weak pump
pulses generate large bandwidth and a pronounced peak at 650 nm (NSR). The
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Figure 3.5: Left: Dashed and full line show the spectrum before and after the
photonic crystal fiber. Right: Amplified signal at 650 nm.

visible output is overlapped spatially and temporally with the pump beam in a
1 mm BBO crystal oriented for SFM of 405 nm and 650 nm. With a collinear
geometry, the beams are focused with a 10 cm focal length achromatic lens to
spotsizes of roughly 80 pum. After the crystal, detection of the amplified signal
is done by dispersing the beam in a prism and using a 400 nm mirror and an
iris as filters to ensure that only 650 nm light impinges on a photo diode. The
diode records the signal through a lock-in amplifier and figure 3.5 (right) shows
the signal obtained when the temporal delay between the 400 nm and 650 nm
pulses is scanned. The amplified signal has a FWHM of 200 fs and proves that
OPA is possible with this type of setup. The signal is however very weak. Even
with harder focussing and a non-collinear geometry between pump and signal
[50], amplification can not be seen by the eye (650 nm) or a power meter and
lock-in detection is necessary.

3.4 Summary

The work with this setup demonstrated OPA directly from an oscillator through
intracavity frequency doubling and broadband generation in a PCF. The am-
plified signal is however too weak to be of any use and the experiments show
that more pump power is needed to make this process work efficiently. Accord-
ing to the literature, OPA-systems typically operate at pump intensities of the
order of 10 GW/cm?. With 180 mW, 73 fs pulses at 50 MHz and a spot size of
roughly 80 pm, the intensity in the present experiments is about two orders of
magnitude too small. While some improvements can be made by focussing the
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pump beam harder or optimizing the modal overlap in the BBO crystal, it will
not be possible to find two orders of magnitude.

However, the idea of using a PCF as a white-light source for OPA is quite
interesting and is actually being pursued by other groups now [51]. Chapter 8
will describe a second and more successful attempt of making this type of setup
but this time with a high power fiber laser as pump source.
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Chapter 4

Continuous wave four-wave
mixing in a photonic crystal fiber

Degenerate four wave mixing in a highly nonlinear PCF is investigated. The
dispersion profile of the fiber enables phasematching over a broad spectral range
even at vanishing power levels and continuous wave wavelength conversion is
therefore possible. The fiber could potentially be used as gain media for an
optical parametric oscillator or as an optical switch.
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4.1 Introduction

The work presented in this chapter was inspired by previous experiments with
super continuum generation (SCG) in a highly nonlinear PCF with two zero-
dispersion-wavelengths (ZDW) [52]. The experiments revealed that the SCG
process was dominated by degenerate four-wave mixing (FWM) and not soliton
fission as is usually the case [3]. The presence of two ZDW changed the disper-
sion of the fiber to such an extent that phasematching for FWM was fulfilled
in the entire anomalous dispersion regime. Since FWM has very high gain [12],
soliton dynamics were effectively arrested and the output consisted of two peaks
centered at the ZDWs in accordance with predictions based on calculated FWM
phasematching curves. The output was largely unaffected by the input pulse
parameters and the simulations showed that FWM would always dominate and
even take place at continuous wave power levels.

The experiments presented here confirm these ideas and demonstrate means
of wavelength conversion without the need of intense pulses.

4.2 Four wave mixing

Degenerate FWM in optical fibers is a well known nonlinear process in which
signal and idler (anti-Stokes and Stokes) photons are generated from two pump
photons as illustrated in figure 4.1. It is a third order process and the conver-

Figure 4.1: Generation of signal and idler photons from two pump photons via
virtual levels.

sion efficiency of the process depends crucially on a phasematching condition
(eq. 4.7), which in turn depends on the dispersion properties of the fiber. In
presence of phasematching, FWM can have significant gain and can be used for
efficient upconversion as well as downconversion [12]. For that reason, FWM
has been exploited to make fiber-based optical parametric oscillators (FOPOs)
and even optical switches for WDM systems [53]. Sharping et al [54] have re-
ported a FOPO based on FWM of 600 fs pulses in a PCF and in 2002 Marhic
demonstrated a FOPO using continuous wave FWM in a 100 m long PCF. By
creating a cavity with fiber Bragg gratings for the signal wavelength at 1560
nm, the idler output could be tuned more than 80 nm by varying the pump
wavelength [55].
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In this chapter, continuous wave FWM in a polarization maintaining PCF
with two ZDWs is presented. The dispersion profile enables phasematched
FWM to take place in the anomalous dispersion region and several nanometers
below the high frequency ZDW. A tunable output can therefore be obtained by
pumping the fiber in this range while seeding with an appropriate idler.

The theory of FWM is well described in the literature [56]. In case of de-
generate FWM, the electric field can be represented by

E(z,t) = 2Epe'hv=wnt) o B eilkez—wst) 4 peilkiz—wit) 4 o ¢ (4.1)

The nonlinear polarization P,; = eox(3)EEE of the material is then found
to oscillate at many different frequencies, but for this analysis only the terms
oscillating at w,,ws,w; are interesting. The following equations for the slowly
varying envelopes of the three fields can then be derived [12]

04 . * o (iA

S = 4P+ 204 + | 4:2) 4, + 244,47 exp(iAfz)]  (42)
8Ai s . * —1 A

82( L= (A 2+ 20457 + [Auw) ) i) + AZAS () exp(—iAAB2)

(4.3)

where A,, A; and A, are the normalized field amplitudes of the pump, idler
and signal respectively and Af is the difference in the propagation constants
given by AB = s+ B; — 20,. Equation 4.2 and 4.3 generally have to be solved
numerically but assuming an un-depleted pump ( aaAZ 2 = ()) it is possible to
obtain an analytical expression for the signal power [12, 56]

Pu(L) = P(0)(1 + 7Py /g)%sinh(gL) (4.4)

where g is the gain:

K 2
9=1/(vF)* = (3) (4.5)
with k given by
k=AF+2vF, (4.6)

and P is the pump power. Maximum gain of g = 7P, is obtained when x = 0,
which occurs when the nonlinear phase shift (2vF) is compensated by a negative
wave vector mismatch, A3. Expanding f(w) around the pump frequency results
in the phasematching condition:

1
12

1

Q2
s P2+ 360

Qs + == Bs + ... +27P=0 (4.7)
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where (33, 04 and (g are the second, fourth and sixth derivative of 5 with respect
to w evaluated at the pump frequency and €2, is the frequency shift from the
pump to the signal/idler frequencies.

In conventional single mode fibers, the higher order terms are generally small
and it is sufficient to include only [y when evaluating eq. 4.7 (except at the
ZDW). In this approximation, phasematching can only occur in the anomalous
dispersion regime where a negative o can compensate for the positive nonlinear
phase shift [12]. In highly nonlinear PCF's the significant waveguide dispersion
can profoundly change the dispersion profile and higher order terms can no
longer be neglected [57, 58].

4.3 Phasematching in CF NL-PM-750

The fiber in these experiments is the widely used NL-PM-750 (Crystal Fibre)
which is highly nonlinear and has two ZDWs at 755 nm and 1235 nm respec-
tively. Figure 4.2 displays the GVD in the fiber and the strong curvature of the
profile implies that the higher derivatives of f(w) are important. By fitting a

2500

2000

1500+

-
o
=3
=3
f

B, [fs*/cm]

T T T T T
600 800 1000 1200 1400 1600
Wavelength [nm]

Figure 4.2: Dispersion profile measured by white light interferometry. Insert
shows the cross section of the fiber. The core is surrounded by six air holes of
which two are slightly bigger than the rest, resulting in birefringence. Picture
and data provided by Crystal Fibre A/S.

Taylor expansion to the curve, the higher order dispersion terms can be calcu-
lated and figure 4.3 (left) shows (32, B4, B¢ and Bs as functions of wavelength
between the two ZDWs. The shown curves have been scaled according to

2 e
ﬁn,scaled = E (1015 S 1)( 2)ﬂn (48)

in order to compare the strength of each term in eq. 4.7. The figure indicates
how the size and changing signs of the higher order terms may result in phase-
matching in the anomalous dispersion regime even without a nonlinear phase
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contribution. Figure 4.3 (right) shows that phasematching may also take place
in the normal dispersion regime close to the ZDW where the negative (8, and
[Bs can compensate for the positive G and (¢. Figure 4.4 shows a phasematch-
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Figure 4.3: Left: The scaled dispersion terms (2, (1, 6 and (s as functions of
wavelength. Right: A zoom on the high-frequency ZDW shows that 84 and (s
are negative below the ZDW. They can therefore compensate for the positive 32
and B()

ing diagram based on the measured (B2 without a nonlinear phase contribution
(peak power, Py = 0). Phasematched signal and idler wavelengths are found
on vertical lines for a given pump wavelength. The curve differs from similar
phasematching curves for PCFs with only one ZDW, for which phasematch-
ing at low power is only possible slightly below the ZDW [35]. In the present
fiber, however, phasematching is fulfilled in the anomalous dispersion region and
several nanometers below the high-frequency ZDW.

At higher pump powers the phasematching is eventually perturbed by the
nonlinear contribution 2vF,. With a pump peak power of 1000 W, a new set of
closely lying phasematched wavelengths appears in the anomalous regime, while
the normal regime remains virtually unaltered - see left panel of figure 4.4. The
curves show that phasematched wavelengths are found between 500 nm and
1800 nm so a widely tunable output is possible.

Figure 4.4 (right) shows a zoom on the phasematching curve close to the
low-wavelength ZDW at approximately 755 nm and illustrates how tuning of
the pump from ~ 741 nm to 755 nm, allows generation of phasematched wave-
lengths continuously between 500 nm and 1500 nm. Furthermore, there are
pump wavelengths for which two sets of phasematched wavelengths are possible
simultaneously. This multiple frequency generation has previously been pre-
dicted [59-61], but has so far not been confirmed experimentally. Figure 4.4
(left) also indicates that multiple frequency generation is possible in the entire
negative dispersion region when the fiber is pumped with high power. It would
be interesting to study this phenomenon in more detail since it could bring fur-
ther understanding of the SCG processes in this class of fiber [52].
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4.4 Experimental results

The phasematching curves in figure 4.4 predict that a tunable output from
500 nm-1500 nm can be obtained by tuning the pump wavelength in the vicinity
of the ZDW at 755 nm while seeding with an appropriate idler. To demonstrate
this, the output from a Ti:Sapphire laser operating in CW mode at 750-830 nm
and a laser diode centered at 975 nm are overlapped and coupled into a 20 meter
long piece of the PCF with a microscope objective (figure 4.5). The fiber has a

751 nm from Ti:Sapphire laser Signal Pump

Idler

800 nm

975 nm from « mirror n

laser diode N U

Microscope objective  Collimating lens
Figure 4.5: Experimental setup

1.7 pm core surrounded by six air holes of which two are larger than the rest -
as seen in the insert in figure 4.2. The resulting birefringence of An > 3-1074
is enough to make the fiber highly polarization maintaining. The pitch of the
fiber is 1.2 pm while the average hole size is 0.55 pm [62]. To ensure excitation
of only one polarization mode, the fiber is mounted in a rotational stage and
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aligned with its major axis parallel to the polarization of the Ti:Sapphire laser.
Light from the 975 nm diode is polarized in the same orientation by appropri-
ately bending the delivery fiber [14]. When the pump wavelength is scanned to
774 nm, a signal appears at 641 nm as shown in figure 4.6 a). By tuning the
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Figure 4.6: Spectra at phasematching. In (c), (d) and (e) the visible and infrared
spectra were recorded with different detectors and joined here for clarity. In some
cases the output from the fiber is filtered to avoid saturation of the detector. The
relative size of the peaks does therefore not represent the actual power distribu-
tion. In all figures, the left peak is the signal while the middle and right peaks
are pump and idler respectively.

pump wavelength and seeding with idler sources at 1064 nm, 1312 nm, 1493 nm
and 1549 nm, similar results are obtained as illustrated in figure 4.6(b)-(e). All
signal outputs are found to be linearly polarized along the same axis as the
pump light, meaning that the birefringence of the fiber keeps the light in one
polarization state. Coupling into the other polarization axis of the fiber re-
sults in a similar set of linearly polarized phasematched wavelengths. Figure
4.7 shows the measured sets of phasematched wavelengths along each of the
two axes. The filled squares connected with full lines indicate measured values
while the dotted line is the theoretical curve previously shown in figure 4.4. The
discrepancy between the measured and calculated phasematching is due to the
fact that the dispersion is measured by white light interferometry [63] using an
unpolarized light source. The GVD in figure 4.2 is therefore an average of the
GVD in the two polarization axes of the fiber (arbitrarily labelled as major and
minor axis respectively) and the calculated phasematching diagram does there-
fore not relate directly to any of the measured data sets in figure 4.7. However,
the qualitative shape of the phasematching curve is readily recognized in both
axes (full lines) and extrapolation can be made to predict where phasematching
can be found.
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Figure 4.8 (left) shows the output power at 518 nm as a function of 769 nm
pump power, when phasematching with a 1493 nm idler is obtained along the
minor axis of the fiber. The curve is in qualitative accordance with the analytical
approximation in eq. 4.4 and displays a maximum signal power of 12 W when
the fiber is pumped with 200 mW and seeded with 40 mW of the idler at
1493 nm. This corresponds to a conversion efficiency from idler to signal power
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Figure 4.8: Left: Measured power at 518 nm as a function of pump power when
the idler power is 40 mW. The full line is the analytical approximation given in
eq. 4.4 Right: The steep slope of the phasematching curve implies that only a
part of the pump is actually matched to the laser diode at 1493 nm.

of 0.3%, which is lower than expected from numerical integration of eq. 4.2
and 4.3. It is however necessary to include the spectral width of the sources
in the calculation. Figure 4.8 (right) illustrates how the steep slope of the
phasematching curve maps the 5 nm wide spectrum of the laser diode at 1493 nm
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onto an interval of 0.5 nm on the pump axis. The Ti:Sapphire laser is designed
for pulsed operation so even when it is forced to run CW, the line-width is about
4 nm. Therefore, only a part of the pump power actually participates in the
mixing process which explains that the measured conversion efficiency is lower
than expected. The theoretical expressions (eq. 4.2-4.3) predict that 200 mW of
pump power, combined with 40 mW of idler power, should result in 2 mW at the
signal wavelength if the bandwidths were matched. This corresponds to an idler-
to-signal conversion efficiency of 5%. With the advent of high power, narrow
line width diode lasers [64] such conversions will be possible with simple and
compact setups. Additional improvements can be obtained by seeding the fiber
at the signal wavelength as well. This could be done with a simple re-coupling
of signal power or by creating a cavity around the fiber (FOPO) [54, 65]. It
should be noted that fluctuations in the core dimensions along the length of
the fiber are known to cause a reduction in bandwidth and gain of the FWM
process [66] so the quality of the fibers is also critical for optimum performance.

4.5 Summary

Continuous wave FWM in a PCF with two zero-dispersion wavelengths is demon-
strated. The dispersion profile of the fiber allows phasematched degenerate
FWM to take place in the anomalous dispersion regime at low CW pump pow-
ers and the experiments verify predicted phasematching at five different pump
wavelengths. In combination with calculated phasematching curves, the exper-
iments indicate that a large span of wavelengths can be matched by tuning
the pump laser only a few nanometers in the vicinity of the lowest ZDW. A
conversion efficiency of 0.3 % from an idler at 1493 nm to a signal at 518 nm
is obtained but is limited by the low spectral density of the available pump.
Improved conversion can be obtained by employing narrow-band pump sources
or using the fiber in a FOPO setup.
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Chapter 5

Q-switched fiber laser

An all-fiber Q-switched laser is developed with industrial applications in mind.
The experiments presented here serve as a proof of principle and show that
pulsed sources can be made with simple means.

45
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Aiming at the marking industry, NKT-Research set out to make pulsed fiber
lasers. Typical target parameters were 100 ns pulses at a repetition rate of 10
kHz so Q-switching was the natural route to take. The basic idea was to use
existing (cheap) telecom components to make a pulsed source and then amplify
the output in a high power double-clad large mode area (LMA) fiber. Several
Q-switching schemes were tested, and in this chapter an all-fiber solution will
be described. The laser was developed in collaboration with Miguel Andrés’
group at the University of Valencia in Spain.

5.1 Introduction

Fiber lasers represent an attractive alternative to conventional solid state lasers
due to superior beam quality, efficiency and compactness. In recent years the
performance of fiber lasers has greatly improved, and pulsed as well as con-
tinuous wave fiber lasers can now deliver power levels comparable to those of
standard workhorses such as the Nd:YAG [67, 68].

Q-switching is a well known technique to obtain powerful pulses of 1-500 ns
duration and Q-switched lasers are used extensively in laboratories and in indus-
try. Q-switching of fiber lasers has been demonstrated in a variety of ways [22]
and the potential simplicity of such lasers makes them interesting for various ap-
plications in medicine, sensing and material processing. In general, Q-switched
fiber lasers are however flawed by the inclusion of a bulk switching device such
as acousto-optic modulators [69] or saturable absorbers [70-73]. These compo-
nents greatly increase the complexity of the setups since light must be coupled
in and out of the fiber. The necessary mechanical stability may be incompati-
ble with practical applications and it is therefore highly interesting to develop
all-fiber alternatives. Self-Q-switching in optical fibers due to Brillouin and
Rayleigh scattering [74, 75] may be exploited for this purpose, and it has also
been suggested to use Samarium-doped fiber as a saturable absorber to Q-switch
Er-doped lasers [76]. However, in passively Q-switched lasers, important param-
eters such as pulse duration and repetition rate are partly determined by the
characteristics of the saturable absorber and cannot be controlled directly. For
some applications, it is necessary to control these factors and simpler all-fiber
actively Q-switched solutions are therefore desirable.

There are very few examples of all-fiber actively Q-switched lasers in the lit-
erature. In 1993, Chandonnet et al used a side-polished coupler to modulate the
cavity losses and obtained Q-switching in an Er-doped fiber laser [77]. Another
attempt relied on modulating a Bragg grating with a piezoelectric element, but
to get sufficient modulation it was necessary to work at the mechanical reso-
nance of the piezoelectric and operation was therefore bound to take place at
harmonics of this resonance frequency [78].

More recently, an all-fiber actively Q-switched laser based on magnetostric-
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tive modulation of a Bragg grating was reported. With the chosen dimensions
of the magnetostrictive rod (MSR), there were no limiting resonance frequencies
below 10 MHz and it was possible to obtain 200 ns pulses from an Er-doped
fiber laser at repetition rates from 1-125 kHz [79].

In this chapter, improvements of this latter technique are presented and
Q-switching of an Yb-based laser is demonstrated. The improvements and the
change to Yb-doped fiber have resulted in powerful and stable pulses at 1052 nm
and has enabled Q-switching at repetition rates up to 200 kHz. The laser
constitutes the first realization of an all-fiber actively Q-switched Yb-doped
laser.

5.2 Experimental setup

Figure 5.1 shows the setup. A standard 976 nm pump diode is connected to the
doped fiber by a 976/1052 nm Wavelength Division Multiplexer (WDM). An
additional 976/1030 nm WDM is used to remove unwanted amplified sponta-
neous emission (ASE) around 1030 nm which would otherwise cause lasing on
reflections from the pump front facet and spurious feedback from the cavity. In

1052nm % 1030 nm Q Yb-doped fiber
FBG2
976 nm 10527 |\ 1030/ ]_EBG1 o
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Figure 5.1: Experimental setup. The fiber Bragg grating in the output end of
the fiber (FBG2) is fixed on a magnetostrictive rod and placed inside a electric
coil. The high-reflecting grating (FBG1) is fixed to a translational stage and
stretched with a constant strain. All fiber ends are terminated with angle polished
connectors. The circuit used to drive the current in the coil is depicted.

this particular setup 1.5 m of heavily doped Yb-fiber is used as gain medium.
The fiber has a small signal absorption of 200 dB/m at 976 nm, a core diameter
of 4.6 pum and a NA of 0.16. Two gratings have been written directly in the
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doped fiber by UV-exposure through a phase mask [80]. The estimated line-
widths of the gratings are 0.07 nm and both gratings have a Bragg wavelength
of 1051.5 nm. One grating (FBG2) is 12 mm long and has a reflectivity of 85 %
while the other (FBG1) reflects 99 %. A 1x1x15 mm rod of the magnetostric-
tive material Terfenol-D [81] is fixed to the doped fiber at the site of FBG2 and
Q-switching is performed by placing the rod and the fiber inside a small coil and
applying current pulses. The rod, and thereby the grating, are then stretched
and relaxed by the resulting magnetic field. The modulation frequency can be
tuned continuously from 1-200 kHz in this way.

FBG1 is stretched with a constant strain in order to shift the reflectance
curve towards longer wavelengths. When the magnetic pulses stretch FBG2,
the two gratings are brought to coincide in wavelength for short periods of time
which results in an increased Q-value - as illustrated in figure 5.2. It is necessary
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Figure 5.2: Illustration of Q-switching. A constant strain is applied to FBG1 to
shift the reflectance curve (R1) towards longer wavelengths. At time t=0 (left)
current is applied to the coil and FBG2 is gradually stretched. As a result, the
reflectance of FBG2 (R2) is shifted towards that of FBG1 and at time t=T71
the gratings overlap in wavelength and the Q-factor of the cavity is high - as
illustrated by the product of the two reflectance curves, R1*R2.

to apodize the gratings to avoid pre-lasing on reflective sidebands. A FBG is
made by doping the fiber (with e.g. Germanium, Hydrogen) and subsequently
exposing the fiber to UV light. The energetic UV photons create defects at
the dopant sites which cause an increase of the index of refraction of up to
a few percent. Phase masks are used to ensure spatial periodicity of the UV-
exposure since it is the periodic variation in the refractive index which cause the
reflection. Figure 5.3 (left) shows such an index modulation schematically. The
resulting reflectivity of the grating can be approximated by Fourier transforming
the index variation [80] as shown in figure 5.3 (right). The finite length of the
index modulation invariably leads to sidebands on the reflectivity curve (the
Fourier transform of a top-hat distribution is a sinc-function).
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Figure 5.3: Left: Illustration of an index profile along the length of the fiber
after UV-exposure. The periodic variation in the refractive index cause multiple
reflection which interfere constructively and thereby add up to a strong reflection.
Right: The reflectivity of the index variation in the left panel can be approximated
by Fourier transforming it. Since the Fourier transform of a *top-hat’ distribution
is a sinc-function the resulting reflectivity displays sidebands.

Such sidebands are detrimental to the performance of the Q-switched laser
presented here. Since the reflectance profile of FBG2 is shifted back and forth
in wavelength during operation, the sidebands cause lasing before the main re-
flective peaks are coinciding. When this ’'parasitic’ lasing takes place, satellite
pulses are emitted and the gain is clamped at a low value, resulting in a weak
multi-pulse output. To minimize such problems, the used gratings are sub-
jected to a Gaussian apodization. Apodization implies varying the intensity of
the UV-light along the length of the grating in order to make a gradual transi-
tion from high to low index instead of the steep edges shown in the left panel of
figure 5.3. It is desirable to make ’gaussian wings’ since a near gaussian index
modulation gives rise to a near gaussian reflective profile i.e. a profile without
sidebands (not shown). In practice it is however difficult to completely remove
the sidebands and the gratings used for these experiments still have sidebands
about 25 dB below the main reflective peak. In spite of this weak reflectivity,
the sidebands actually cause lasing in the highly inverted Yb-doped fiber. This
turns out to be a limiting factor for the setup and further development of the
apodization technique is therefore needed.

The electronic circuit is designed to be able to drive square current pulses
with amplitudes of up to 250 mA through a small electrical coil. The current
in the coil is supplied by a DC voltage source and a MOSFET, driven by a
low voltage pulse generator, is used to switch the DC current on and off. The
natural rise time for the current in the coil is approximately 100 us and is de-
termined by the coils self-inductance and resistance of about 1 mH and 10 €,
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respectively. The rise time can be reduced to 1 us by placing a capacitor of
0.22 nF and a resistance of 1 k2 in the circuit as depicted in figure 5.1. Under
these conditions, the maximum repetition rate of the optical pulses is not lim-
ited by the electronics but by the magnetostrictive frequency response and the
lifetime of the excited state of Yb3T.

The magnetostrictive rod responds linearly to the magnetic field and at
repetition rates below 100 kHz there is no significant frequency dependence.
The shift of the Bragg wavelength as a function of the current applied to the coil
was determined by using a narrow line-width tunable laser and was found to be
0.4 nm/A [79]. Currents of 200 mA are thus sufficient to shift the wavelength
by more than the spectral width of FBG1. As a result, Q-switching can be
obtained with current amplitudes of less than 100 mA at these frequencies. If the
frequency is increased, the magnetostrictive response of the rod decreases and
higher currents are needed. At 200 kHz the response of the rod is significantly
reduced and about 250 mA are needed to obtain Q-switching.

5.3 Results

The Q-switched laser in figure 5.1 has distinct regimes of operation which can
be chosen by stretching FBG1 with an appropriate constant strain. If the re-
flectance of FBG1 is shifted to a longer wavelength than the reflectance of FBG2,
high Q-values are obtained when current is applied to the coil and the magnetic
pulses stretch FBG2 far enough for it to coincide with FBG1 (see figure 5.2).
This is the method used in the following. On the other hand, without strain on
FBGI1, the two gratings are initially matched and a high Q-factor is established
when the current is switched off and FBG2 relaxes to its initial state. In be-
tween these two regimes of operation, an intermediate strain applied to FBG1
leads to un-interrupted lasing and a weakly modulated continuous wave output
with higher average power than when Q-switching takes place. This is due to
FBG2 being shifted within the bandwidth of FBG1 and thereby keeping the
cavity Q-factor high.

Since the spectral overlap of the two gratings determines the Q value of the
cavity, the pulse parameters are highly dependent on the exact strain applied to
FBG1. To make reproducible measurements, the following method is adopted:
FBGT1 is stretched until the intermediate regime of continuous wave operation
is found. This is easily done by optimizing the average power. From here FBG1
is further stretched until stable, clean pulses are obtained.

Figure 5.4 shows a pulse train at 150 kHz and a representative pulse at
60 kHz. The asymmetric pulse shape in both panels is typical for Q-switching
and is due to reduced gain at the trailing edge of the pulse which leads to slower
energy extraction [43]. In this particular case the extraordinary long tail of the
pulses is however due to the response of the detector.
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Figure 5.4: Left: Measured pulse train at 150 kHz and 160 mW of pump power.
The dashed line shows the current through the coil. Right: Representative pulse
at 60 kHz. The envelope of the pulse is modulated with the cavity mode spacing
which indicates beating between longitudinal modes.

The amplitude fluctuations seen on the pulse train are mainly due to the sam-
pling of the oscilloscope, but more precise measurements reveal that there is real
amplitude jitter of up to 10 %. These fluctuations might be caused by irregular
modulations of the pulse envelope as seen on figure 5.4 (right). Although the
resulting spikes cause large amplitude fluctuations, they are too short to carry
substantial energy and, in fact, the total pulse energy is stable within 3 %. The
modulation of the pulse envelope is periodic with the round trip time of the
cavity, indicating beating between longitudinal cavity modes. This is surprising
since the spectral width of the gratings should allow many longitudinal modes to
oscillate, which in turn should wash out any interference effects. Similar pulse
modulations have also been reported when fast Q-switching devices (AOMs)
are used. In that case the modulation originates from repetitive amplification
of the initial ASE waves injected by the fast switch [82]. Such effects are how-
ever only relevant when the rise time of the switch is of the order of the cavity
round trip time and the slow switching employed in the present experiments
(5 us) should therefore not cause any modulation of the pulse envelope. To
study these effects in more detail, a numerical model has been developed and
is presented in Appendix B. The model indicates that the modulation is not
caused by the switching time, but arises due to a time-dependent phase-shift
caused by the moving grating (FBG2). When the sweeping process is started,
waves are initiated by FBG2 at z = L and these waves propagate towards the
input end of the fiber where they are reflected by the stationary grating with
a frequency dependent phase-shift [83]. However, at the moving grating, the
waves also obtain a time-dependent phase shift and the resulting phase differ-
ence between frequency components generates a beating over the pulse envelope.
Figure 5.5 (left) shows a theoretical pulse envelope from a simulation where a
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time-dependent phase shift is included at FBG2. The pulse has noise spikes
with a period corresponding to the cavity round trip time as is observed experi-
mentally. Similar effects have been reported previously [84] and the modulation
is therefore believed to originate from the motion of the grating. This idea is
supported by experiments with pulsed distributed feedback fiber lasers where
the gratings are stationary. Amplitude modulations are not observed with such
configurations [85]. Figure 5.5 (right) depicts the average output power as a
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Figure 5.5: Left: Theoretical pulse based on a coherent model where the moving
grating induces a time-dependent phase-shift. The beating between modes leaves
a modulated pulse envelope. Right: Average output power versus pump power for
different repetition rates. Curves are truncated when additional pulses appear.
At high frequencies the threshold for stable pulsed operation increases.

function of pump power for different repetition rates. For a given repetition
rate there is a pump level beyond which extra pulses appear and the curves are
truncated at that point. Such multi-pulsing is a well-known problem in actively
Q-switched lasers and is an indication of slow Q-switching [43]. Furthermore,
the weak sidebands of the gratings overlap before the central reflective peaks
coincide, causing pre-lasing and even relaxation oscillations, before the main
pulse. As a result, the extractable pulse energy is low and the quality of the
pulse train is compromised by weak satellite pulses. These effects are strongly
gain-dependent and are not observed at repetition rates above 100 kHz. In con-
trast, at a repetition rate of 10 kHz, extra pulses appear already at 18 mW of
applied pump power.

Figure 5.6 (left panel) shows the average and peak output power as func-
tions of repetition rate for a fixed pump power of 70 mW. The average power
approaches a constant level as the repetition rate is increased towards a quasi-
CW regime and the lower gain per pulse results in decreasing peak power. There
is an optimal frequency range between 70-85 kHz where a reasonable compro-
mise between peak power and average power can be made. Figure 5.6 (right)
shows the pulse duration and peak power versus pump power when the laser op-
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Figure 5.6: Left: Average power and peak power versus frequency for a fixed
pump power of 70 mW. Right: Pulse duration and peak power versus pump
power for operation at 85 kHz

erates at 85 kHz. The pulse duration is seen to decrease with increasing pump
power while the peak power increases accordingly. Peak powers of 3 W and
pulse durations of roughly 180 ns, corresponding to pulse energies of more than
500 nJ, were realized at this frequency. The trends illustrated in both panels of
figure 5.6 are general for Q-switched lasers [22, 43], and are also reproduced by
the model in Appendix B.

5.4 Outlook

Industrial applications, such as marking or welding, require pulse energies in the
mJ range so for the present setup to be interesting in this context, significant
amplification of the output is needed. Initial attempts have been made with
a high power diode pumped double clad LMA fiber amplifier. By seeding the
LMA fiber with the Q-switched pulses, a pulse energy of 60 ©J (gain of 14 dB)
was obtained when the Q-switch operated at 50 kHz. Figure 5.7 shows the
amplified output power as function of diode pump power. The obtainable pulse
energy was limited by ASE in the amplifier fiber. Beyond 7 W of pump power,
the level of ASE grew rapidly and no further signal amplification took place.
This indicates that the amplifier fiber was not saturated with signal power and
more seed power is therefore needed.

To reach mJ pulse energies it is necessary to operate the amplifier fiber at
low repetition rate in order to ensure high gain for each pulse. On the other
hand, build-up of ASE between pulses must be avoided so a repetition rate of
10 kHz is beneficial. Unfortunately, operation at low repetition rates seriously
limits the output power from the Q-switched laser (see figure 5.5). As explained
previously, low repetition rates lead to multi-pulsing due to the high gain and

Peak Power [W]



54

Q-switched fiber laser

Average output power [W]

3.5

3.0 1

2.5

2.0 4

1.51

1.04

0.5

0.0 4

= 50 kHz, 100 ns, P = 100mW

T T T T T T

1 2 3 4 5 6

Amplifier pump power [W]

Figure 5.7: Output power from the DC-fiber amplifier as function of pump power.

spectral overlap of the FBG sidebands. T'wo routes can therefore be followed to
reach the necessary output levels: Several amplifier stages can be built after the
cavity in order to boost the average power from the present configuration. The
inclusion of more stages and the need of ASE-filtering will however increase the
complexity, size and cost of the setup, making it un-attractive from a practical
point of view. The remaining option is to perform the Q-switching directly in a
LMA double clad fiber. This can be done by either writing the gratings directly
into a doped LMA fiber or by simply splicing the presently used gratings to
the LMA fiber. The increased core area and low NA of such a fiber will reduce
ASE and lead to much higher energy storage. It will be possible to extract
sufficient average power to saturate a high power fiber amplifier [86] and the two
components, cavity and amplifier fiber, can be integrated in one compact setup.
Further improvements could be obtained by replacing the current Gaussian-
apodized gratings with sinc-appodized gratings [87]. This type of apodization
leads to nearly square reflection profiles without sidebands, so the limiting pre-
lasing, caused by the early spectral overlap of the gratings, could be avoided.

5.5 Summary

An all-fiber actively Q-switched laser is demonstrated. By fixing a fiber Bragg
grating to a magnetostrictive rod, it is possible to modulate the grating con-
tinuously at up to 200 kHz by exposing the rod to a changing magnetic field.
This is done by placing the rod and the grating in a small electrical coil which
is driven by a simple circuit. The Q-factor of the cavity is rapidly changed as
the Bragg wavelength of the grating is varied and a pulsed output is realized.
Depending on pump power and repetition rate, it is possible to obtain pulse
durations as short as 200 ns and peak powers over 3 W. At all repetitions rates
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there are pulse amplitude fluctuations of about 10 % due to beating between
longitudinal modes. The resulting spikes are short and carry very little energy
and the pulse-energy fluctuations are therefore small (3 %).

Amplification of the pulsed output in a high power double clad LMA fiber
resulted in 60 pJ pulses but the seed power was not sufficiently high to saturate
the amplifier. Consequently, further power scaling depends on the ability to
generate more seed power. The output from the Q-switched laser is limited by
ASE and pre-lasing which lowers the gain and constrains the applicable pump
power.

It would be interesting to use this technique to Q-switch a LMA fiber.
The increased energy storage would allow better power extraction and provide
enough seed for a power amplifier. Further research will reveal whether this
concept can deliver sufficient pulse energy to address industrial applications.
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Chapter 6

Fiber dispersion measurements
with white-light interferometry

A compact and user friendly setup for dispersion measurement, based on the
white-light-interferometry spectral technique, is presented. The setup was made
on request from NKT-Research and is now used to characterize the products
from Koheras and Crystal Fibre. The work was done in collaboration with
Carsten Krogh Nielsen.

o7
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6.1 Introduction

Control of the group velocity dispersion and higher order dispersion terms be-
come paramount when working with femtosecond pulses. As seen in previous
chapters, the dispersion plays a key role in phasematched nonlinear processes
and actually defines the wavelengths which can be generated through FWM and
emission of NSR. Furthermore, the use of air guiding photonic bandgap (PBG)
fibers for intracavity dispersion compensation or extra-cavity pulse compression
are emerging as an attractive applications of these fibers. To take advantage
of the new technology, it is therefore necessary to develop reliable and simple
setups to measure the dispersion.

The commercially available systems for this task employ the differential
phase shift method in which light from a broadband source is intensity mod-
ulated at high frequencies and sent through the fiber. The propagation speed
of the modulation depends on the optical wavelength and can be measured ac-
curately by comparison with a reference oscillator [88]. This method requires
a broadband laser which can be modulated at high speeds (up to GHz) and
also relies on complicated electronic filtering. Alternatively, the dispersion can
be measured by time of flight experiments [89]. A tunable pulsed laser source
is used to map the propagation time through the fiber as function of wave-
length. Apart from the need of a complex laser system, the method requires
long pieces of fiber in order to reach reasonable accuracy and suffers from rather
long recording times.

Therefore, it is of interest to look into simpler and less expensive alternatives.
The white-light-interferometry technique [63] is based on a very simple setup,
where the interference signal from a Michelson interferometer (with the fiber
under test in one arm) is used to extrapolate the dispersion. In reference [63]
the temporal interference signal is recorded, while the length of the reference
arm of the interferometer is scanned. The dispersion is calculated via a Fourier
Transform (FT) of the temporal signal and subsequent analysis of the spectral
phase. Since the FT requires high temporal resolution, the interference pattern
from a HeNe laser is used to monitor the scanned length. As a consequence, both
signal and the HeNe calibration laser require a highly stabilized environment -
which is a serious limitation for any practical implementation.

We therefore tested a different approach to whitelight interferometry for dis-
persion measurements in which the signal is recorded with a spectrum analyzer
[90]. This has several advantages: The spectrum of the signal is also the FT of
the temporal signal and the need of the HeNe laser is thereby removed. Fur-
thermore, the short recording time of a few seconds greatly reduces the stability
requirements and finally, the data processing is faster as the computationally
demanding FTs are done immediately.
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6.2 Experimental setup

Figure 6.1 presents a sketch of the experimental setup. A short piece of Yh-
doped fiber is pumped by a 150 mW 980 nm diode laser and the resulting ASE
is sent through a interferometric setup with the fiber under test in one arm and
an air path of variable length in the other. Lasing in the doped fiber is prevented
by using angled end facets and optical isolators between the interferometer and
the Yb-fiber. A fiber coupled 50/50 thin film beam splitter is used to divide the

Butt coupling

Ytterbium ASE source

-

Test fiber

50/50

Translation stage To spectrum analyzer

Figure 6.1: Sketch of the experimental setup of the whitelight interferometer.
Light is coupled into the testfiber via a lens system which enable proper excitation
of the fundamental mode.

signal in the Michelson-like interferometer. In one arm the test fiber is inserted
and a lens system is used to maximize the coupling between the standard fiber
of the 50/50 coupler and the test fiber. The other end of the test fiber is butt
coupled to a mirror.

In the reference arm, the beam is collimated and reflected on a mirror po-
sitioned on a translational stage. In case of birefringent test fibers, a polarizer
is placed in the reference arm to pick out one polarization. The correct angle
of the polarizer is easily found by minimizing the amplitude of the beats in the
spectrum. Each axis of the birefringent fiber can then be tested independently,
assuming that there is no significant polarization evolution in the coupler fiber.

It is advantageous to use a fiber based interferometer since the setup can be
made very compact and the output is easily directed towards the various detec-
tors. The drawback is an increased sensitivity to environmental perturbations
such as vibrations and especially air disturbances around the fibers. With the
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fiber lying freely, phase fluctuations of 27 occur on a timescale of a few hun-
dred milliseconds, but by placing the setup in an air tight box, the few-seconds
measurements can be made with a stable phase.

6.3 Theory

Let E, and Ey be the electric fields of the reference arm and fiber arm at the
output of the interferometer

E, = Ey,exp(ik2d —iwt)
Ef = E07f exp(zﬂ2L —iwt + Z(ZS())

where L is the length of the test fiber and d is the length of the air path in the
reference arm. (3 and k = % are the propagation constants in the fiber and air
path respectively and ¢¢ is any relative phase difference that may appear due
to unbalanced arms in the interferometer.

The intensity measured by the detector in the spectrometer is then given by
I(w) = |Eor[* + | Eo g |* + 2Eo, Eo,r cos(¢(w)) (6.1)

where ¢(w) = ¢o(w) + 2[B(w)L — <d]. By expanding the propagation constant
around a center frequency wy, we get the following expression for ¢(w)

pw) = ¢o(w)+2[B(wo)L — %d + [Lg—f(wo) - %](w —wp)
2 3
2D ) — w0 + T O ) —wo)® 4] (62)

¢(w) can be constructed from the spectral interference pattern by noting that
each peak of the fringe pattern implies a phase increase of 2. The group velocity
dispersion (GVD), % is then calculated by making a suitable polynomial fit
to the found phase and deriving it twice:

_ 0?B(w) 1 . 9%¢(w)  ?¢o(w)
Baw) = ow? ﬁ[ ow?  Ow? ] (6:3)
The GVD from the components of the setup, 32§g§“> is easily removed by making

a background measurement without a test fiber inserted. As before the phase
is reconstructed and a polynomial fit is used to calculate the second derivative
now given by

?p(w)  0?¢o(w)

w2 w2

(6.4)
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Subtracting this from the previously found value gives the GVD originating
from the fiber under test and thereby the dispersion

—2me

D(w) = 2

B2(w) (6.5)

6.4 Example - HC 1060-02 air guiding fiber

To illustrate how the calculations are made, an example based on a PBG fiber
from Blaze Photonics (now Crystal Fibre) is presented below. Figure 6.2 (left)
shows a typical spectrum at near-temporal overlap of the fields in the two arms.
An interference pattern is clearly seen and a zoom reveals smooth regular oscil-
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Figure 6.2: Left: Measured spectrum when the fields are temporally overlapped.
The position of exact temporal overlap is found around 1050 nm where the slow
modulation reveals that the linear term in eq. 6.2 is small or zero. Right: Zoom
on the region around 1035 nm. The fringes are well resolved and the phase is
easily constructed by adding 27 at each local maximum.

lations as illustrated in the right panel. The phase, ¢(w), is easily constructed
by adding 27 at each oscillation peak. Figure 6.3 (left) shows the resulting spec-
tral phase. Note that the curve has a turning point at which the phase starts
to decrease. The location of this point coincides with the slow modulation near
1050 nm in figure 6.2 (left), which is roughly the point of temporal overlap for
just that wavelength region. This can be understood by noting that the linear
term in eq. 6.2 is small when the two signals are nearly overlapped in time. The
turning point can therefore be shifted by changing the length of the reference
arm, and it is advantageous to position it in the middle of the spectrum to have
resolved fringes over a wide range.

When the phase is known, a suitable polynomial fit to the data is made.
Figure 6.3 (right) shows how 4th and 7th order polynomials can be used to
accurately represent the data. The chosen polynomial is then derived twice
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Figure 6.3: Left: Phase versus wavelength as determined from the measurement
shown in figure 6.4. Right: Same data but plotted against frequency. Two
polynomial fits of order 4 and 7 are shown. While both fits represent the data
well, the curvature of the functions are clearly different at the edges of the data-
set.

to give fa2(w) and thereby the dispersion (as shown in figure 6.4). Note that
the resulting dispersion is sensitive to the order of the polynomial fit. While
polynomials of different orders can make equally good fits to the phase, the
second derivative may change significantly with the order. As a result, the
dispersion is accurately determined only in the middle of the data-set where the
curvature of the fit is set by the data points and not by the choice of polynomial.
Figure 6.4 indicates that this particular measurement is reliable in the interval

250 F

200

150

100

D [ps/(nm*km)]

50

0

-50

980 1000 1020 1040 1060 1080 1100 1120
Wavelength [nm]

Figure 6.4: The calculated dispersion for the two polynomial fits shown in figure
6.3. The curves are almost coinciding in the middle of the interval while they
differ significantly at the edges.

1010-1090 nm and comparison with measurements made by Blaze Photonics
[91] confirms the dispersion in this interval.
The setup was also tested by measuring the dispersion of well-known fibers
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such as HI-1060 Flexcore [92] and SMF28 [93] and in both cases excellent agree-
ment with known values were found.

Figure 6.4 illustrates how the choice of the polynomial order can influence
the calculated dispersion, especially in the edges of the measured wavelength
range. To improve accuracy and extend the measurable wavelength region, the
Yb-based ASE source is replaced with Koheras’ SuperK whitelight source which
has a bandwidth from 600-1700 nm [94]. However, the effective bandwidth of
the setup is limited by the 50/50 coupler which has a bandwidth of 300 nm
centered at 1050 nm. Although limited, this spectral range is of special interest
since the development of Yb-based femtosecond oscillators requires accurate
determination of the dispersion in the involved fiber components.

Figure 6.5 (left) shows a background measurement made with the SuperK
whitelight source (black curve) and a transmission curve for a newly developed
solid core PBG fiber. The bandwidth of the setup clearly stretches beyond 300
nm while the transmission window of the fiber is only roughly 200 nm (marked
with dashed lines). An insert in figure 6.5 (right) shows a microscope image of
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Figure 6.5: Left: Background spectral measurement indicates the bandwidth of
the setup (black). A transmission curve of the fiber reveals a bandgap from ~
1000-1180 nm (red) - the curve has been lowered 20 dBm for the illustration.
Right: Dispersion as function of wavelength. The parameters were obtained from
a bth order polynomial fit of the measured phase. Insert shows a microscope
image of the solid core PBG fiber. Guiding is ensured by surrounding the silica
core with Germanium doped, high index ’cores’. Picture provided by Crystal
Fibre.

this fiber which, in contrast to "traditional” PBG fibers, does not rely on air
holes to trap the light in the core. The bandgap effect is obtained by surrounding
a silica core with Germanium doped high index rods’ which act as anti-resonant
defects. This type of fiber is highly interesting for dispersion compensation in
cavities since the absence of air holes allows it to be spliced to standard fiber
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components [95]. The obtained fiber dispersion is shown in the right panel of
figure 6.5.

6.5 Summary

Fiber dispersion is a critical parameter when working with ultrashort pulses and
careful characterization is necessary if nonlinear devices or laser oscillators are
based on fiber components. Through spectral analysis of the output from a sim-
ple Michelson-interferometer, the dispersion in a test fiber can be extrapolated
by simple calculations. By implementing a PCF-based white light source, accu-
racy as well as bandwidth are enhanced and characterization in the important
Yb-window is possible. The setup has been used to characterize various types
of fiber and is now routinely used at NKT-Research.



Chapter 7

Dual-wavelength pumping of
photonic crystal fibers

Two-pump super continuum generation in PCFs is described and the dual-
pumping scheme is shown to increase the spectral bandwidth in the visible. A
similar setup is used in the SuperK whitelight source from Koheras, so proper
understanding of the process is useful for further development of this type of
light source.
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7.1 Introduction

Usually SCG in microstructured fibers has been obtained by pumping the fiber
in the anomalous dispersion regime where fission of solitons provides a wide
spectrum through SPM, Raman-scattering and FWM. The fission of a higher
order soliton into its constituent fundamental solitons also gives rise to growth
of dispersive waves which are often found deep in the visible [2]. However, it was
recently reported that extraordinary wide and flat spectra could be obtained in
the visible by simultaneously pumping a PCF in the normal and anomalous
regime with picosecond pulses [96]. By co-propagating the second harmonic
(SH) at 532 nm and the fundamental at 1064 nm it was found that the discrete
Raman lines in the visible were smoothened out, resulting in a flat spectrum cen-
tered at 532 nm. This was believed to origin from an arrest of stimulated Raman
scattering (SRS) due to a four wave mixing (FWM) process which, in case of
phasematching, has higher gain [12]. The demonstration of a broadband visible
light source with a simple setup, spurred interest in dual-wavelength pumping of
photonic crystal fibers and it was later suggested that co-propagating two fem-
tosecond pulses could lead to significant spectral broadening of the SH pulse due
to cross phase modulation (XPM) imposed by fundamental solitons [36]. Sim-
ulations showed that a co-propagating SH pulse at 450 nm could be broadened
with more than 100 nm in this way. In this chapter, it is demonstrated experi-
mentally that femtosecond dual pumping indeed leads to a spectral broadening
of the co-propagating SH pulse due to cross phase modulation.

7.2 Experimental setup

The experimental setup is shown in figure 7.1. A Yb:KGW oscillator is deliv-
ering 1028 nm, transform-limited 380 femtosecond pulses at a repetition rate of
9.8 MHz and a pulse energy up to 250 nJ. The pulses are frequency doubled
in a 17 mm long LBO (Lithium Triborate) crystal with an efficiency of up to
60%. The fundamental and second harmonic beams are then separated with
a dichroic mirror reflecting 1028 nm and transmitting 514 nm. Each beam is
re-collimated and sent through appropriate telescopes in order to ensure proper
mode matching at the position of the fiber tip. The IR beam is sent through
a delay stage before it is recombined with the SH and coupled into 35 cm of
the PCF. Using a regular aspheric lens (C230TM from Thorlabs) with a focal
length of 4.5 mm it is possible to get approximately 30 % of both colors through
the fiber simultaneously. After the fiber, an achromatic microscope objective
collimate the super continuum.

The fiber is birefringent and half-wave plates are used to ensure that both
beams are coupled into the main axis of the fiber. Temporal overlap is conve-
niently found by monitoring the spectrum diffracted off a grating onto a white
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Figure 7.1: Experimental setup. ISO: Optical isolator, HWP: Half-plate, LBO:
Lithium Triborate crystal, PCF: Photonic crystal fiber, OSA: Optical spectrum
analyzer.

surface while scanning the delay stage. When the pulses overlap in the fiber,
intense visible components appear in the spectrum. Depending on the position
of the stage, red or blue frequency components can be emphasized as illustrated
in figure 7.2

7.3 Results

Figure 7.2 shows the dramatic effect of launching two pulses into the PCF. Red
curves show the spectrum of the fundamental IR pulse in absence of the SH
pulse, green curves show the 514 nm pulse alone and black curves show the
result of the interaction of two pulses. In the left figure, the temporal overlap
is adjusted to optimize the blue part of the spectrum while the red part is
optimized in the right figure. In both figures, the fundamental pulse alone causes
a broad spectrum in the infrared due to SRS and also weak NSR around 420 nm.
When the SH pulse is launched into the fiber, the visible part of the spectrum
is shifted almost 100 nm towards the blue (left figure). In the right figure, the
514 nm pulse is redshifted and the visible part of the spectrum almost merges
with the NIR part. Figure 7.3 shows the spectral evolution as function of IR
input power in more detail. The visible pump power is kept constant at 6 mW
(0.67 nJ) and the IR power is gradually increased but kept below the threshold
for emission of NSR in order to highlight the effect of the dual pumping. The
left figure shows how increased IR power leads to red-shifting of the soliton
and finally emergence of several fundamental solitons. In figure 7.3 (right)
a significant blue-shift is observed with increasing pump power. Integration
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Figure 7.2: Black curve shows the enhancement of the blue (left) and red side
(right) of the XPM shifted SH signal. Green and red curves represent the isolated
SH and fundamental signals respectively. In both figures the IR pump power is
20 mW and the SH power is 12 mW.

of the spectra shows energy conservation in the spectral range 350 nm - 650
nm, so there is not energy transfer between pulses. This indicates that the
underlying mechanism is XPM. Numerical simulations based on the extended
nonlinear Schrodinger equation confirm the energy conservation in the visible
and clearly show how fundamental solitons pass through the visible pulse and
cause XPM-shifts. The enhanced blueshift of the visible pulse with increasing
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Figure 7.3: Left: Spectral evolution as function of increasing IR power. Maximum
IR power is 18 mW and the green power is constant at 6 mW. Right: Same
evolution in the spectral range close to the SH pump. Cascaded XPM leads to a
large blue-shift of the green pulse.

IR pump power is a result of increased peak power of the first fundamental
soliton (eq. 2.35). At higher IR powers, the interaction becomes complicated
as more solitons are formed and may overlap with the SH pulse.

The physical origin of XPM is a change of the refractive index induced by a
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co-propagating optical pulse. XPM thus induces a frequency chirp given by [97]
ow = -2 i|A(z )2 - dz (7.1)
e ‘

where dz is the effective interaction length. Equation 7.1 shows that the trailing
edge of an intense pulse will cause a blueshift of the co-propagating pulse while
the leading edge will cause a redshift. A soliton is a symmetric pulse so if a solu-
tion walks through another pulse its spectrum will be unchanged since each side
of the soliton imposes equal but opposite phaseshifts. However, if dispersion is
present, the group velocity mismatch between the soliton and the XPM-shifted
wavelength may cause them to separate temporally and thereby prevent the
cancelling shift from the opposite side of the soliton. The result is a permanent
XPM-shift - even if the soliton walk-through is complete [97]. Figure 7.4 shows
four frames from a simulation where a fundamental soliton passes through the
visible pulse. In the second frame the leading edge of the soliton has caused a
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Figure 7.4: Simulation showing a soliton passing though the SH pulse. The
leading edge of the soliton causes a redshift which is only partially compensated
by the trailing edge because the red components walk away from the soliton. The
simulation is made with a 150 fs, 0.1 nJ IR pulse and a 100 fJ, 300 fs green pulse
and a relative delay of 5 ps. Time is relative to the pump at 1030 nm.
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redshift of more than 50 nm. In the third and fourth frame, the trailing edge
of the soliton blueshifts the previously redshifted components back again but,
because of dispersion, some of the red intensity separates from the soliton and
does not get shifted back. The result is a permanent red-shift.

Figure 7.5 (left) shows experimentally obtained spectra of the IR pulse as
function of IR power after propagation through 4.3 m of the PCF. The spectra
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Figure 7.5: Left: Experimental spectral evolution with increasing power of the
IR pulse. Right: Same evolution but with two pump wavelengths. The onset
of significant blue-shifting of the SH pulse coincides with a red-shift of the first
fundamental soliton to approximately 1200 nm. At this wavelength, the soliton
has the same group velocity as the SH pulse - see figure 7.6. Green power is kept
constant at 6 mW and the IR power is gradually increased up to 15 mW.

are shown for each IR power level and the figure clearly shows how isolated
fundamental solitons are emitted and red-shifted as the input power is increased.
Firstly, one soliton is formed and shifts towards the infrared. At higher power
(spectrum ~ 10), a second soliton is emitted and so forth. Figure 7.5 (right)
shows the same evolution but with the additional SH pulse launched into the
fiber. A white box highlights the measurement shown in the left figure. The
power of the green pulses is kept constant at a low power of 6 mW. No changes
in the infrared spectra are observed due to the green pump pulse. In contrast,
the spectrum of the 514 nm pulse is influenced significantly. After the first
soliton is emitted, the spectrum of the green pulse starts to extend to the blue
(”8” on power axis). At the highest IR power, the cascaded action of several
solitons results in a maximum blue shift down to approximately 420 nm.
Figure 7.6 shows the dispersion and the group delay relative to 1028 nm
for the fiber under investigation. The relative group delay increases when the
solitons redshift (they slow down), causing their group velocity to approach the
group velocity of the SH pulse. This explains the size of the observed XPM-shifts
- the enhanced temporal overlap increases the effective interaction length. The
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Figure 7.6: Calculated group delay relative to 1028 nm (black) and dispersion
(gray). Red-shifting solitons slows down and are eventually caught by the SH
pulse. With an appropriate temporal overlap between pulses, cascaded XPM can
take place.

steep slope of the curve in the visible implies a large group velocity mismatch
between the soliton and XPM-shifted components and the resulting walk-off is
responsible for the permanent frequency shift.

Since the results above apparently can be understood by simple analysis of
the group delay curve, it is interesting to repeat the experiment with another
fiber. Figure 7.7 shows the dispersion and group delay relative to 1028 nm for
the widely used NL-PM-750 (from Crystal Fibre). Comparison with figure 7.6
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Figure 7.7: Left: Calculated group delays with respect to 1028 nm (black) and
dispersion (gray). The red-shifting solitons are always faster than the SH pulse.
Right: Measured spectral broadening in the visible as the IR power is increased.
Regardless of the chosen delay it is not possible to induce a blue-shift. The blue
peak at approximately 480 nm is NSR.

reveals an important difference between the group delays in the two fibers. In
NL-PM-750 it is not possible for a red-shifting soliton to obtain the same group
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velocity as the SH pulse at 514 nm and the size of the XPM shift is therefore
expected to be smaller than in the previous fiber. The soliton is always faster
than the SH pulse so it is not possible to make the trailing edge of the soliton
blue-shift the SH pulse. However, by delaying the soliton with respect to the
SH pulse, it is possible for the faster soliton to catch up and walk through the
visible pulse. Group velocity mismatch then allows red-shifted components to
escape from the soliton, leaving a permanent red-shift. Figure 7.7 (right) shows
spectra obtained by femtosecond pumping of the fiber, which illustrates this
point. Regardless of IR power and choice of delay, it is not possible to blueshift
the visible pulse. The blue peak at 485 nm is emerging NSR, which grows as
the soliton number increases.

In conclusion, the outcome of the dual-wavelength pumping experiment can
be understood by analyzing the group delay curve. The critical parameter is
the group velocity mismatch between the XPM shifted components and the
interacting soliton. For a given set of pump wavelengths, it is thus possible
to calculate the obtainable frequency shift solely from the group velocity curve
[3]. Therefore new light sources can be developed by a proper choice of pump
wavelengths and suitable design of the fiber dispersion.

7.4 Picosecond dual-wavelength pumping

Similar experiments with picosecond pulses have been made by Carsten Thom-
sen from NKT-Research. A fiber oscillator, delivering 5 picosecond pulses at
1060 nm at a repetition rate of 80 MHz, was used to drive a setup like the
one presented in figure 7.1. The results are remarkably similar to the ones ob-
tained by femtosecond pumping as seen by comparison of figure 7.8 and figure
7.3 (same fiber). Again, integration of spectra and numerical simulations show
that there is no energy transfer from the IR to the visible. The blue-shifted
components in figure 7.8 originate from the SH pulse and are merely spectrally
shifted by the IR pulse. It has previously been shown that picosecond pulses,
as well as nanosecond pulses, break up into very short pulses due to modulation
instabilities in presence of negative GVD [98, 99]. The short pulses subsequently
form solitons, which then evolve as described in the previous section. So, al-
though other nonlinear effects such as FWM and SRS may contribute to the
spectral broadening [96], the governing mechanism is still soliton fission and
soliton XPM. In comparison to the femtosecond scenario the only important
difference is the number of solitons created. As the soliton number scales with
the pulse duration, a picosecond pulse will split into a much higher number of
solitons. This implies a complicated interaction with the SH pulse as there will
be many XPM-shifts from several solitons. This explains the improved flatness
of the spectra in figure 7.8 compared to the spectra shown in figure 7.3. It
should be noted that the spectra in figure 7.8 also contains a contribution at
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Figure 7.8: Left: Spectral evolution for increasing power. Right: Zoom on the
visible part of the spectrum. Cascaded XPM leads to a significant blue-shift of
the green pulse. The increased flatness in the visible is attributed to an increased
number of solitons, each imposing XPM on the visible pulse. Data provided by
Carsten Thomsen.

420 nm from NSR. The presence of NSR shows that soliton fission is indeed
taking place.

7.5 Nanosecond dual-wavelength pumping

Considering the results presented above, it is not surprising that nanosecond
pumping of the fiber leads to similar results as for femtosecond and picosecond
pumping. A nanosecond pulse launched in the anomalous regime will break
up into short pulses due to modulation instabilities and (many) solitons will
be created. As before, the XPM interaction of the SH and the fundamental
solitons cause a frequency shift of the SH pulse and create a continuum with
high spectral density in the blue part of the spectrum. The resulting spectra of
such an experiment are shown in figure 7.9. The similarity with the previous
results indicates that soliton dynamics play a key role, and the flat spectrum
and merging of discrete Raman lines can be explained by the XPM induced
shifts imposed by numerous solitons. Again, the presence of NSR indicates that
soliton fission is taking place, which further validates this suggestion.

The use of nanosecond pump pulses is highly attractive from a practical
point of view as it enables use of compact microchip pump sources. Passive Q-
switching of such lasers has been shown to enable few-nanosecond pulses with
peak powers in the kW range. Dual-pump setups can thus be made in extremely
compact form employing relatively simple components and such a setup is the
basis of the SuperK-Blue white-light source from Koheras [94]. The drawback
of nanosecond pumping is the relatively high pulse energies which can cause
damage to the fiber. As a consequence, the average power is limited to about
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Figure 7.9: Left: Spectrum from nanosecond dual-wavelength pumping. The
sharp feature at 808 nm is residual pump from the microchip cavity. Right: A
flat plateau extends from 420 nm to 540 nm. The bumps to the right of the 530
nm pump are 13.2 THz shifted Raman-peaks. Curves provided by Yujun Qian,
NKT-Research

50 mW. High repetition rate picosecond or femtosecond pumping would remove
this constraint and allow higher average power. The price is however added
complexity of the setups.

7.6 Summary

Dual-wavelength pumping of PCF's has shown to enable broadband bright light
sources with high spectral density in the visible. Experiments with femtosec-
ond pulses, in combination with numerical simulations, show that the govern-
ing mechanism is XPM of the visible pulse imposed by fundamental solitons.
The group velocity mismatch between XPM-shifted components and red-shifting
solitons cause temporal walk-off and thereby a permanent XPM-shift in spite
of full walk-through of the soliton. Dual-pump experiments with picosecond
and nanosecond pulses gave similar results as the ones obtained with femtosec-
ond pumping. It is well known that modulation instabilities cause longer pump
pulses to break up into shorter pulses which evolve into solitions so the only dif-
ference between the three pumping regimes is actually the number of interacting
solitons.

The use of dual-wavelength pumping of PCF's has enabled novel picosecond
and nanosecond white-light sources and has already led to the commercially
available SuperK whitelight source. Since the effect of dual-wavelength pumping
is governed by the choice of pump wavelengths and the group delays in the used
fiber, it is fairly straight-forward to extend the accessible wavelength range.
Existing and coming products of this type will certainly find applications in
spectroscopy, tomography and bio-imaging.



Chapter 8

Fiber laser pumped optical
parametric amplifier

Optical parametric amplification of a super continuum from a PCF enables a
high power tunable femtosecond source in the visible and near infrared. The
large bandwidth of the seed, as well as the amplifier, is used to generate sub-
50 fs pulses and simulations indicate that it may be possible to obtain pulse
durations below 20 fs. The setup is power scalable and represents an interesting
route towards compact high power ultra-fast laser systems.
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In summer 2005 I visited the fiber laser group in Jena to carry out experi-
ments with optical parametric amplification (OPA). Fiber lasers are ideal pump
sources for OPA and I made a fiber laser pumped OPA based on the idea from
chapter 3 of amplifying a super continuum from a PCF. The first attempt had
failed due to limited pump power but, with access to almost unlimited pump
power in Jena, that was no longer a limitation. The following pages describe
the resulting high power fiber laser pumped femtosecond source and the exper-
iments with ultra-short pulse amplification.

8.1 Introduction

Sources of tunable ultrashort laser pulses are essential tools for probing fast phe-
nomena in physics, chemistry and biology. Kerr-lens modelocked Ti:Sapphire
lasers [42] have proven to be very reliable sources of femtosecond pulses and
"turn-key” devices supplying sub-20 fs are now commercially available [100].
However, in spite of the outstanding performance of these lasers, the tunability
is restricted to the region around 800 nm and the second harmonic around 400
nm. The limited tuning range can be greatly expanded through OPA, which
has become a widely used technique [101]. In OPA, coupling of three waves via
the nonlinear polarization enables photons from the intense pump wave to be
efficiently converted into (lower energy) signal photons and the same number of
idler photons. Such a scheme requires fulfilled energy and momentum conser-
vation, also termed as phase-matching, determining the interacting wavelengths
and, in particular, the tunability and bandwidth of the parametric amplification.

It has been demonstrated that waiving of traditional collinear pumping ge-
ometry leads to a significant increase of the phase-matched bandwidth which
can be obtained in OPA [102]. As a result, ultrashort laser pulses are now rou-
tinely generated throughout the visible and near infrared spectral region with
high efficiency employing non-collinear optical parametric amplifiers (NOPAs)
[50, 101, 103].

A typical NOPA is driven by an amplified Ti:Sapphire laser system deliver-
ing 100-200 fs pulses with energies up to a few mJ. The high pulse energy and
resulting peak power ensure highly efficient nonlinear conversion in the OPA
stages, and several tens of pJ can usually be obtained across the desired wave-
length range [101]. However, the average power from the Ti:Sapphire systems
is limited by the thermal load on the gain crystal as thermal lensing deterio-
rates the beam quality. Without special precautions, the available pump power
power is therefore of the order of a few Watts [104]. In contrast, the parametric
amplification itself does not suffer from thermal effects. The fulfilled energy
conservation and high optical quality of the nonlinear crystals ensure minimal
heating of the crystal. For that reason parametric amplification is well suited
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for high repetition-rate and high average power applications.

In this context, fiber lasers and amplifiers represent an interesting alterna-
tive to the conventional Ti:Sapphire-based systems since they can supply high
average powers as well as high pulse energies [9]. Due to excellent heat dissi-
pation and strong confinement of the light in fibers, diffraction limited beam
quality can be obtained even with continuous wave powers well above 1 kW
[67]. Additionally, the high optical conversion efficiencies (up to 80%) from low-
brightness laser pump diodes [105] enable a great reduction in price as well as
complexity of such systems. Short-pulse fiber lasers are therefore predestinated
pump sources for high repetition rate parametric amplifiers.

In this chapter, the implementation of a 1 MHz repetition rate parametric
amplifier pumped by a chirped pulse fiber amplification system is described. The
setup is based on a single pass fiber amplifier and yet femtosecond pulses with
energies above 1 pJ can be obtained and tunability in the range < 700 nm to
> 1500 nm has been observed. A broadband signal generated in a PCF provides
a reliable and nearly flat supercontinuum which is an ideal seed for OPA when
tunability is desired. Additionally, short pulse generation is demonstrated. By
reducing the power in the PCF, soliton fission is avoided and the amplified
spectrum is compressed to sub-40 fs pulses. Simulations indicate that pulse
durations as low as 20 fs are feasible.

8.2 Theory of optical parametric amplification

OPA is a x(? process in which a high intensity beam (pump) amplifies a weak
signal and generates a third wave, an idler, in the process. Quantum mechani-
cally, a pump photon is divided into lower energy signal and idler photons under
energy and momentum conservation (phasematching)

hwy = hws + hw;,  hk, = Ik, + hk; (8.1)

Assuming x >> x| the nonlinear polarization is approximated by P,; ~
XPEE. The electric field can be represented by a sum of three pulses with
central frequencies wp, ws, w;

E(r,t) = F(z,y) Z Ap(2,t) exp(ikyz — iwpt) + c.c. (8.2)

n=p,s,t

where F'(x,y) is the frequency independent transverse area and A,, is the slowly
varying envelope. Choosing the polarization terms oscillating at wp, ws, w;, the
wave equation (eq. 2.9) can be solved for each frequency component to give the
following set of equations for the slowly varying amplitudes of pump, signal and
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idler respectively (j =+/—1 is used to avoid confusion with the idler index i)
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where v, is the group velocity for the pulses, d.rs is the effective nonlinear
coefficient and Ak = k, — ks — k;. Dispersion has been neglected which is a rea-
sonable approximation since the pulses in these experiments are longer than 100
fs. Equations 8.3-8.5 can be solved numerically but with a few approximations,
an analytical solution can be derived as well: Assuming negligible difference in
group velocity the equations reduce to

04y - Wp deyy ,

—r = 5 2L A*A, Ak )

o U exp(jAkz) (8.6)
8145,1’ o . Wsi deff * .

5, = J e A7 s Ap exp(—jAkz) (8.7)

)

This approximation is valid for long pulses for which a small temporal walk-
off does not change the amplitudes significantly. Section 8.2.1 will show how
group velocity matching can be obtained even with ultrashort pulses by ap-
plying an non-collinear geometry between the beams. Furthermore, assuming
phasematching and un-depleted pump, the equations can be simplified to

04,
0 !

8Asi . Wsi deff

2 = 4y = oA A .
8z J Neg C 1,8*°P (8 8)

)

which are readily de-coupled to show that the intensity of the signal and idler
grows exponentially with pump power and the interaction length. In practice,
gains of the order of 10 — 105 can be obtained in short (1-5 mm) nonlinear
crystals [101].

Apart from the huge gain, OPA has another important quality which be-
comes apparent when eq. 8.6-8.7 are solved for the phase of the amplitude.
Assuming A;; = |Asi| exp(j ¢s,:) the following solutions for the phase of the
signal and idler can be found [106-108]

62 = 0u0) - Z L BN g (89)
6:(2) = G0 —00) - T (8.10)
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where K is a constant depending on the degree of pump depletion. Until now,
signal and idler have been treated equally but, with the phases above, it is
understood that a seed is present at the signal wavelength while the idler grows
from noise. The result shows that the phase of the signal beam is preserved
in case of phasematching, and just shifted with a constant if Ak # 0. In
contrast, the phase of the idler depends on the phase of the pump and the
signal. Physically, the idler power is generated from noise and the waves with
the 'right’ phase are coherently amplified. In other words, the idler phase self-
adjusts to ensure phasematching and in the process, it compensates for whatever
phase the pump and signal might have. The signal pulse is therefore amplified
without any phase distortion even if the pump pulse has spatial or temporal
chirps. Section 8.5 will describe experiments with broadband amplification of
ultrashort pulses and shows how high quality signal phase is maintained in the
amplification process, leading to ultrashort high power pulses.

8.2.1 Non-collinear optical parametric amplification

As mentioned before, a non-collinear geometry of the signal and pump beams
leads to increased phasematched bandwidth [102]. This is easily understood by
simple geometric considerations illustrated in figure 8.1. The phase mismatch

Figure 8.1: When overlapping pump and signal at an angle the resulting idler
is emitted such that phasematching is fulfilled. Broadband phasematching is
obtained when signal and idler have the same ’horizontal’ group velocity.

can be divided into components parallel and orthogonal to the signal wave vector
ks

Ak = kycos a — ks — kicos 2 (8.11)
Ak = kpsin a — kisin Q (8.12)

where « is the angle between the signal and the pump beam and €2 is the angle
between signal and idler beams. 2 depends on frequency and it is therefore
interesting to look at the phase mismatch as function of a (small) change in
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frequency. The phase mismatch can then be estimated by

Ok, Ok; .00
Ak =~ 9 Aw + O cos QAw — k; sin Q&Ui Aw (8.13)
Ak, = Ok; sin QAw + k; cos L Aw (8.14)
Ow; Ow;

For broadband phasematching, Ak = 0 over a wide range of frequencies so both
equations must equal zero. By multiplying eq. 8.13 with cos ) and eq. 8.14
with sin 2 and adding the two, the following equations are obtained

Ok; Ok, B
oo, — cos Qaws =

0 <= vys=14, cos (8.15)

which show that broadband phasematching is obtained when €2 is chosen such
that the projection of the idler group velocity matches the group velocity of
the signal. In practice, a is the controllable angle so, by choosing the right
angle between the pump and signal beams, it is possible to obtain broadband
phasematching and match the group velocities at the same time. This is very
fortunate from an experimental point of view as both effects greatly increase
the efficiency of the OPA process and enable amplification of ultrashort pulses.
Figure 8.2 shows phasematching curves for different angles a, between a 514 nm
pump beam and the signal beam. The curves are made with the freely available
SNLO software [109] and show that an internal angle of & = 2.6° between the
pump and signal beams results in broadband phasematching over roughly 200
nm. The large achievable phase-matching bandwidth enables amplification of
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Figure 8.2: Calculated phasematching curves for different angles between pump
and signal (internal angel). The 'magic’ angle 2.6° results in phasematching over
more than 200 nm and simultaneously matches the group velocities.

ultrashort laser pulses and few-cycle pulses have been realized from the UV to
the NIR [50, 110, 111]. Such pulses are interesting for directly probing very fast
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phenomena but also for high-order harmonic generation resulting in ultrashort
soft X-ray pulses [112].

Short, high power pulses can also be obtained directly from fiber and bulk
amplifiers, but the performance is limited by either temporal (self phase mod-
ulation) or spatial (thermal lensing) distortion of the phase, which makes re-
compression to ultra-short pulse durations (sub-10 fs) impossible. Parametric
amplification is therefore superior for short pulse amplification and the combi-
nation of fiber lasers and OPA is especially attractive due to the scalability of
both concepts.

8.3 Experimental setup

The high repetition rate tunable femtosecond source consists of a single stage
parametric amplifier pumped by a frequency doubled Yb-doped fiber based
chirped pulse amplification system. The seed is provided by a super continuum
generated in a PCF. The experimental setup is shown in figure 8.3. An Yb:KGW

40 mW, 50 ps, 1 MHz Yb-doped double-clad 400 micron

amplifier fiber n QN pump fiber
HWP HWP \J v
STRETCHER ‘I]A§ 0. Order Transmission grating
(1200 lines/mm) . 1250 lines/mm
700 mW
50 ps
Delay stage
>
HWP AOM
To OSA,
HWP X PM, CCD
—

5 mm BBO

OSCILLATOR Type |

10 MHz, 380 fs
@ 1028 nm

Continuum
—

Figure 8.3: Experimental setup. ISO: optical isolator, HWP: half-wave plate,
QWP: quarter-wave plate, AOM: acousto-optic modulator, BS: beam splitter,
OSA: optical spectrum analyzer, PM: power meter.

oscillator (Amplitude Systemes tpulse 200) delivering transform-limited 380 fs,
sech? pulses at a repetition rate of 9.8 MHz at 1028 nm is used to seed a fiber
amplifier consisting of 1.2 meters of a large mode area double clad Ytterbium-
doped PCF [113]. The fiber has a 40 um core and is intrinsically single-mode
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with a NA of 0.03 at 1030 nm. The extremely low nonlinearity of the amplifi-
cation fiber allows, to a large extent, avoidance of restricting nonlinear effects
by stretching the pulses to only 50 ps. Therefore, the stretcher employing a
gold-coated grating with 1200 lines/mm, can be made with 2 inch optics and
stays compact in size. After the stretcher, an acousto-optic modulator (AOM)
is used to lower the repetition rate to 1 MHz before coupling into the amplifying
fiber. The fiber is pumped from the opposite end by a fiber coupled diode laser
emitting at 976 nm. After amplification, the pulses are re-compressed by a pair
of fused silica transmission gratings with 1250 lines/mm [114]. Figure 8.4 (left)
shows the compressed power at 1028 nm as function of pump power coupled
into the fiber. A slope efficiency of 48% is obtained taking into account the
efficiency of the amplifier and the compressor. Upon compression, the pulses
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Figure 8.4: Slope efficiency of the fiber amplifier and resulting second harmonic
power as functions of pump power coupled into the fiber.

are divided by a 4% beam-splitter and the weak signal is coupled into a 80 cm
long PCF with a 3 pm core diameter and ZDW at 975 nm (Crystal Fibre).
A half-wave plate and an isolator are used to control the power launched into
this fiber. The resulting SC (right panel of figure 8.4) stretches from about 600
nm to 1600 nm and provides a signal for the OPA of high spectral density and
excellent beam quality. The remaining 1028 nm light is frequency doubled in a
1 mm BBO crystal cut for type I phase-matching with a conversion efficiency
above 60%. The measured SH average power as a function of diode power is
also shown in figure 8.4 (left). Based on measured autocorrelation traces of the
IR pulses and simulations made with the SNLO software, the pulse duration of
the SH is estimated to be 700 fs.

Finally, the super continuum and the SH are overlapped non-collinearly in a
5 mm long BBO crystal (type I) and temporal overlap is obtained by means of
a delay stage. The SH beam is focused to a spot-size of roughly 100 gm which
enables peak-intensities of up to 70 GW/cm? while ensuring a proper spatial
overlap with the seed.
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8.4 Tunable parametric amplification

8.4.1 Broadband phasematching

Figure 8.5 a) shows the calculated broadband phase-matching curve for NOPA
in a BBO crystal pumped at 514 nm in more detail. At an assumed non-
collinearity angle of 2.6° (internal angle) between the pump and signal, the plot
reveals a large amplification bandwidth ranging from 700 nm to 900 nm at a
constant crystal angle of about 22°. A tunable output can therefore be realized
by temporally scanning the pump pulse across the chirped broadband signal in
the BBO crystal. Figure 8.5 b) shows the resulting spectra when the time delay
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Figure 8.5: a) Broadband phase-matching for a type I BBO crystal pumped at
514 nm with a pump tilt angle of 2.6°. b) Amplification in the wavelength range
650-1000 nm by changing the temporal delay between pump and signal.

between signal and pump pulses is varied with a pump-signal angle of 2.6° and a
fixed crystal angle. In effect, figure 8.5 b) shows a cross correlation of the chirped
signal pulse with the much shorter pump pulse. The 18.3 ps measured between
the time where the pump pulse overlaps with the narrow spectrum around 670
nm and the time where it overlaps with the broader spectrum around 970 nm,
indicates the dispersion of the signal. To confirm this, a simulation of the pulse
propagation through the 80 cm PCF was made by solving the extended nonlinear
Schrodinger equation with a commercially available software [115]. Figure 8.6
depicts how the spectral region from 620 nm to 1040 nm of the simulated SC
disperses relative to the pump wavelength at 1028 nm. A delay of roughly 18
ps between wavelengths around 670 nm and 970 nm is observed in concordance
with the results presented in figure 8.5 b).

The broadband phasematching has significant influence on the duration of
the amplified pulses as different delays cause spectral parts of different band-
widths to be sliced out by the pump pulse. Autocorrelation measurements have
revealed pulse durations between 400 fs and 700 fs across the spectral range
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Figure 8.6: Simulated spectrogram of the super continuum generated in 80 cm of
the PCF for the spectral range of 620 nm to 1040 nm. Time is measured relative
to the 1028 nm center wavelength.

shown in figure 8.5 b).

8.4.2 Narrowband phasematching

When the pump-signal angle is different from 2.6°, the phasematching prop-
erties change considerably. Figure 8.7 a) shows the calculated and measured
phase-matching curves when the two beams form an angle of 4.9°. Excellent
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Figure 8.7: a) Phasematching for signal (squares) and idler (triangles) as found
experimentally and calculated using SNLO software (line) when the angle between
pump and signal is 4.9°. b) Autocorrelation trace when the center wavelength is
approximately 930 nm.

agreement between experiment and theory is found for both signal and idler
wavelengths, and tunability in the range 700 nm to 1500 nm is realized. The
slopes in figure 8.7 a) illustrate that the phase-matching is spectrally narrow
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compared to the situation described in the previous section, which results in
shorter pulses as only a small part of the spectrum is picked out by the pump
pulse. Autocorrelations show pulse durations of 250-320 fs as depicted in figure
8.7 b). Further compression of the pulses has been attempted but without sig-
nificant reduction in pulse duration. Section 8.5 will describe the experiments
on short pulse OPA in more detail.

Figure 8.8 a) shows the conversion efficiency for this configuration as a func-
tion of wavelength. Tuning is performed by rotating the crystal and the highest
gain is found from 900 nm - 1000 nm. At the highest conversion, more than
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Figure 8.8: a) Signal conversion efficiency at a pump power of 3.3 W at 514
nm. Right: Beam profile at b) 30 % and c) 10 % conversion. The difference in
spot-size is due to different scaling of the images.

1.2 W of average power, corresponding to a signal pulse energy of 1.2 uJ, is
obtained. At this power level, the pump pulse energy in the fiber amplifier is
roughly 8 pJ and the resulting peak power causes a nonlinear phase contribution
which is not compensated by the compressor. As a consequence, the duration
of the compressed pump pulses increases, which causes a decreasing pump peak
power and reduced efficiency of the OPA stage. The lower trace in figure 8.4
shows the second harmonic power as function of pump power coupled into the
amplifier fiber and the ’kink’ at 17 W of pump power marks the onset of pulse-
lengthening. At even higher pump powers, filamentation takes place in the BBO
crystal which indicates too high pump intensity.

Figure 8.8 b) and 8.8 ¢) show measured amplified beam profiles for two dif-
ferent conversion efficiencies. Due to the generation of the continuum in a PCF,
the signal has a Gaussian-like spatial profile. This is confirmed by the centro-
symmetric mode shape at moderate conversion efficiencies. However, the beam
profile deteriorates with increasing pump intensity and thus higher conversion
efficiency. This effect can be explained by a saturation of the parametric am-
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plification in the center of the beam which causes the mode to spread out in
the direction of the highest gain, which coincides with the parametric fluores-
cence cone [116]. Depending on seed power, pump intensity and crystal length,
a compromise between conversion efficiency and beam quality has to be found.
Figure 8.8 b) shows the beam profile recorded with a CCD-camera when a 30%
conversion was obtained. Although the beam is slightly elliptical and the fluo-
rescence cone is present, it is still of acceptable quality. Looser focusing of the
pump beam always results in improved beam quality as illustrated in figure 8.8
¢) where the pump spot size is increased to 150 pm. However, the conversion
drops to about 10% with this configuration. Proper power scaling must there-
fore be made by expanding the beam size in the nonlinear crystal and increasing
the pump power accordingly. With the present setup, the nonlinearity in the
amplifier fiber restricts the pump power but future work will enable an increased
spotsize and thereby a higher power output with perfect beam quality.

8.5 Short-pulse amplification

In this section, experiments with ultra-short pulse generation are described.
First a proof of principle is made by spectral broadening in a standard fiber and
subsequent OPA and recompression. Then the PCF from the previous sections
is used to to further increase the bandwidth, resulting in sub-40 fs pulses.

Although amplification of the SC from the PCF led to pulse durations of
250 fs (see figure 8.7), the wings on the autocorrelation trace indicate low pulse
quality. Attempts to compress the pulses with a prism compressor did not lead
to shorter pulses which indicates that the phase of the pulse is distorted. The
phase problem can be understood by studying the SCG in more detail. Figure
8.9 shows a simulated spectrogram of the supercontinuum and illustrates how
different parts of the spectrum appear as isolated peaks (NSR, FWM, XPM)
at different times. Higher order solitons breathe and emit NSR at each spectral
expansion and these NSR-peaks are therefore separated in time and phase. Later
on, FWM and XPM add more peaks and the spectrum is seen to consist of
several distinct features. The spectral coherence is reduced and compression is
inhibited since the dispersive compressor can not be optimized for each spectral
feature independently [117, 118]. Soliton fission must therefore be avoided if
high quality pulses are the goal.

To reduce nonlinearity, the PCF is therefore replaced with a 9 cm piece of
standard single-mode step-index fiber (Flexcore HI 1060) with a core diameter
of 6 pm. The dimensions of the fiber limit the nonlinear effects to SPM which,
to a large extent, can be compensated in a prism compressor (section 2.2.3).
Compression to sub-50 fs is however demanding and accumulation of nonlinear
phase must be minimized. The standard fiber is therefore placed before the



8.5 Short-pulse amplification 87

1.304

1.204

14904

1.004

Wavelength [pm]

0.90

0.804

-0.20 0.00 0.20 040 060 0.80
Time [ps]

Figure 8.9: Simulated spectrogram of SCG in the used PCF. 200 fs, 1 nJ pulses
at 1030 nm result in emission of several dispersive waves, and subsequent FWM
and XPM, means that coherence is limited to small regions around each feature.

amplifier fiber in order to pump it with clean pulses from the oscillator instead
of distorted pulses from the fiber amplifier. As a consequence textbook SPM
spectra are generated and compression to high quality pulses is possible - as
shown in figure 8.10.

The experimental setup is basically identical to the scheme shown in figure
8.3 except from the following modifications: The AOM is placed before the
stretcher and a beam-splitter is used to send 50% of the 1 MHz beam (50 mW)
into 9 cm of the standard fiber while the remaining part is stretched to 50 ps
and coupled into the amplifier fiber as described before. The amplified pulses
are re-compressed and again frequency doubled in the 1 mm BBO crystal. The
SPM-broadened spectrum from the standard fiber is overlapped near-collinearly
with the 514 nm pump in the 5 mm BBO crystal. With the crystal oriented
for degenerate phase-matching, the entire 85 nm broad spectrum is amplified
as seen in figure 8.10 a). Figure 8.10 b) shows the autocorrelation trace of the
amplified pulse after compression in a simple fused silica prism-sequence. The
initial 380 fs pulses from the oscillator have been reduced to only 46 fs, assuming
a sech? pulse shape. With 3 W of green pump power, a signal average power of
0.5 W corresponding to a peak power of 10 MW is obtained. As expected, the
autocorrelation trace is not affected by the parametric amplification, and the
pulse wings, seen on the autocorrelation trace, originate from uncompensated
nonlinear SPM-chirp (see section 2.2.3).

Even shorter pulses can be obtained by returning to the non-collinear geom-
etry where phasematching can be obtained over 200 nm (see figure 8.5). To get
a seed in the spectral region 700-900 nm, the standard fiber is replaced with the
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Figure 8.10: a) Measured spectrum after 9.1 cm of standard fiber (dotted black)
and after amplification in the BBO crystal (red). b) Autocorrelation trace of the
46 fs re-compressed pulse just after the prism compressor.

PCF from before. As illustrated in figure 8.9, soliton fission must be avoided if
a compressible output is desired. Simulations show that, by keeping the power
coupled to the PCF below the soliton formation threshold, the pulse propaga-
tion will be dominated by SPM. Due to the high nonlinearity, it is possible to
SPM broaden the spectrum more than 400 nm in this way. Figure 8.11 shows
a spectrogram of such a ’continuum’ which, in contrast to the spectrum shown
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Figure 8.11: Simulated spectrogram when the power coupled to the PCF is kept
below the threshold for soliton formation (N<0.5)

in figure 8.9, is coherently broadened. The spectrum is seen to extend into the
gain region of the NOPA configuration (700-900nm) and amplification of a part
of the spectrum is therefore possible. The upper left corner of figure 8.12 shows
the simulated spectrum from figure 8.11 while the upper right panel shows how
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the spectral range from 800-900 nm can be compressed to 16 fs (assuming sech?
pulse) in a simple prism sequence. The lower row of the figure shows the ex-
perimental realization of this idea. By coupling few-pJ pulses into the PCF,
soliton dynamics is avoided and the part of the spectrum below 900 nm can be
amplified and re-compressed. The shown autocorrelation trace has a FWHM
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Figure 8.12: Upper row shows simulated spectrum and autocorrelation trace.
The bandwidth from 800-900 nm is compressible to 16 fs. Bottom row shows
experimental results. The autocorrelation trace indicates a pulse duration of 40
fs which is also the maximum resolution of our autocorrelation setup.

of 64 fs, corresponding to a 40 fs sech? pulse. The thickness of the nonlinear
crystal in the autocorrelator limits the temporal resolution to 40 fs, so the pulses
could actually be as short as 25 fs.

The average power of the amplified compressed signal is limited to 2 mW
due to the very weak seed from the PCF which is not enough to saturate the
OPA stage. To get high power ultrashort pulses a second, and possible third,
OPA stage must be implemented. It is straightforward to split the pump into
more beams in order to pump several OPA stages and future work will employ
this strategy.

Since a high pulse quality is obtained without any optimization of the com-
pression scheme, further improvements of these results are certainly possible.
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Furthermore, the amount of power coupled to the PCF must be optimized since
more bandwidth should be possible while still avoiding soliton dynamics. It
would also be interesting to experiment with different PCFs as varying the
ZDW may allow increased bandwidth within the NOPA gain region.

8.6 Summary and outlook

In conclusion, an efficient optical parametric amplifier pumped by a fiber am-
plifier is demonstrated and shows the potential of this approach. Tunable fem-
tosecond pulses at a repetition rate of 1 MHz and pulse energies up to 1.2 uJ
are obtained. The simplicity of the setup and the potential for power scaling
makes this configuration an interesting alternative to traditional Ti:Sapphire
based NOPA-schemes.

Inability to compress the amplified SC pulses to less than 250-300 fs is found
to originate in soliton dynamics and avoidance of soliton fission is necessary for
high quality pulse compression. By using a standard fiber to SPM-broaden the
spectrum, compression to 46 fs corresponding to peak powers of 10 MW, is
achieved. Numerical simulations predict that sub-20 fs pulses are possible if a
PCF is used for spectral broadening while keeping the power below the soliton
formation threshold. Preliminary experiments indicate that this might actually
be achievable in practice and sub-40 fs pulses are demonstrated without any
optimization of the SC or the compression scheme.

Future work will focus on power scaling and further reduction of the pulse
duration. It will be necessary to improve the performance of the fiber amplifier
in order to avoid the accumulation of nonlinear phase and the resulting pump
pulse-broadening when operating at high powers. It is fairly straight-forward
to solve this problem as it is simply a matter of reducing the peak-intensity in
the fiber. Using gratings with higher groove density and large-aperture optics,
it is possible to stretch the pulses to more than 1 ns as opposed to the 50 ps
used here. The onset of pulse-broadening will then be pushed with factor of 20
or more. Additionally, the amplifier fiber will be replaced with a short-length,
LMA Ytterbium doped rod-type fiber which can deliver the same gain as the
present fiber but with significantly reduced nonlinearity [28]. With relatively
simple changes, the fiber amplifier will therefore be able to deliver compressible
pulses at power levels many times higher than presented here. Using this concept
as pump laser for two or more OPA-stages will enable generation of high average
power, high peak power ultrashort (potentially sub-10 fs pulses) laser pulses.
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9.1 Summary

This thesis has investigated several applications of nonlinear optics and optical
fibers.

Chapter 3 described how an intra cavity frequency doubled Ti:Sapphire laser
was used to pump an optical parametric amplifier seeded by a super continuum
from a photonic crystal fiber (PCF). Amplification of the super continuum was
demonstrated but the limited available pump power reduced the impact of the
experiment to a proof of principle.

Chapter 4 investigated four wave mixing in a highly nonlinear PCF. The un-
usual dispersion of the fiber enabled four wave mixing to take place over a wide
wavelength range when the fiber was pumped in the anomalous regime and close
to the zero-dispersion wavelength. A tunable output was therefore possible even
with low pump powers and wavelength conversion with continuous wave lasers
was demonstrated. Fibers with this type of dispersion profile may be interesting
media for optical parametric oscillation.

Chapter 5 described an all-fiber Q-switched fiber laser based on magnetostric-
tive modulation of a fiber Bragg grating. An Yb-doped single-mode fiber was
used as gain medium and 500 nJ, 200 ns pulses were demonstrated. The output
was limited by pre-lasing on the weakly reflective sidebands of the gratings and
employment of strongly apodized gratings is required for further progress. It
may be possible to use the magnetostrictive technique to directly Q-switch a
large mode area fiber which would greatly enhance the power extraction.
Chapter 6 described a fiber based interferometric setup to measure dispersion
in optical fibers. The method is simple, fast and allows accurate determination
of the fiber dispersion in the wavelength range 900-1200 nm.

In Chapter 7, dual-wavelength pumping of PCFs was studied. Experiments,
as well as simulations, showed that co-propagating two femtosecond pulses at
opposite sides of the zero dispersion wavelength led to spectral broadening due
to cross phase modulation of the dispersive pulse by fundamental solitons. The
mechanism is used commercially in a white-light source from Koheras and the
improved understanding of the process may lead to further product develop-
ment.

In Chapter 8 the idea of amplifying a super continuum from a PCF in an optical
parametric amplifier stage was pursued with a high power fiber laser pumped
setup. The performance of the fiber laser allowed demonstration of a MHz rep-
etition rate, pJ-level, tunable femtosecond source. Furthermore, pulses from
the amplified super continuum were compressed to sub-40 fs and simulations
indicated that sub-20 fs pulses are possible. Since the setup is power scalable,
it may represent a new route to a compact, high power ultra-fast laser system.
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9.1.1 Perspectives

Optical fibers and PCFs in particular, are 'hot topics’ in the research commu-
nity and will continue to be so in the coming decade. Compact fiber based
devices and lasers are already emerging and will without doubt replace many
conventional solid state lasers in research labs and eventually in industry. The
potential simplicity of fiber based systems may even allow real-world applica-
tions of the ultra-fast laser technology. Femtosecond laser systems are now
invaluable tools in many branches of science, but industrial implementation has
so far been excluded by the complexity of the setups. Lifting this technology
out of the science labs is certain to bring new and interesting applications.

Since the first demonstration of the PCF's in 1996, a lot of research activity
has been focused on understanding the properties of these fibers. The spectacu-
lar super continua from small core, highly nonlinear PCFs are now understood
and have already found applications in tomography and frequency metrology.
The frequency standard of today is actually based on the frequency comb in the
output from a PCF [119].

But the PCF technology offers many other possibilities than high nonlinear-
ity and dispersion management. High birefringence, multi-core and multi-clad
designs, high power carriage and hosting of Rare-Earth dopants can all be im-
plemented in the fiber design. The latter has enabled a new generation of high
power fiber lasers which are performing as well or better than conventional solid
state lasers. High power fiber lasers are actually emerging as an increasingly
hot topic on their own. Apart from the interesting physics of high power gener-
ation, there is also a significant financial motivation to improve the performance
of these lasers. The prospect of getting a share of a prosperous laser market has
encouraged investments in the development of these fiber lasers, and as a result
the technology has matured in just a few years. It will be most interesting to
see what the future brings for high power fiber lasers. If they can be made to
fulfil the necessary requirements for durability and stability, there is no doubt
that they will successfully take over many laser applications.
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Appendix A

List of Abbrevations

ASE
BBO
BS

CCD

DC

FD

fs

FT
FWHM
FWM
FOPO
GVD
HWHM

Amplified spontaneous emission
[-Barium Borate

Beam splitter

Charge-coupled device
Dispersion parameter

Double clad

Erbium

Finite difference

Femtosecond

Fourier transform

Full-width at half maximum
Four wave mixing

Fiber optical parametric oscillator
Group velocity dispersion
Half-width at half maximum
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List of abbreviations

IR

LMA
MF
MOSFET
ns

NA
Nd:YAG
NIR

NL

NSR
NOPA
OPA
PBG
PCF
PM

ps

RE

SC

SCG
SEM
SPM
Ti:Sapphire
TOD
WDM
XPM
Yb
ZDW

Infrared

Large mode area

Microstructured fiber

Metal oxide semiconductor field effect transistor
Nanosecond

Numerical aperture
Neodymium:Yttrium Aluminum Garnet
Near-infrared

Nonlinear

Non-solitonic radiation

Non-collinear parametric amplification
Optical parametric amplification
Photonic bandgap

Photonic crystal fiber

Polarization maintaining

Picosecond

Rare Earth

Supercontinuum

Super continuum generation

Scanning electron microscope
Self-phase modulation

Titanium Sapphire

Third order dispersion

Wavelength division multiplexing
Cross phase modulation

Ytterbium

Zero dispersion wavelength



Appendix B

Numerical model

A numerical model is made to investigate the origin of the envelope modulation
observed from the all-fiber Q-switched laser presented in chapter 5. The scheme
presented here has also been used to simulate fiber amplifiers.
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Q-switched fiber lasers have traditionally been modelled with so-called point
models in which the gain is assumed constant along the length of the fiber [22].
In highly doped Yb-fibers this approach is no longer valid and a z-dependent
inversion must be included in the model, z being the distance along the fiber.
Furthermore, the short upper state life time of Yb3T implies significant ASE
which also influence the pulse formation. For accurate modelling it is therefore
necessary to adopt a travelling wave model in which both forward and backward
ASE waves are included.

The optically active energy levels in Yb3T can be treated as a 2-level system
with wavelength dependent cross-sections for emission and absorption (section
2.3). With the populations of the two levels given by Ny and Na, the following
rate equations can be derived [82, 120]:

Ny = Ni+ N, (B.1)
0Ny TpAp N
— = wnN1 — 0c.yNa| P, — —
ot hcA [7ap N1 = 0 pNa] Py To
T\, R
+ hed [O'G’,,Nl — O'E’VNQ](PV + Pz/ ) (B2)
oP 1 0P
8—; aa—tp = Fp[O'e,pNQ — O-a,le]Pp (B3)
oPF 1 0P*
Vo4 VY = 4T (00, Ny —04,N1|PE
0z v, Ot (e N2 = 00 v NI E,
h 2
+ 2%”]\]2%3&” (B.4)

where Np is the dopant concentration, A\, is the wavelength of channel v, h is
Planck “s constant, ¢ the speed of light, 7 the lifetime of the upper state, A the
area of the dopant distribution and o; is the cross section of absorption (i=a)
and emission (i=e) for pump (p) and signal (v). I',, I, are the spatial overlaps
between the fiber mode and the doped area of the fiber. The forward and back-
ward propagating waves P, are coupled through the population inversion, Na,
and the pump and signal waves propagate with speed v, and v, respectively.
The term 20'6,VN2};—632A)\1, in eq. B.4 is the contribution from spontaneous emis-
sion in the Wavelenéth interval AX into the fundamental mode [22, 121]. The
expression assumes that there is only one guided spatial mode in the fiber.
Figure B.1 illustrates the modelling scheme. The gain spectrum of Yb is
divided into channels of width A\, and the power in each channel P is prop-
agated through the fiber according to the rate equations. Some of the channels
experience feedback from the fiber Bragg gratings (FBGs), and Q-switching
takes place when FBG2 moves into channels which already have feedback from
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Figure B.1: ASE power P,, propagates backwards and forwards and steady state
is obtained with the two Bragg gratings detuned. FBG2 is then moved to coincide
with the wavelength (channels) of FBG1 and a cavity is formed.

FBGI, resulting in formation of a cavity (high Q-factor). A one-directional
pumping scheme is assumed for simplicity.

Numerically, the Q-switching is done in two steps. Firstly, there is a build-up
time where the gratings are in distinct channels and steady state is reached. The
resulting power and inversion distribution are calculated from eq. B.1-B.4 with
the time derivatives set equal to zero (steady state). The coupled differential
equations are constrained by initial boundary conditions, namely P, (0) = 0
and P, (L) = 0. For the channels containing the FBGs, the conditions P, (0) =
Rrpei - P, (0) and P, (L) = Rppae - P (L), where Rppe is the reflectivity
of the FBGs, must be fulfilled. The pump channel is subjected to P,(0) = P,
where Py is the input pump power.

When the steady state inversion and power distributions are known, the
Q-switching is made by gradually increasing the feedback from FBG2 in the
channels where there is already feedback from FBG1. The signal, PF is now
strongly amplified and the ASE channels become insignificant in comparison.
It is therefore a reasonable approximation to ignore the remaining ASE con-
tribution and simply solve the travelling wave problem for the signal channels.
The problem is then reduced to the partial differential equations representing
the (few) signal channels containing the resonant counter propagating waves.
This is solved with a finite difference (FD) method [122, 123] in which the rate
equations B.1-B.4 are evaluated on a grid where each point represents a set of
(z,t) coordinates - as illustrated in figure B.2. The equations are discretized
according to (assuming I') =T, = 1)

A
Na(z,tiy1) = [ﬁ[aa,p]\ﬁ(%ti)—Ue,pN2(Zi,ti)}Pp(Znti)

A
— al/N ii_el/N iy Ug P+ 15 Ug
2 qealoar Mo t) = e Naleus O] (P (o 1) +

No(zi, t;
. P;(Zi7ti)) — % ]AZ + N2(2i7ti) (B5)
0
Pp(zi+1,ti+1) = [Ue7pN2(Zi,ti) — 0'a7pN1(Zi,ti)]Pp(Zi,ti) AZ + Pp(zi,ti)

(B.6)



100 Numerical model

Pf(ziy1,tiv1) = [ [OewNa(ziyti) — 0a,uNi(2i,t:)] P (21, 1)
hc?
+ 200 Na(z1,10) 53 A |Az+Pf(zits) (B
P (zi—1,tiv1) = [ [0e,uNo(2isti) — 0a N1 (2i,t:)| P, (2, t5)
he? _
+ QUQ,VNQ(Zi,ti))\—gAAy ]AZ 4+ Pl/ (Z“fl) (B8)

The steady state calculations provides the initial distributions at (z,%;=1), so

the evolution of the Q-switched pulse can be simulated by simply stepping

through the equations B.5-B.8. Figure B.2 shows a geometrical interpretation

of pulse propagation through the fiber. The time axis is divided into steps of

At, and the correspogding z{;step is then given by Az = v At. The total step is
1

then given by % = 5, + 3 5; and is therefore 'diagonal’. The figure illustrates

time

/,
¥
¥

/

z, t At

19 M

Az

Zi+1 s ti+l

Figure B.2: Time and z are discretized and the propagation is modelled by moving
diagonally across the grid.

a typical fiber amplifier scheme where a pulse is launched into the fiber at
t = 0 and propagates through the fiber. This kind of single-pass is particularly
simple to simulate since there is no feedback from the fiber ends. In the case
of Q-switching, complexity is added by the fact that there is feedback from the



101

gratings and thereby multiple passes through the fiber. When stepping through
the FD-grid, it is therefore necessary to ’inject’ power at both z=0 and z=L
according to the conditions

Pr(0,tix1) = Rrpei- P (Azt;) (B.9)
PV_ (L7ti+1) = RFBGQ(t) . PI;‘_(L — Az,ti) (BlO)

The output from the laser is monitored after FBG2 and is given by
Pout(t) = [1 — Rrppa2()| P (L, t) (B.11)

The following values are employed in the simulations: Np=1.8 - 10%°/m3, L
= 1.5 m, 79=900 pus, A=16 pm?. For simplicity, the gratings are contained
in one channel only and their reflectivity is described by Rppa1 = 0.95 and
Rppaa(t) = 0.85 - (t/7), with 7 being the rise time of the switch. The linear
time dependence of the switch is a simple approximation but it suffices for qual-
itative predictions. Since the dopant distribution and different mode areas are
crudely approximated, the model does not provide quantitative results anyway.
Additionally, the use of steady state distributions before Q-switching assumes
that the fiber is fully inverted between pulses and this is only the case when
working at repetition rates below 10 kHz. In spite of these flaws, the model
is a useful tool for illuminating general trends and much can be learned about
the system by varying parameters independently. Figure B.3 displays calculated
steady state population of the upper level for pump powers of 200 mW, 300 mW

T T T T
0.0 0.3 0.6 0.9 1.2 1.5
Fiber length [m]

Figure B.3: Simulated upper state population N> for different pump powers. The
thin dashed line represents a calculation with only forward inversion.

and 400 mW. Ny is power and z-dependent, and for low pump powers the gain
is reduced at the end of the fiber. The dip in the upper state population in
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the beginning of the fiber is due to backward propagating ASE which builds
up along the fiber and effectively drains the high inversion at the input end.
The thin dashed line represents a calculation at 200 mW of pump power where
only forward ASE is included. The difference between the two 200 mW curves
illustrates the need of including the counter propagating ASE waves.

Figure B.4 (left) shows pulse duration and peak power as function of the ap-
plied pump power when the rise time of the switch is fixed at 10 us. Increased
gain is seen to lead to shorter pulses with higher peak powers. The same pa-
rameters are plotted against the rise time of the switch, 7 in figure B.4 (right).
For this figure the pump power is kept constant at 50 mW. The used values
of 7 are not comparable to the experimental rise time but the figure illustrates
that a faster switch has the same effect as higher gain, i.e. decreased pulse
duration and increased peak power. To investigate the effect of the switching

500 400 120
A - . 63 .
450 o« ° 350+ L110
7 L
al 60 _ 100
4004 bt () — 300+
‘ s = -
F57 = ° 90
350 s 5 207 [
54 5 S 200 -
3004 3 Q ° 70
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\ 35 o ®.
N a 100 & T~ Fso
2004 N N 48 A/ -\.\
d o 50 ® 40
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0 100 200 300 400 500 0 10 20 30 40 50
Pump power [W] Rise time, t [us]

Figure B.4: Left: Simulated peak power and pulse duration as function of pump
power. Increased pump power leads to shorter pulses with higher peak power.
Right: Same parameters as function of the rise time of the switch. A fast switch
leads to shorter pulses with higher peak power. Dots and open triangles mark
calculated data.

speed on the pulse shape, a fixed pump power of 50 mW is applied and different
values of 7 are tested. Figure B.5 illustrates the pulse shape for 7=0.1, 0.5, 1
and 5 pus and clearly shows that a fast switch can indeed induce a modulation
of the pulse envelope. This effect is caused by repetitive amplification of the
initial ASE wave which is injected into the cavity when the switch is turned on.
The leading edge of this wave sees higher gain and is therefore preferentially
amplified. Each time the front of this wave reaches the output coupler a peak is
seen in the output pulse. More detailed calculations and experimental demon-
strations have revealed that the rise time of the switch must be of the order
of the round trip time before this effect is significant [82, 122]. As the switch
in our experiment is roughly three orders of magnitude slower than the round
trip time, the pulse envelope modulation does not originate from the switching

ns]

Pulse duration [
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Figure B.5: Simulated pulse shapes for different rise times of the switch. A
fast switch gives rise to a modulation of the pulse envelope corresponding to the
round trip time in the cavity. The effect is caused by repetitive amplification
of the initial ASE wave which is injected into the cavity when the switch is
activated. Slow switching results in a clean envelope with a slightly asymmetric
shape, characteristic for Q-switching [43].

process.

The modulation of the pulse envelope is therefore believed to be caused by
coherent effects. To investigate this further, Ricardo Duchowicz [124], one of
the collaborators of this project, made a slight modification of the model. The
change consists of replacing eq. B.4, which describes the evolution of the signal
power, with a corresponding equation for the electric field amplitude of the
signal, A

(9Af(z,t)ii814ﬂ[(z,t) B j:&

— +
0z Uy ot 2 [erl/NQ(zat) Ua,le(Z;t)}Au (Z,t)

(B.12)

where the signal power is then given by

Pi(z,t) =Y _Af (2 )P + 1D Ay (2,1))? (B.13)
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This expression allows simulation of beating between co-propagating waves, and
by dividing the bandwidth of the grating into k channels, a time and wavelength
dependent phase-shift can be incorporated as well.

As before, a steady state solution to the rate equations is first obtained and
the resulting power distributions are propagated through the FD grid. Counter-
propagating waves are only coupled through the FBGs which are simulated by
assuming a homogeneous refractive index distribution and an added phase shift
when the frequency of the incoming wave is different from the Bragg frequency
[83]. The boundary conditions, including the (complex) reflection coefficients of
both gratings, are then given by

Pp(t7 z = 0) = Po
Af(t,z=0) = A, (t,z=0)r0, (B.14)
A;( ,z2=1L) = Aj t,z = L)rp ., (f(t))

where P, is the incident pump power and r; are the reflection coefficients in ref.
[83]. The time dependent Bragg frequency, f(¢) is modelled by the following
expression

f(t) = fo— Af[l — sin®(2nFt)] (B.15)

where A f=0.3 nm and F is the frequency with which the grating is modulated.

The calculations give rise to the pulse shape displayed in figure 5.5 which
shows qualitative agreement with the experimentally observed pulse. It should
be noted that the time-dependent phase shift upon reflection at FBG2 is re-
quired for obtaining the modulation. Similar effects have been reported in other
systems [84], and it seems probable that the motion of FBG2 is the cause of the
envelope modulation. In this context, it is interesting that experiments with
pulsed distributed feedback fiber lasers where the gratings are stationary, do
not lead to these amplitude modulations [85].
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