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Abstract

Both scientific interests and industrial applications have stimulated the advance of
single-frequency laser technology. The high spatial and temporal coherence of this
technology has facilitated many applications such as gravitational wave detection,
high-precision fiber sensors, high-resolution spectroscopy, holography, and nonlin-
ear optical conversion. However, this is currently achieved through large footprint
lasers with limited portability and mobility. Therefore, there is a need to reduce the
size of these lasers into a compact format. Power performance of hundreds of watts
in the near-infrared spectrum and tens of watts in the visible and UV spectra for con-
tinuous (CW) operation mode and pulse energies up to several tens of mJ in pulsed
operation mode are needed.
An amplification structure for single-frequency lasers that meets these requirements
is the master oscillator power amplifier (MOPA). However, compactness imposes
several constraints on the MOPA design. The main challenge is the limited output
power of the single-frequency fiber MOPA due to the onset of stimulated Brillouin
scattering (SBS) in the amplifier fiber. SBS arises from the interaction of acoustic
phonons with the propagating signal wave and is converted into a frequency-shifted,
backward-propagating wave. SBS is manifested through high-intensity pulses prop-
agating in the backward direction, which can be very harmful for optical compo-
nents and the seed laser itself. Hence, the suppression of SBS is crucial to the power
optimization of the MOPA. This thesis therefore focuses on investigating different
SBS suppression techniques that fit a compact MOPA design. More specifically,
this is implemented by studying the efficiency of the strain distribution technique
applied to the amplifier fiber and the use of custom and commercial highly Yb-
doped fibers both in CW and pulse operating MOPAs. Using highly Yb-doped fibers
presents challenges with respect to the composition of the fiber material and in high-
power operation that can have undesirable degradational effects, such as photodark-
ening and thermal load generation, and these have been investigated and discussed
in this thesis.
As a result of the different mitigation approaches, output power approaching 100
W in CW mode operation and pulse energies near mJ in pulse mode operation are
demonstrated in only one amplification stage, showing the feasibility of a MOPA
design with high performance and a small footprint. This may facilitate many appli-
cations in the visible and UV spectral ranges that require mobility and portability.
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Sammanfattning

Både vetenskapliga intressen och industriella tillämpningar har stimulerat utveck-
lingen inom singelfrekvens laserteknologi. Den höga rumsliga- och tidsmässiga
koherensen hos dessa lasrar har underlättat många tillämpningar såsom gravita-
tionsvågdetektering, fibersensorer med hög precision, högupplöst spektroskopi, hol-
ografi och ickelinjär optisk konvertering. Detta uppnås för närvarande genom anvä-
ndande av relativt stora lasrar med en begränsad portabilitet och rörlighet. Det finns
därför ett behov av att göra dessa lasrar mer kompakta. Samtidigt efterfrågas en
förbättrad effektprestanda på hundratals Watt i det nära infraröda spektrala området
och tiotals Watt i det synliga- och ultravioletta området för kontinuerligt (CW) driftl-
äge samt pulsenergier upp till flera tiotals mJ i pulsat driftläge.
En typ av förstärkare för singelfrekvenslasrar som uppfyller dessa krav är så kallade
master oscillator effektförstärkare (MOPA). En kompakt design sätter dock flera beg-
ränsningar på dessa förstärkare. Huvudutmaningen är uppkomsten av stimulerad
Brillouin spridning (SBS) i förstärkarfibern som begränsar uteffekten. SBS uppstår
genom en växelverkan mellan akustiska fononer och signalvågen som omvandlas
till en utbredningsvåg som är frekvensförskjuten och bakåt-propagerande. Dessa
bakåt-propagerande vågor kan skada optiska komponenter i förstärkaren och i själva
signal lasern. Därför är en minskning av SBS avgörnade för en effektiv effektopti-
mering av förstärkaren. Denna avhandling fokuserar på att undersöka olika tekniker
för att minska SBS som dessutom passar för en kompakt MOPA-design. Mer speci-
fikt implementeras detta genom att studera effektiviteten av en distribuerad töjning
som tillämpas på förstärkarfibern samt användningen av särskilt anpassade- och
kommersiella Yb-dopade fibrer både för kontinuerliga och pulsstyrda förstärkare.
Att använda Yb-dopade fibrer med hög Yb-koncentration innebär stora utmaningar
med avseende på fibermaterialets sammansättning, som kan medföra en negativ in-
verkan på förstärkarens prestanda i form av inducerade optiska förluster (s.k. pho-
todarkening), försämrad strålkvalité och generering av termiska förluster. Dessa har
undersökts och diskuteras i denna avhandling.
Som ett resultat av de olika begränsningsmetoderna, demonstreras förstärkare med
en uteffekt som närmar sig 100 W i CW driftläge och pulsenergier nära mJ-området
i pulsat läge med användade av endast ett förstärkarssteg. Detta visar genomförbar-
heten av en MOPA-design med hög prestanda och ett kompakt format. Detta kan
underlätta användningen för många tillämpningar inom det synliga och ultravio-
letta spektrala området som ställer krav på en ökad mobilitet och portabilitet.
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H.-E. N. (Hans-Erik Nilsson), H. K. (Håkan Karlsson), J. K. (Jenny Knall), J. H. (Jonas Hellström), M. E.
(Magnus Engholm), M. J. F. D. (Michel J. F. Digonnet), N. G. B. (Nadia G. Boetti), R. S. C. (Riaan S. Cotzee)

xv



xvi CONTENTS

C
on

tr
ib

ut
io

n
Pa

pe
r

I
Pa

pe
r

II
Pa

pe
r

II
I

Pa
pe

r
IV

Pa
pe

r
V

Pa
pe

r
V

I

C
on

ce
pt

ua
lis

at
io

n
M

.E
.

E.
B.

,N
.G

.B
.,

E.
B.

an
d

M
.E

E.
B.

an
d

M
.E

M
.J

.F
.D

.
E.

B.
an

d
M

.E
of

th
e

id
ea

M
.E

.,
D

.M
.

Ex
pe

ri
m

en
ta

l
E.

B.
an

d
M

.E
.

E.
B.

E.
B.

E.
B.

E.
B.

an
d

M
.E

w
or

k

C
ol

le
ct

in
g

E.
B.

an
d

A
.T

h.
th

e
da

ta

El
ab

or
at

io
n

E.
B.

E.
B.

E.
B.

E.
B.

E.
B.

,A
.T

h.
,

E.
B.

of
th

e
da

ta
J.

K
.,

an
d

M
.J

.F
.D

.

W
ri

tin
g

th
e

M
.E

.
E.

B.
E.

B.
E.

B
an

d
M

.J
.F

.D
.

M
.J

.F
.D

.
E.

B.
fir

st
dr

af
t

Ed
iti

ng
th

e
E.

B.
an

d
M

.E
E.

B.
E.

B.
E.

B.
an

d
M

.J
.F

.D
.

E.
B.

an
d

M
.J

.F
.D

.
m

an
us

cr
ip

t

R
ev

is
in

g
th

e
E.

B.
,M

.E
.,

J.
H

.,
E.

B.
,N

.G
.B

.
E.

B.
an

d
M

.E
.

E.
B.

an
d

M
.J

.F
.D

.
E.

B.
,A

.T
h.

,
E.

B.
,M

.E
.

m
an

us
cr

ip
t

G
.E

.,
an

d
H

.K
.

D
.P

.,
J.

L.
,M

.E
.,

H
.-E

.N
.

M
.E

.,
R

.S
.C

.,
an

d
H

.-E
.N

.
J.

K
.a

nd
,M

.J
.F

.D
.

M
.J

.F
.D

.a
nd

,H
-E

.N
.

D
.M

,H
-E

.N
. Ta

bl
e

1:
A

ut
ho

r’
s1

co
nt

ri
bu

tio
n.



Additional Papers

Other scientific contributions that I worked with during my PhD, which are not in-
cluded in this thesis.

Journal publication

• P.-B. Vigneron, T. Boilard, E. Balliu, A. L. Broome, M. Bernier, and M. J. F.
Digonnet ”Loss-compensated slow-light fiber Bragg grating with 22-km/s
group velocity,” In Opt. Lett., 45, 3179-3182, 2020.
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Chapter 1

Introduction

Single-frequency fiber lasers are a light source of interest both for the scientific com-
munity and for specialized industrial applications such as Raman spectroscopy, bio-
imaging, interferometry, holography with a laser operating in continuous mode (CW)
and nonlinear frequency conversion, light detection and ranging (LIDAR), and laser-
induced breakdown spectroscopy (LIBS) applications with a laser operating in pulsed
mode. The main characteristics that facilitate these applications are the high spatial
and temporal coherence, which increases with the output power of the laser source,
and in some cases as the wavelength of the laser decreases. Moreover, simplicity
and, especially compactness, including reduced size and weight, are vital attributes
for good mobility, a particularly important criterion in aerospace applications.

1.1 Background and problem motivation

High output power levels in single frequency can be achieved by amplifying the
light from a single-frequency laser source (seed laser) using a master oscillator power
amplifier (MOPA) structure, the injection locking technique, or coherent beam com-
bining. Of these techniques, MOPA is shown to be the most straightforward struc-
ture to power scale single-frequency lasers. Despite its simplicity, the requirement
for the MOPA to be compact means using as few components as possible and rel-
atively small-core optical fibers, which introduces many challenges. The main one
derives from the fact that when single-frequency light propagates in small core fibers
beyond a certain power level (power threshold), introduces nonlinearities in the op-
tical fiber, mainly stimulated Brillouin scattering (SBS), limiting the fiber amplifier’s
power scaling. SBS is generated by the nonlinear interaction of the laser signal and
the Stokes fields through an acoustic wave, which, when it exceeds a certain power
threshold (Pcr,SBS), results in a frequency-shifted, backward-propagating wave [1,2]
with very high-intensity pulses; this causes power instability and can be very harm-
ful to the seed laser. The onset of SBS is proportional to beam intensity and laser
linewidth and inversely proportional to fiber length. Hence, a large core and short

1
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fiber is the simplest, though not the most practical solution to suppress SBS for many
applications. This is because good beam quality requires a single-mode operation,
which becomes increasingly difficult to achieve using fibers with larger core diam-
eters, i.e., large-mode-area (LMA) fibers. Some SBS suppression techniques are re-
lated to the broadening of the laser linewidth, such as laser spectral broadening [3],
nonlinear spectral compression [4], or the laser gain-competition technique [5]. A
significant downside of these techniques is the requirement for additional electrical,
mechanical, or optical components, which compromise the system’s compactness,
cost, and simplicity. Another class of SBS-mitigation techniques involve broadening
the Brillouin gain bandwidth by varying the frequency of the acoustic waves along
the fiber. These solutions, which are often more practical and usually preserve com-
pactness, include using backward pumping [6], temperature-gradient techniques [7],
strain-gradient techniques [8–11], large-mode-area (LMA) fibers [12–14], fibers with
transverse acoustic waveguide design [15], tapered fibers [16], and active fibers with
very high Yb concentrations [17]. These SBS mitigation techniques are useful to reach
output levels exceeding 100 W in CW and tens of mJ pulse energies in pulsed mode.
However, in the majority of the cases this is achieved using multiple amplification
stages. In the few research reports on single-frequency, single-stage amplification,
LMA fibers and long fiber lengths are used to achieve these power levels. Hence,
there is a lack of investigation into fiber amplifier designs that strike a balance be-
tween high performance and a minimal footprint.

1.2 Objectives of the thesis

The main scope of the scientific work presented in the following publications is the
investigation and demonstration of highly compact concepts for power scaling of a
particular group of fiber amplifiers, namely single-frequency fiber amplifiers, oper-
ating in the near-infrared (near-IR) spectrum and possibly extended to the visible
range. The generation of high output power levels in a single-frequency fiber ampli-
fier is challenged mainly by the onset of SBS. In this regard, high performance is only
guaranteed if efficient SBS suppression techniques are used. On the other hand, the
low footprint requirement adds several constraints not only to the choice of compo-
nents but also to the methods to suppress the various power limitation effects, such
as SBS, photodarkening (PD), and high thermal loading, which manifest in the am-
plifier fiber. Different approaches that could facilitate the small footprint of the fiber
amplifier were investigated, and these can be clustered into three main groups.
The primary group, in terms of importance and amount of dedicated research con-
ducted, includes the investigation of two mitigation techniques compatible with a
compact MOPA format with the aim to suppress SBS in pulse and CW mode oper-
ating MOPAs. Knowledge of optical fiber material composition for different fiber
hosts as well as SBS was crucial to these investigations.
The second group includes developments in fiber amplifiers. This includes research
into fiber amplifiers with the aim to fulfill the performance requirements of the
above-mentioned applications at both near-IR and visible ranges with consideration
for simplicity and compactness. It was then possible to develop fiber amplifiers with
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output power levels approaching 100 W for CW mode operation and pulse energies
in the mJ range for pulsed-mode operating MOPAs in one amplification stage.
The third group includes methods for managing thermal loading in highly Yb-doped
fibers used to suppress SBS. It includes a prelude study on the temperature distri-
bution in active fibers that determines the power limitation of the MOPA operating
in CW mode due to thermal loading. Furthermore, it includes an investigation of
different approaches to reduce or extract heat from active fibers, namely using QCW
mode operation and anti-Stokes fluorescence cooling.

1.3 Outline of the thesis

The thesis is organized as follows. The theoretical framework necessary to under-
stand the publications and that forms the foundations of this thesis is presented in
Chapter 2. This introduction is then followed by a description of the methodology
used to conduct the experimental work in Chapter 3. Chapter 4 presents the results
achieved during this thesis that will be further discussed in Chapter 5. General con-
clusions and remarks and proposals for future research are presented in Chapter 6.

1.4 Contributions of the thesis

The main scope of the scientific work represented by the following publications is
the investigation and demonstration of highly compact concepts for power scaling
in a particular group of fiber amplifiers, namely single-frequency amplifiers, oper-
ating in CW and pulsed mode. The power scaling of single-frequency lasers results
in the generation of nonlinearities and power degradation phenomena in the opti-
cal fiber. These are mainly represented by stimulated Brillouin scattering (SBS), but
PD and the generation of high thermal loads can also occur. The presence of these
phenomena requires the investigation of different mitigation techniques to achieve
compact power scaling for single-frequency fiber amplifiers. The presentation of the
scientific publications follows a methodological order.
Paper I demonstrates the feasibility of a custom-made highly Yb-doped fiber in con-
junction with a non-uniform strain technique as a means to mitigate SBS and develop
a compact, nanosecond pulsed, single-frequency, single-stage Yb-doped fiber ampli-
fier. With this approach, it was possible to use a short active fiber length to increase the SBS
power threshold. As a result, maximum pulse energies in the sub-mJ range were achieved in
less than 1 m of active fiber, making this fiber amplifier a very attractive source in applications
such as coherent laser detection, LIDAR, LIBS, remote sensing applications, and nonlinear
frequency conversion.
With the same objective as in Paper I, Paper II uses a novel, custom-made phos-
phate Yb-doped fiber. The phosphate host fibers allow for a higher concentration of
Yb3+-ions with respect to the silica counterpart without any quenching and, there-
fore, high gain to be achieved in shorter active fibers. More specifically, the novel
custom-made multi-component Yb-doped phosphate fiber used in this article allowed for an
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output peak power double that of a highly Yb-doped silica fiber and using only half the length
of fiber in one amplification stage. These results could prove useful in applications such as
coherent laser detection, LIDAR, LIBS, remote sensing applications, and nonlinear frequency
conversion.
The purpose of Paper III was to investigate the feasibility of using state-of-the-
art, small-core, ytterbium (Yb)-doped fibers and a custom, highly Yb-doped fiber
as a means to power scale a compact, single-frequency, polarization-maintaining,
CW operating MOPA in one amplification stage. The fiber amplifier was forward
pumped to minimize the adverse effects of the fiber length of the passive compo-
nents on the SBS power threshold. Good beam quality with a polarization extinction ratio
(PER) higher than 25 dB and an output power of 80 W were achieved in a MOPA operating
in CW mode. The compact MOPA can be a competitive alternative to multi-stage designed
fiber amplifiers.
In Paper IV, in line with the purpose of Paper III, SBS suppression was tackled by
backward pumping a custom-made, very highly Yb-doped silica fiber. Combining
the two methods resulted in a 40% higher maximum output power than the one
achieved using the highest commercially available Yb-doped silica fiber. This MOPA
breaks several records. It uses the most heavily doped gain fiber reported for this kind of
device, allowing for the use of a very short fiber (⇠ 1 m) and a device that is significantly
more compact than other state-of-the-art alternatives. Moreover, a long-term stability study,
which is scarce in the literature, was performed on PD losses. This new device is particularly
timely and necessary given the large number of applications that require high-power sources
in much more compact than the ones currently available.
Using highly Yb-doped fibers increases heat generation per unit length. Hence, it is
essential to find simple and compact approaches that remove heat from the fibers,
such as anti-Stokes fluorescence (ASF) cooling. In particular, Paper V aims to pro-
vide a procedure to guide researchers in selecting the optimum materials for ASF
cooling of fibers by evaluating the quantitative cooling performance of various host
compositions (telluride, fluorozirconate, fluorophosphate, phosphate, and chalco-
genides) doped with Yb3+ or Er3+. The results show that for a given ion, due to the
strong dependence of quenching on the fiber host, the fiber host makes a major contribution
to the maximum heat that can be extracted. In contrast, cooling efficiency (ratio of extracted
heat to pump power absorbed) has very little dependence on the host.
Single-frequency lasers are essential for high-resolution spectroscopy and sensing
applications as they combine high-frequency stability with low noise and high out-
put power stability. There is an increasing interest in power-scale single-frequency
sources for many of these applications, in both the near-infrared and visible spectral
ranges. Therefore, the goal of Paper VI was to develop a single-frequency fiber am-
plifier with high second-harmonic-generation efficiency while limiting thermal load.
This was achieved by operating the MOPA in quasi-CW mode. In particular, pulse
energies of 670 µJ at 532 nm were demonstrated, which may facilitate applications in the
visible and UV spectral ranges, such as remote Raman spectroscopy.



Chapter 2

Theoretical background

The main challenge faced in this thesis work, the onset of SBS, is partly related to
single-frequency operation. Therefore, this chapter starts with a description of the
fundamental principles of single-frequency lasing and the different types of sources
that can generate single-frequency light. This is followed by the description of al-
ternative power scaling configurations and a description of the power limitations
encountered in the developed high-power single-frequency fiber amplifiers. Finally,
a general description of the second harmonic generation is presented.

2.1 Single-frequency lasers

A single-frequency laser operates in only one resonator mode. This is possible if the
net gain bandwidth of the laser is less than the frequency spacing of the resonator
modes [18]. The spacing of the resonator modes, �⌫, is:

�⌫ = n
c

2L
, (2.1)

where n is an integral number, c is the speed of light in a vacuum, and L is the cavity
length. When the spacing of the modes is not sufficiently large to allow for a single
resonator mode, the single-frequency operation is ensured by using intracavity fil-
ters. This allows the single-frequency laser to have a very narrow linewidth, often
only a few kHz [19], and a long coherent length. There is a direct correlation between
the coherence length and laser spectral width [20]:

Lc =

8
<

:

q
2ln(2)

⇡
�2
0

�� if the laser lineshape is Gaussian
�2
0

⇡�� if the laser lineshape is Lorentzian
(2.2)

where the �0 is the center wavelength of the laser, and the �� is its full width at half
maximum (FWHM) intensity. Various designs for the laser source can achieve single-
frequency operation, differing in terms of achievable output power, beam quality,
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noise level, and compactness. Some of the most used options are described below,
with a more extended description provided for the diode-pumped solid-state laser
(DPSSL) used as seed laser in the fiber amplifiers studied in this thesis.

2.1.1 Single-frequency diode-pumped solid-state lasers

In DPSSLs, the resonator is pumped by diode lasers. Diode lasers are compact and
can be an efficient pump if the absorption band of the solid-state gain medium falls
within their emission band. Moreover, diode laser pumping offers a long operational
lifetime, in the order of 20,000 hours, making it suitable for space-based applications.
Since its first demonstration in 1968 [21], neodymium-doped yttrium-aluminum-
garnet (Nd:YAG) has been the most commonly used gain medium in DPSSLs. The
advantages of using this gain medium come from both doping with Nd3+ ions and
the YAG host. Nd:YAG’s structure leads to good absorption of pump radiation due
to its relatively narrow wavelength bands, especially around 807 nm, at which an
output of 1.06 µm is of interest. As a host, YAG ensures high thermal conductivity
and good optical quality [22]. Single-frequency DPSSLs are often developed in a lon-

Figure 2.1: Typical configurations of diode-pumped solid-state laser, (a) longitudinal
resonator (b) unidirectional ring cavity

gitudinal [23] or non-planar unidirectional ring resonator [24] configuration. They
can operate in continuous mode (CW) by pumping them with a CW pump diode
and pulsed mode with Q-switching. Single-frequency lasing is achieved either by
a wavelength-dependent loss structure such as a Fabry-Perot filter or Lyot filter or
the Nd:YAG media itself, as in the case of non-planar ring oscillator (NPRO) lasers.
The latter, invented by Jane and Byer [24], is one of the most used single-frequency
DPSSL, used as a seed laser in fiber amplifiers, especially for gravitational wave de-
tection [25], due to its very narrow linewidth (a few of kHz) and high stability. The
output power range that single-frequency DPSSL can generate is less than 3 W in
1064 nm.
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2.1.2 Single-frequency fiber lasers

In fiber lasers, the active medium is a fiber doped with rare-earth (RE) ions. The RE-
ions used to dope the optical fibers are neodymium (Nd3+) [26], erbium (Er3+) [27],
ytterbium (Yb3+) [28], thulium (Tm3+) [29], bismuth (Bi3+) [30], holmium (Ho3+)
[31], dysprosium (Dy3+) [32], and praseodymium (Pr3+) [33]. The spectrum range
achieved using these RE-ions is broad, with radiation from ultraviolet (UV) to near-
IR. A fiber laser is considered single frequency when there is only one oscillating
mode and no other frequency components in the cavity or output. Its linewidth
varies from hundreds of Hz to several MHz. There are two typical configurations,
shown in Fig. 2.2, through which single-frequency lasing can be achieved, namely
DBR lasers and DFB lasers. Fig. 2.2(a) shows the structure of a distributed Bragg
reflector (DBR), where two spliced fiber Bragg gratings (FBG), one narrowband (NB-
FBG) and the other broadband (BB-FBG), are used for optical feedback and optical
filtering. It is essential that the reflective spectrum of the NB-FBG falls entirely within

Figure 2.2: Typical schematic of a (a) DBR laser (b) DFB laser

that of the BB-FBG, which in principle can be replaced by a dielectric mirror. The
single-frequency operation in this type of laser requires a short cavity, thus limiting
output power levels to hundreds of mW. When the FBG is built into the active fiber
with a phase shift (Fig. 2.2(b)), the active fiber can be longer than in a DBR laser,
resulting in higher output power at a single frequency in the order of some hundreds
of mW [34].

2.1.3 Single-frequency semiconductor lasers

The emission from semiconductor lasers occurs by the movements of electrons and
holes between the conduction band and valence band. Single-frequency lasing can
be achieved by a phase-shift DFB laser, DBR laser, and VCELs. The linewidth of the
DFB laser is in the MHz range. The success of VCSEL relies on maturations of high-
efficiency quantum well active regions and multi-layer hetero-structure reflectors.
The active region is usually a high gain multiple quantum well (MQW) sandwiched
by distributed Bragg reflectors (DBR) to form the laser cavity. The direction of the
laser’s oscillations is perpendicular to the P-N junction and the surface of the mate-
rial.
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2.2 Single-frequency laser power scaling structures

As described in section 2.1, despite progress increasing the output power for these
types of lasers, they remain limited to a maximum power of 3 W in CW mode and
some hundreds of µJ in pulse mode. For given applications, optimal performance
requires output power above these levels. Hence, power scaling of this kind of laser
is necessary. Higher output power for single-frequency lasers can be achieved by
amplifying the light from a laser source (seed laser) using a master oscillator fiber
power amplifier (MOPA), injection locking, or coherent beam combing. The follow-
ing sections will present brief descriptions of these possible power scaling structures.

2.2.1 Master oscillator power amplifier

A master oscillator power amplifier is an amplification architecture used to increase
the power of a signal delivered from a laser (oscillator) through optically pumping
an active medium. Two main mechanisms occur in the active medium: absorption

Figure 2.3: Simplified schematic of (a) absorption and stimulated emission (b) laser
amplification

and stimulated emission. Absorption occurs when the majority of the population of
atoms is in the lower energy level, and stimulated emission occurs when the major-



2.2 Single-frequency laser power scaling structures 9

ity of the population of atoms is in the higher energy level, as shown in Fig. 2.3(a).
Amplification occurs only when the population of atoms in the low energy level is
excited (inverted) by a power source (pump) to the higher level; the stimulated emis-
sion will prevail to absorption. For this to occur, the pump laser wavelength needs
to fall within one of the absorption bands of the active medium. As a result, the
amplitude of the input signal will increase proportionally by a linear coefficient, the
amplifier gain, as shown in Fig. 2.3(b).
This thesis work deals only with one particular case within the group of laser ampli-
fiers, in which the laser source emits single-frequency light and the active medium
is an optical fiber doped with Yb3+-ions.

Rate equations and power propagation

A better understanding of the amplification process is facilitated by knowing the
electronic structure, the induced energy level transitions of the RE-ions, and the op-
tical spectroscopy of the fiber host. As shown in Fig. 2.4, the Yb3+-ions have only
two relevant manifolds, namely the ground 2F7/2 state and the excited 2F5/2 state,
which are separated by approximately 10,000 cm�1 and have three and four sub-
levels, respectively [28, 35]. In Fig. 2.4 are shown only the transitions of relevance to
this thesis. In Fig. 2.5 is shown the normalized absorption and emission intensity of
a Yb3+-doped silica fiber.

Figure 2.4: Energy level diagram of Y b
3+ consisting of two manifolds, showing the

transitions of relevance to this thesis

The rate equations describe the population rate change between the levels due
to pumping. For simplicity, the overall population of the main manifolds, hence the
total population (Ntot) is expressed as:

Ntot = N1 +N2, (2.3)
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Figure 2.5: Normalized absorption and emission spectra of a Yb3+-doped silica fiber

If it is assumed that the pump and laser intensity in the core is uniform over the
core area A, the doping concentration is uniform within the core, and steady-state
condition, the low-state and high-state population are expressed as [28, 36]:

dn2

dt
= (R12 +W12)N1 � (R21 +W21 +A21)N2, (2.4)

dn1

dt
= �(R12 +W12)N1 + (R21 +W21 +A21)N2, (2.5)

where R12 and R21 and W12 and W21 are transition rates due to the pump and signal
radiation respectively, and A21 is the spontaneous transition rate from level 2 to level
1, namely the inverse upper state lifetime. The steady-state values are then expressed
as:

N2 =
R12 +W12

R12 +R21 +W12 +W21 +A21
, (2.6)

N1 = 1�N2, (2.7)

The transition rates are:
R12 =

�
p
12Ip

h⌫p
, R21 =

�
p
21Ip

h⌫p
, (2.8)

W12 =
�
s
12Is

h⌫s
,W21 =

�
s
21Is

h⌫s
, (2.9)

where �
p
12 , �p

21 and �
s
12 , �s

21 are the effective absorption and emission cross-sections
of the pump and signal respectively. Ip and Is are the pump and signal intensity
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(W/m2). The absorption and emission cross-sections depend on the fiber host. Typ-
ical absorption and emission spectra for a Yb3+-dope silica fiber is shown in Fig. 2.5.
The gain obtained in a fiber length (L) is:

G = exp(

Z L

0
g(z) dz), (2.10)

where g(z) is:

g(z) = N2(z)�
s
21 �N1(z)�

s
12, (2.11)

In CW mode operation, the pump and signal for a longitudinal part dz of the fiber
are expressed as:

±
dP

±
p

dz
= ⌘p(�

p
21N2 � �

p
12N1)NtotP

±
p , (2.12)

dPs

dz
= ⌘s(�

s
21N2 � �

s
12N1)NtotPs, (2.13)

where Ntot is the concentration of Yb3+-ions. The ± sign superscripts indicates the
propagation along the positive or negative z-directions, ⌘p and ⌘s are the overlap
fraction of the power propagated in the undoped cladding of the fiber. Fig. 2.6 il-
lustrates the signal and pump propagation, and the population inversion for both
forward and backward pumping, simulated with the commercial software RP Pho-
tonics.
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Figure 2.6: The signal and pump power propagation, and the population inversion
for (a) forward (b) backward pumping

2.2.2 Injection locking lasers

Injection locking is a technique that can be used to help produce a laser source with
a higher output power, improved spectral characteristics, low noise, and single fre-
quency. In an injection locking laser, following a design by Pound, Drever, and
Hall [37], a seed laser (master), usually with low power and low noise (or single
frequency), is injected into a laser (slave) with worse spectral characteristics but a
higher output power at a frequency within a narrow locking range around the free-
running frequency of the high output power laser.
The injected signal can then lock the subsequent oscillation behavior, lasing at the
same frequency with a fixed phase offset, so that the injected signal more or less
completely controls the oscillator [38]. The ’true’ injection locking technique refers
to the CW mode, although the term is sometimes incorrectly applied to pulsed mode
operation. The appropriate term for pulsed mode operation is ’injection seeding’, in
which the injection locking serves as an initial condition at the beginning of the pulse
build-up period. In most cases, the seed laser is too weak or too far in frequency, and
hence there is not an exact match between the frequency of the seed laser and the
frequency of the slave laser. Nowadays, the increased understanding of and need
for injection locking lasers have made it possible to achieve output power levels up
to 220 W [39], as in the case of gravitational wave detection.
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2.2.3 Coherent beam combining

Despite the successful results of power scaling single-frequency light, both MOPA
and the injection locking technique face power limitations due to either nonlinearity
in the fiber or thermal issues. In this regard, coherent beam combining is a good tech-
nique to further power scale these single-frequency laser sources. Coherent beam
combining (CBC) is a technique that can also be used for both MOPA and injec-
tion locking lasers, making it a viable solution for power scaling single-frequency
sources. CBC, illustrated in Fig. 2.7, is a technique that consists of combining two
or more arrays (high-power laser beams) with the same spectrum, and controlling
the relative phase of the elements so that there is constructive interference. Hence,

Figure 2.7: Notional schematics of coherent beam combining (a) with tiled aperture
implementations and (b) filled aperture

the most challenging aspect of coherent combining is the need to control the phase.
A specific example of a filled-aperture technique is coherent polarization beam com-
bining, in which only two input beams are used. However, as the output polarization
is linear, the combination can be repeated as required. The radiance in CBC is scaled
as ffN, where ff is an efficiency factor less than or equal to 1 and N is the number of
elements [40].

2.3 Limitations of power scaling for single-frequency
lasers

There are various phenomena that can limit the power scaling of single-frequency
fiber amplifiers. Some of them depend mainly on the laser linewidth (stimulated
Raman Scattering; SRS and SBS), the thermal loads generated in the fiber (thermal
lensing [41], transverse mode instabilities [42]) or strictly on the optical fiber doping
composition such as photodarkening. In this section, only the power scaling limi-
tations that are manifested in the investigated single-frequency fiber amplifiers the
output power of which is limited up to 100 W in CW mode and sub-mJ pulse energy
of ns-ms pulses will be presented, namely SBS, photodarkening, and high thermal
load generation.
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2.3.1 Stimulated Brillouin scattering

Stimulated Brillouin scattering (SBS) is a nonlinear phenomenon leading to a dom-
inant nonlinearity in single-optical fibers [43]. Its relation to the bandwidth of the
pump source results in the main limitation of power scaling in a single-frequency
fiber amplifier. Since SBS was first detected in 1964 by Chiao et al. [44], many stud-
ies have been conducted to understand the phenomenon [45–49], and successful at-
tempts to mitigate it [46, 50, 51] have been demonstrated. Stimulated Brillouin scat-
tering can be helpful in some cases, such as distributed sensing [19], and detrimental
in others, such as gravitational wave detection [52] or optical signal processing [52].
In the following section, a physical description of the SBS phenomenon will be given.

Theoretical background of SBS

SBS can be described as a nonlinear interaction of an incident light wave (pump
wave) with the optical medium [2]. As a result of the thermo-elastic motions of the
molecules in the optical medium, the pump wave is in part back-scattered, the so-
called Stokes wave. The latter has a narrow bandwidth in the order of MHz and
superposes with the pump wave, which builds up an electrical interference field.
The acoustic wave produced through electrostriction, which is the tendency of the
material to become compressed in the presence of an electrical field, modulates the
refractive index of the optical medium, acting as a Bragg grating. If the Bragg con-
dition is fulfilled, more pump power is back-scattered, leading to a stronger density
modulation, which exponentially increases the Stokes wave. The frequency of the
scattered light is downshifted because of the Doppler shift associated with a grating
moving at the acoustic velocity ⌫A.
The same scattering process can be viewed through the lens of quantum mechan-
ics as one pump photon simultaneously creating a Stokes photon and an acoustic
phonon. Due to the conservation of energy and momentum during each scattering
event, the frequencies and wave vectors of the three interacting waves relate to each
other as [1]:

⌦B = !p � !s, kA = kp � ks, (2.14)
where !p and !s are the frequencies and kp and ks are the wave vectors of the pump
and Stokes waves, respectively. The frequency ⌦B and the wave vector kA of the
acoustic wave satisfy the standard dispersion relation:

⌦B = ⌫A|kA| ⇡ 2⌫A|kp|sin(
✓

2
), (2.15)

where ✓ is the angle between the pump and Stokes fields, and we used |kp| ⇡ |ks| in
Eq. 2.14. Equation 2.15 shows that the frequency shift of the Stokes wave depends
on the scattering angle. The Brillouin shift is expressed as:

⌫B =
⌦B

2⇡
=

2n⌫A
�p

, (2.16)

where ⌫A is the acoustic velocity and n is the modal index at the pump wavelength
�p. Assuming the acoustic wave decay exponentially (as exp(��Bt)), the Brillouin
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gain has a Lorentzian shape [1]:

gB(⌦) = gB(⌦B)
(�B/2)2

(⌦� ⌦B)2 + (�B/2)2
(2.17)

The Stokes wave is characterized by the Brillouin-gain spectrum gB(⌦) which has a
peak at ⌦ = ⌦B . The Brillouin gain is determined as [1, 53]:

gB(⌦B) =
2⇡n7

p
2
12

c�2
p⇢0⌫a�B

(2.18)

where c is the speed of light, �p is the pump wavelength, ⇢0 is the material density,
p12 is the Pockel’s elasto-optic coefficient (p12 ⇡ 0.26 for silica), and �⌫B = �B/2⇡ is
the Brillouin gain full width at half maximum. The phonon lifetime TB = ��1

B ⇠ 10
ns. The onset of the SBS occurs at a threshold power of:

PSBS = 21
KAeff

gBLeff
(1 +

�⌫

�⌫B
) (2.19)

where K is the polarization dependence factor (K = 1/2 or 1, given that the pump
excitation is polarized parallel or inclined at 45� to a principal axis respectively),
Aeff = (

R
IdA)2/

R
I
2
dA is the effective cross section, and Leff = [1�exp(�↵L)]/↵

is the effective interaction length for the nonlinear effects, I is the optical intensity, ↵
is the fiber loss coefficient, L is the fiebr length, �⌫ is the pump bandwidth.

2.3.2 Photodarkning

Photodarkening (PD) represents induced optical losses in rare-earth-doped fibers;
it occurs to a higher degree in optical fibers doped with Yb3+. Extensive research
has been done on this loss mechanism in the first decade of the 21st century to un-
derstand the physics behind it [54–57] and find approaches to minimize its pres-
ence [58–60]. Based on this, it is now well known that PD losses are attributed to the
formation of color centers, which represent the most substantial absorption in the
UV region, and depend strongly on the population inversion level [55]. Neverthe-
less, the origin of PD losses differs across various models. Some research groups at-
tribute it to valence instability and the charge transfer absorption band of Yb3+ [54],
while others attribute it to the purity of the ytterbium precursor elements [61] and
the proximity of the rare-earth atoms within the host glass [62]. Consequently, the
presence of Yb-nanoparticles or different co-dopants such as Ce, Al, or P suggests
reducing PD losses. An efficient trade-off to optimize the fiber composition remains
an interesting research subject.

2.3.3 Thermal load generation and temperature distribution in
the optical fiber

The heat generation in the amplifier fiber (q0) is due in significant part to the quan-
tum defect (QD) and partially the nonradiative processes. The quantum defect is the
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difference in photon energy between the pump and the signal and is expressed as:

QD = h⌫pump � h⌫signal = h⌫pump(1�
�pump

�singnal
), (2.20)

where �pump and �singnal are the wavelength of the pump and the signal, respec-
tively. Fig. 2.8 illustrates the longitudinal and transverse profile of the optical fiber.
The heat generated in the fiber core q0 (W/m3) and the heat load q0 (W/m)are related

Figure 2.8: Profile of an optical fiber (a) longitudinal (b) transverse

to each other as [63]:

q0 = (1� 10�
↵dL
10 )

Ppump(1� �p

�s
)

⇡r2core

=
q
0
dL

⇡r2core

(2.21)

where ↵ is the pump absorption (dB/m), Ppump is the pump power, rcore, and dL is
a section of fiber length. With respect to heat generation, the most fragile part of the
optical fiber is the coating due to its low melting temperature. Temperatures above
80 �C (353 K) can shorten the lifetime of the fiber coating. Therefore, it is important
to investigate the fiber’s temperature distribution and find approaches to dissipate
the generated heat. Heat dissipation and transverse and longitudinal temperature
distributions in the Yb-doped double cladding fiber are governed by the thermal
conduction equations [64, 65] in symmetric cylindrical coordinates (r, z):

1

r

@

@r
[r
@T (r, z)

@r
] +

@
2
T (r, z)

@z2
= �Q(r, z)

k
(2.22)

where T (r, z) is the temperature dependency on the radial and longitudinal coor-
dinates in the fiber, Q is the heat dissipated per unit volume (W/m3), and k is the
thermal conductivity. The temperatures and their derivatives must be continuous
across the boundary and satisfy the following boundary conditions:

dT1

dr
|r=0= 0 (2.23)
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k3
dT3

dr
|r=r3= h[Tc � T3(r = r3)] (2.24)

where T1(r), T2(r), and T3(r) are the temperature distribution in the core, cladding,
and coating respectively; h is the convective heat transfer coefficient; k1 and k2 are
the thermal conductivity of the core and cladding (k1 = k2 =1.38 W/mK [66]) re-
spectively, and k3 is the thermal conductivity of the coating (k3 = 0.215 W/mK [67]);
and Tc is the temperature of the cooling surface. Applying these boundary condi-
tions, the radial temperature distribution in the core, cladding, and coating are [63]:

T1(r) = T0 �
q1r

2

4k1
, 0 < r < rcore (2.25)

T2(r) = T0 �
q1r

2
core
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T0 = Tc +
q1r

2
core

2hrcoat
+

q1r
2
core

4k1
+

q1r
2
core

2k2
ln(

rclad

rcore
) +

q1r
2
core

2k3
ln(
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where rcore, rclad, and rcoat are the radius of the core, cladding, and coating respec-
tively. In conductive cooling, the temperature drop of the coating also depends on
the thermal contact resistance (R00

tc) between the fiber and the cooling medium (i.e.,
aluminum V-groove):

T3 � Tc = R
00
tcq

00 (2.29)

where Tc is the temperature of the cooling surface and q
00 is the heat flux (W/m2) [63,

68]. If it is assumed that the air is a thermal insulator, the fiber surface temperature
close to the air is similar to the fiber temperature, and the temperature of the cooling
surface is uniform with no additional heat load, then the heat flux can be defined as:

q
00 =

q
0

perimeter
(2.30)

2.4 Nonlinear frequency conversion

Not all wavelengths can be generated directly by lasers; nonlinear frequency conver-
sion is therefore useful to generate light in those wavelengths, i.e., visible or UV. This
is possible when intense light interacts with nonlinear materials. The optical nonlin-
earity of a material is best described by its nonlinear polarization. The polarization
of a dielectric material can be expressed as:

P (t) = P
L + P

NL = ✏0(�
(1)

E(t) + �
(2)

E
2(t) + �

(3)
E

3(t) + ...) (2.31)

where P
L and P

NL are the linear and nonlinear terms of the induced polarization,
✏0 is the permittivity of free space, � is the linear medium susceptibility, �(2) and �

(3)



18 Theoretical background

are the second and third order nonlinear optical susceptibility of the medium, and
E(t) is the electric field expressed as:

E(t) = Ee
�i!t + c.c. (2.32)

In the following section, second harmonic generation, one of the second-order non-
linear optical processes, is described. The other second-order nonlinear optical pro-
cesses and third nonlinear optical processes are not presented since these are beyond
the focus of this thesis.

2.4.1 Second harmonic generation

Second harmonic generation occurs when a fundamental signal wave with a fre-
quency !1 and wavevector k1 = n1!1/c, where n1 is the refractive index, is an in-
cident to a material with a nonlinear dielectric coefficient and generates radiation
at the second harmonic frequency with a frequency !2 = 2!1 and a wavevector
2k1 [1, 69]. Fig. 2.9 shows the generation of the second harmonic schematically and
its description in terms of energy level. A nonlinear polarization P is created in the

Figure 2.9: Scheme of the second harmonic generation process (a) the geometry (b)
the energy level diagram, where the dashed lines represent virtual energy levels and
the solid line represents the atomic ground state

nonlinear crystal and has a dependence on the electric field of the fundamental sig-
nal wave described as:

P̃
(2)(t) = 2✏0�

(2)
EE

⇤ + (✏0�
(2)

E
2
e
�i2!t + c.c.) (2.33)

where ✏0 is the permittivity of free space, and �
(2) is the second order nonlinear

optical susceptibility of the medium. The conversion reaches maximum efficiency as
the difference of the wavevectors �k = k2 � 2k1 approaches 0. �k represents the
phase velocity mismatch between the driving polarization and the generated optical
wave, and phase matching occurs when this reaches zero [70]. Hence, the intensity
of a generated wave grows quadratically with traveled distance z. If �k 6= 0, and
knowing that I = 1/2n0✏0c|E|2, the intensity of the generated wave is expressed as:

I2! =
8d2eff!

2
2I

2

n2
!n2!✏0c

2
L
2
sinc

2(
�kL

2
) (2.34)
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Figure 2.10: Intensity of the generated wave as a function of phase mismatch

For a Gaussian beam, the second harmonic power is [70]:

P2! =
16⇡2

d
2
eff

✏0cn2!n!�
3
!

LP
2
!h(B, ⇠) (2.35)

where � is the fundamental wavelength, n is the average refractive index, L is the
length of the crystal, deff is the effective second order nonlinearity, and h(B, ⇠) is
the Boyd and Kleinman focusing parameter [71]. In the case of B = 0 (no walk-off),
the focusing parameter reach its maximum value ⇠ = 2.84.
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Chapter 3

Experimental setups

This thesis work is based mainly on applied, and in a small number of cases quantita-
tive, (computation) research. Most of the research questions described in section 1.2
are originated from the industry demand for compact, high-power, single-frequency
lasers. These, combined with a thorough study of the current state of the research
field, provided the basis of the hypotheses for potential solutions. Both an experi-
mental and a theoretical investigation were then carried out to evaluate the potential
solutions. This section will describe the experimental settings developed.

3.1 The design of the MOPA configurations and its
second harmonic setup

3.1.1 Design of the fiber amplifiers operating at near-IR

Different fiber amplifiers have been developed in this thesis work, all based on a
single-stage, master oscillator fiber amplifier design, of which schematic is presented
in Fig. 3.1. While the overall structure is nearly the same for all the MOPAs, they
differ in many aspects, including the operation mode of the seed laser, pumping di-
rection, and characteristics of the optical components.
More specifically, the MOPAs operating in pulsed mode (the one used in Papers I
and II) used a passive Q-switch diode-pumped solid-state laser (DPSSL) (provided
by Cobolt, Hübner Company) as a seed laser. The seed laser generates linearly po-
larized light with a polarization extinction ratio (PER) greater than 34 dB. The light
from the seed laser is coupled, with a coupling efficiency of more than 85%, in the
input fiber of a PM optical isolator (core/cladding diameter of 20/125 µm). The out-
put fiber of the isolator is then spliced to the input fiber of a tap coupler that in turn
is spliced to the input signal fiber of a PM optical combiner. The optical isolator is
used to protect the seed laser from the back reflections, and the tap coupler is used
to monitor the power that is backward propagated. In Paper II, the backward prop-
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agating signal was monitored from the free-spaced coupling, as shown in Fig. 3.1.
Only one fiber-coupled pump diode is spliced to the other input fiber of the com-
biner. The pump diode delivers a maximum power of 25 W. All of the active fibers
have a core/cladding diameter of 20/125 µm, except the Yb-doped phosphate fiber,
which has a core/cladding diameter of 20/176 µm. The end of the active fibers is
either angle-cleaved, or spliced to an antireflecting-coated endcap to avoid Fresnel’s
reflections. All the MOPAs that operate in pulsed mode use a forward pumping
scheme. The output pulse characteristics depend on the configuration of the seed
laser. Two different seed laser configurations are evaluated, and their characteristics
are shown in Table A.1 (in Appendix A). In Paper I, both configurations (I and II) are
evaluated, while in Paper II only configuration I of the seed laser is evaluated.
The MOPAs that operate in CW mode (those used in Papers III and IV) use a diode-

Figure 3.1: Schematics of the investigated single-frequency fiber amplifiers operat-
ing both in pulsed mode and CW using a forward and backward pumping scheme

pumped solid-state laser as a seed laser that operates in CW mode. The maximum
output power of the seed is 3 W. The pump diodes used in the CW fiber amplifier
are wavelength-stabilized and can deliver a maximum output power of 60 W.
In Paper IV, the seed laser operates in CW mode, similar to the forward pumping
scheme shown in Fig. 3.1, and the pump diode is modulated with a duty cycle of 1%
(pulse duration of 100 µs and pulse repetition rate of 100 Hz). The pump diode was
controlled by a high-power, compact laser driver (DAE-20050, Monocrom, Spain).

3.1.2 Extra-cavity, single-pass second harmonic generation

The output power generated from most of the fiber amplifiers operating at 1064 nm
has been frequency converted to 532 nm using an extra-cavity, single-pass scheme
and a single nonlinear crystal (see Fig. 3.2). The light from the fiber amplifier is
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collimated using a single collimating lens. A half-lambda plate is used to further
adjust the polarization, and a following lens is used to focus the beam in the middle
of the nonlinear crystal. Different nonlinear crystals are evaluated, the main char-
acteristics of which are listed in Table 3.1. The nonlinear crystals were positioned

Nonlinear Length (mm) Phase matching deff (pm/V ) Setup where
crystal temperature (�C) it was used
KTP 3x3x10 36 3 First seed conf. Pulsed MOPA
LBO 3x3x10 36 0.9 First seed conf. Pulsed MOPA

PPKTP 3 36 10 First seed conf. Pulsed MOPA
PPLN 5 43.5 16 CW MOPA
PPLN 10 36 16 QCW MOPA

Table 3.1: Main characteristics of the nonlinear crystals used in this thesis.

in a temperature-controlled oven to precisely adjust the temperature of the crystals
and optimize the temperature phase matching. When using LBO nonlinear crystal, a
xyz-translation stage was used to finely adjust the alignment. Three dichroic mirrors
were placed after the nonlinear crystal to remove the residual 1064 nm light from the
frequency-converted 532 nm light.

Figure 3.2: Schematic of the second harmonic generation using a single-pass, single
crystal structure

3.2 Strain distribution technique

A longitudinal tensile strain using a stair-ramp design is applied to the active fiber,
as it provides the highest SBS suppression [72] of the strain designs. Fig. 3.3 shows
a simplified scheme. The strain setup is constructed as a frame with five movable
fixtures gripping the fiber. The distances between the grips are incremental (see
Fig. 3.3, L1 < L2 < L3 < L4). The corresponding fiber sections L1 to L5 can be
determined as [73]:

zi = ↵iL ↵i =

r
i

N
(3.1)
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Figure 3.3: A simplified scheme of the tensile stair-ramp technique

where zi is the segment length for every segment, i = 1, 2, ..., N � 1, and ↵i is the
dimensionless fiber breakpoint. The Yb-doped fiber used in this investigation is a
Yb-doped fiber with a core/cladding diameter of 20/125 µm and an outer acrylic
coating. In this case, the amplifier fiber is forward pumped; hence, the maximum SBS
will be at the output end. Therefore, the highest strain is applied to this segment. The
amount of strain applied was less than 1.5% to prevent damage to the fiber. Different
methods have been used to grip the fiber at each segment, including metallic clamps
and UV-curable glues (reactive bisphenol epoxiharts glue and a UV-curable liquid
mix solution based on monomer and benzoyl peroxide).

3.3 Characterization setups

3.3.1 SBS characterisation: power and spectra measurement

The setup used to measure the SBS gain spectra is shown in Fig. 3.4. The SBS gain
spectral characteristics were investigated for different active fiber types and lengths,
different power levels, and applying strain in the active fiber.

The SBS power in the case of the pulsed MOPAs was measured in the backward
direction using the free-space coupling system (as shown in Fig. 3.1). Another way
to observe the onset of SBS is when the output pulses start to deform. In the CW
operating MOPAs, the SBS power was measured either from the tap coupler fiber
or from the input pump fiber of the combiner. The backward power has a linear
trend. The onset of the SBS is defined as the point when the power in the backward
direction increase exponentially with the launched pump power.
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Figure 3.4: Schematic of the SBS gain spectra measurement

3.3.2 Accelerated ageing of the Yb-doped fibers

Accelerated ageing measurements using the setup shown in Fig. 3.5 were done to
study the photodarkening of the active fibers. A fiber-coupled diode laser is spliced
to one of the input ports of a (2x1) coupler. The other input port of the coupler is

Figure 3.5: Schematic of the accelerated ageing measurements

connected to the UV-VIS spectrometer (Ocean Optics USB 2000+). The output port
fiber of the coupler is spliced to the fiber under test. The PD measurements rely on
saturating the population inversion of the active fiber to a flat and repeatable level
across the sample. Therefore, the fiber under test (FUT) is core pumped using a
pump diode (operating at 976 nm) to reach a uniform population inversion level of
⇠ 50% along the fiber length. The FUT is then spliced to a passive single cladding
fiber, which in turn is connected to a halogen light source (Ocean Optics). The latter
is connected to the computer via USB.
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3.3.3 Laser linewidth measurement via a delayed self-heterodyne
technique

A delayed self-heterodyne detection setup was used to measure the linewidth of
the seed laser operating in CW mode (the one used in Papers III, IV, and VI). A
schematic of the setup is shown in Fig. 3.6. 2x2 optical couplers, 50:50, were used

Figure 3.6: Schematic of the laser linewidth measurement using delayed self-
heterodyne detection

to split the laser light to the frequency shifter and to the fiber delay (Corning XB
optical fiber). For a laser linewidth broader than 10 kHz, the minimum calculated
fiber length delay is ⇠ 7 km; therefore, two different fiber lengths to delay the signal
were tested, 11 km and 23 km. A fiber polarization controller (Anritsu 3688PR15
Lefevre Loop Polarization State Controller) used to reestablish the polarization after
the long delay fiber was connected to the photodiode (FPD310; 10-1000 MHz), which
in turn was connected to the spectrum analyzer (Hameg HMS3000). The frequency
shifter used was a 200 MHz fiber-coupled modulator (Gooch Housego). All the
couplings between the components were optically spliced except between the po-
larization controller and the connection of the photodiode to the spectrum analyzer,
where FC/APC connectors were used.



Chapter 4

Results

This chapter presents the most important results related to the goals in section 1.2.
Some of these results have already been published, and some of them have been
further improved and presented here for their significant contribution to the aim of
the thesis.

4.1 Designing with sustainability in mind

The design aspect of the fiber amplifiers in this thesis work plays an important role,
and not just because it relates to the choice of components, structure, and methods
used to develop the fiber amplifier. The primary constraint (degree of freedom) for
the MOPA design was compactness, and the aim was to develop a more sustainable
single-frequency fiber amplifier with the smallest footprint possible. In this regard,
sustainability in the design of the MOPA means increasing the performance of the
fiber amplifier while maximizing compactness and simplicity and decreasing cost.

4.1.1 Compactness as an essential parameter to the design of
the fiber amplifier

Despite their importance, the concepts of compactness and simplicity have been lit-
tle conjugated, particularly in the single-frequency fiber amplifier, as they are contin-
gent (relative) concepts and hence difficult to define. To define them, it is important
to quantify some of the factors that affect them. In this regard, compactness can be
related to the volume of the fiber amplifier. One parameter that has a significant
impact and affects both the volume and the cost of the MOPA is the number of am-
plification stages used. Typically, the amplification stage in a MOPA consists of at
least four main components: an optical isolator, a beam combiner, a pump diode
(or diode modules), and the active fiber. The volume of the latter depends on the
fiber length and the core/cladding diameter used in the amplifier stage, which in
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turn determines the minimum coiling diameter of the gain fiber. Even discounting
the electronics needed to control the pump lasers, using more than one amplification
stage quickly increases component count and cost. This reveals that the number of
the amplification stages gives a good approximate measure of the overall system’s
size, complexity, and cost. Consequently, the most compact, cost-effective fiber am-
plifier is the one that consists of only one amplification stage. In an attempt to quan-
tify compactness in single-frequency MOPAs, thirty six demonstrations of single-
frequency, Yb-doped fiber amplifiers operating in CW [5,6,8,13,16,17,25,74–89] and
pulsed mode [9,90–101] have been classified with respect to the amplification stages,
as shown in Fig. 4.1. The laser linewidth range is delimitated from sub kHz to tens of
MHz for a (fair) reasonable comparison between the references since the SBS power
threshold increases with a broader laser linewidth.

In Fig. 4.1, the selected research works have been classified into five groups ac-
cording to their number of amplification stages; the cases in group I are amplifiers
developed using only one amplification stage, group two with two amplification
stages, and so on. The maximum output power (peak power in pulsed MOPAs) de-
pends further on the SBS mitigation technique used. The estimated cost is shown
in the case CW mode operating MOPA, also applies to the pulse mode operating
MOPA is calculated as a sum of the average price of each optical component in one
amplification stage.
In the CW mode operating MOPAs that fall in groups IV and V, high output power
levels are achieved by backward pumping specially designed fibers, such as pho-
tonic bandgap fibers (PBGF) [13, 80], nonuniform LMA fibers [75, 76], or tapered
LMA fibers [16,88]. Backward pumping is a simple and effective technique that does
not require additional components and combined with specially designed active
fibers, significantly increases the SBS threshold. It induces a temperature gradient in
the fiber through the propagation of intense pump light, which is partly converted
into heat [76]. In Brillouin scattering, the phonons are thermally activated, and hence
SBS gain bandwidth and its frequency shift depend on temperature. Stokes-shifted
photons generated at one location along the fiber are therefore not amplified by SBS
or are amplified less efficiently with respect to the forward-pumping scheme [77].
Tapering of LMA active fibers is an interesting SBS mitigation technique widely used
in pulse operating MOPAs. The change of the core radius through a tapered fiber re-
duces the Brillouin gain and hence increases the SBS threshold [102]. This technique
applied to a highly Yb-doped fiber can give rise to pulse energies beyond the mJ
range [91] and output power as high as 550 W [16, 88] in CW MOPAs. It is worth
mentioning that apart from the improvements of the last decade in the tapering of
active fiber, the manufacturing process is still very demanding, having a significant
impact on the cost of the system. Therefore, despite their efficiency in mitigating
SBS, using special structure design active fibers increases fabrication complexity and
usually results in relatively large coiling diameters, up to 56 cm in the case of PBGF
and straight fibers in the case of tapering. This makes them less desirable to use in
compact SF MOPAs. Hence, using standard step-index active fiber developed by a
mature technology can be more beneficial in many respects. Taking a closer look
at the MOPAs that can be considered compact, those that fall in groups I and II, an
interesting observation is that high output power levels are achieved when using a
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Figure 4.1: Selected works on Yb-doped single-frequency fiber amplifiers (a) operat-
ing in CW mode (b) operating in pulse mode
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DPSSL as seed laser. Moreover, applying more than one additional SBS mitigation
technique to highly Yb-doped fibers is crucial.
This classification helps not only to position the results of this thesis with respect to
the state of the art but is also useful to set the guidelines for power scaling single-
frequency fiber amplifiers compactly. To this end, using a DPSSL as a seed laser com-
bined with highly Yb-doped fibers with relatively small core/cladding diameters in
only one amplification stage of a fiber amplifier appears to be the best approach. The
highly Yb-doped fibers make it possible to use a very short active fiber coiled in a
tight radius (4 cm in the amplifier) such that the packaged fiber amplifier developed
is one of the most compact reported to date (⇠ 600 cm3), as shown in Fig. 4.2.

Figure 4.2: Photograph of an example housing for the amplification module used in
the forward pumped, CW operating MOPA showing (a) a side view and (b) a top
view without the covering plate

4.1.2 Extending the active bandwidth of the fiber amplifier from
near-IR to visible range

To extend the active bandwidth of the near-IR fiber amplifiers toward the visible
light spectrum, the second harmonic generation was performed using different non-
linear crystals in an external, single-pass, single-crystal scheme, which preserves the
simplicity and compactness of the original setup. In the MOPAs’ operating in pulse
mode (with ns pulse duration), due to the high peak power levels, nonlinear crystals
with a high-power damage threshold have been used. The main characteristics of
the crystals used for frequency conversion are shown in table 3.1. In Fig. 4.3(a) is
shown the output peak power generated at 532 nm as a function of the fundamental
peak power for a 10-mm LBO crystal (Crystal Laser SA). The crystal has a damage
threshold > 10 J/cm2 for 10-ns pulses. Fig. 4.3(b) shows the output peak power at
532 nm as a function of the fundamental peak power in the case a 10-mm KTP non-
linear crystal, type II (Altechna).

The difference in output power at 532 nm was expected due to the difference in
the nonlinear coefficient of the two crystals. Using LBO, it was possible to achieve a
maximum peak power/pulse energy of 0.49 kW/6 µJ, corresponding to a conversion
efficiency of 6.7%. In the case of KTP, the maximum peak power/pulse energy was
1.44 kW/12.96 µJ, corresponding to a conversion efficiency of 22.4%. The saturation
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Figure 4.3: Output peak power at 532 nm as a function of fundamental peak power
of the pulsed operating MOPA using (a) a 10-mm LBO nonlinear crystal (b) a 10-mm
KTP nonlinear crystal
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Figure 4.4: (a) Normalized output power at 532 nm as a function of temperature
in the case of a 3-mm PPKTP nonlinear crystal and a 5-mm MgO:PPLN nonlinear
crystal and (b) Output power at 532 nm and conversion efficiency as a function of
the fundamental power for different focusing parameters using a 5-mm MgO:PPLN
nonlinear crystal
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of the efficiency in the case of the KTP nonlinear crystal shows the presence of ther-
mal issues.
In CW mode, nonlinear crystals such as KTP, PPKTP, and PPLN were used, and their
main characteristics are shown in Table 3.1. As shown in Fig. 4.4(a), the temperature
acceptance bandwidth for the 3-mm PPKTP nonlinear crystal and the 5-mm PPLN
crystal are 16 �C and 7 �C respectively. The maximum output power at 532 nm and
conversion efficiency was achieved using the 5-mm MgO:PPLN nonlinear crystal.
For this nonlinear crystal, different focusing parameters were used, as shown in Fig.
4.4(b). By increasing the focusing parameter above the optimal value (⇠ ⇡ 2.84),
it was possible to achieve output power of 3.7 W. The saturation of the conversion
efficiency is a sign of high thermal load generation in the nonlinear crystal.

4.2 Compact SBS suppressing methods

The following subsections will present the results obtained using compact SBS sup-
pression techniques for pulse and CW operating MOPAs.

4.2.1 Stair-ramp tensile technique

The tensile strain was implemented in a 20/125 µm Yb-doped fiber. By applying dif-
ferent strains along the fiber, the center frequency of the Brillouin gain in each fiber
segment will be different, preventing its amplification. As a result, the SBS power
threshold will increase. The strain setup is described in section 3.3.1. In Fig. 4.5, the
output peak power achieved with and without applying strain as a function of the
launched pump power is shown.
Fig. 4.5(a) shows the results for the strain in the fiber applied to 7 segments (as is

shown in Paper I) and using metallic clamps to grip the fiber for a total Yb-doped
fiber length of 35 cm. By applying strain, the pulse energy increased by ⇠ 3-4 times,
meaning an increase in the SBS power threshold of ⇠ 4 and ⇠ 6 dB when using the
seed in configurations I and II respectively. Gripping the fibers using metallic clamps
is not an optimum solution, especially for fibers with high NA, due to their sensitiv-
ity to external stress. Moreover, it was noticed that strain relaxed over time.
The results presented in Paper I were improved using a UV-curable glue as a grip-
ping method, which increased the SBS power threshold by 8 dB. Fig. 4.5(b) shows
the results obtained with a 42 cm long Yb-doped fiber by applying a total of 3 mm
of strain in 5 segments. A 24 h time duration test showed that the strain is not pre-
served over time even when using this gripping technique. Gluing the fiber at an
uncoated point increased the lifetime of the strain, but on the other hand it decreased
the amount of strain that could be applied to the fiber. The maximum strain applied
in this case before the fiber broke was 0.4%. This is a low strain value and could be
explained by a possible micro-crack in the cladding caused during the stripping of
the fiber coating. Moreover, although the fiber slides less easily, the uncoated fiber
can degrade with time as it is exposed to humidity.
The SBS was further studied by monitoring the Brillouin gain spectrum, using the
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Figure 4.5: Performance of the fiber amplifier using a tensile stair-ramp technique (a)
7 segments in a 35 cm long Yb-doped 20/125 µm fiber using metallic clamps to grip
the fiber, (b) 5 segments in a 42 cm long Yb-doped 20/125 µm fiber using UV-curable
glue to grip the fiber
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setup described in section 3.3.1, when applying strain to the different active fibers.
Fig. In Fig. 4.6 shows the Brillouin gain spectra when applying different strain to 1.5
m of a Yb-doped fiber with a core/cladding diameter of 7/125 µm.

In this case, a uniform strain was applied to the fiber, which was gripped at two

Figure 4.6: Brillouin gain spectra as a function of the tensile strain applied to a 1.5
m long Yb-doped fiber

points near the fiber input and output end. It can be seen that by applying a maxi-
mum strain of 0.27%, the peak at 16.17 GHz is shifted over 270 MHz. The Brillouin
peak at 15.87 GHz is the Brillouin gain peak related to the fibers used in the measur-
ing setup (as shown in Fig. 3.4). The fiber under test shows a Brillouin gain peak at
16.17 GHz when no strain is applied. By applying strain to the fiber, the peak shifted
to the right with a strain coefficient of the Brillouin frequency (�) of 1.1 GHz/% cal-
culated based on:

� =
�⌫B

�⇠
�⇠ = 100

�L

L
(4.1)

where ⌫B is the Brillouin gain frequency shift, �⇠ it the amount of strain expressed in
%, �L is the fiber elongation due to strain, and L is the fiber length before strain.
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4.2.2 Highly Yb-doped fibers as a means to suppress SBS

The SBS power threshold is inversely proportional to the fiber length; therefore the
use of highly Yb-doped fibers allowed for using a short active fiber length. Different
Yb-doped silica and phosphate fibers with a high Yb3+ doping concentration have
therefore been used. The main characteristics of the all the fibers evaluated in this
thesis are shown in Table 4.1.
Fig. 4.7 shows the peak output power as a function of the launched pump power

Fiber Core/cladding PM Core NA Pump/core Setup in which
name diameter (µm) absorption (dB/m) it was used
Fiber A 20/125 No 0.11 ⇠36/ 1310 Paper I
Fiber B 7.5/125 Yes 0.11 -/ 1290 SBS gain spectra meas.
Fiber C 20/176 No 0.06 ⇠ 48/ 3730 fibre II in Paper II
Fiber D 20/125 Yes 0.08 ⇠ 25/1015 fiber I in paper II
Fiber E 10/125 Yes 0.08 6.5/ 1015 fiber I in Paper III

fiber II in Paper IV and
Paper VI

Fiber F 15/130 Yes 0.08 5.7 dB/ 428 fiber II in Paper III and
fiber III in Paper IV

Fiber G 15/125 Yes 0.082 19.2 dB/ 1300 fiber III in Paper III
fiber I in Paper IV

Fiber H 20/125 No - -/ ⇠ 1080 fiber IV in Paper IV
Fiber I 20/125 No - -/ ⇠ 1400 fiber V in Paper IV

Table 4.1: Main characteristics of the Yb-doped fibers used in this thesis.

using different lengths of custom-made Yb-doped phosphate fiber (used in Paper II),
namely fiber C. The SBS was measured in the opposite direction to that of the propa-
gation of the signal. The onset of SBS is determined as the point when the measured
backward propagated power increases exponentially with respect to the launched
pump power. When the MOPA operates in pulse mode, the onset of SBS can also be
noticed by observing the output pulses, which start to deform, and present narrow
spikes as shown in inset in Fig. 4.7.
Using this custom-made fiber, it was possible to achieve an SBS-free peak output power of

12 kW using a fiber length of only 20 cm, slightly more than half the fiber length needed
to achieve the same results with the commercially available silica fiber with the highest con-
centration of Yb-ions. The available pump power limited the results; hence, further power
scaling for this length is possible, demonstrating an SBS suppression capacity of more than
3 dB.
For the fiber amplifiers operating in CW mode, both commercially available and
custom-made highly Yb-doped silica-based fibers were used. Fibers with core di-
ameters of 10 µm and 15 µm and a cladding diameter of 125 µm were investigated.
Figs. 4.8 and 4.9 show the output power as a function of the launched pump power
for different lengths of fibers E, F, and G. In the case of the forward pumped MOPA
using fiber E with a core diameter of 10 µm, SBS limited the output power. The max-
imum output power with no sign of SBS was 48.3 W. Using fibers with a larger core
diameter of 15 µm increased the SBS power threshold, allowing for a higher output
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Figure 4.7: Output peak power as a function of launched pump power for different
lengths of fiber C, used in Paper II

Figure 4.8: Output power as a function of launched pump power for different Yb-
doped silica-based fibers with a core/cladding diameter of 10/125 µm
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Figure 4.9: Output power as a function of launched pump power for different Yb-
doped silica-based fibers with a core/cladding diameter of 15/125 µm

power of 74 W and 82 W, and SBS suppression of 1.9 dB and 2.3 dB for fibers F and G
respectively. The different output power values are related to the different amounts
of Yb doping, since fiber G has a cladding absorption three times higher than that
of fiber F. In both cases, the available pump power limited the output power; hence,
further power scaling for these fiber lengths is possible, which could allow for SBS
suppression up to 3 dB, especially using fiber G.
In contrast, in the case of the backward pumped MOPA, as shown in Fig. 4.9, the
maximum output power was limited by SBS for both fiber E and F, at 33 W and
58 W respectively. The maximum achievable output power when using fiber E in
the backward pumped MOPA was more than 30% lower due to the contribution of
the combiner’s passive fiber to the total SBS. However, by using fiber F instead of
fiber E, the onset of SBS was increased by 2.4 dB. Fiber G allowed for using a very
short Yb-doped fiber length of 1 m and a maximum SBS-free output power of 81.5
W, which corresponds to an SBS suppression of ⇠ 4 dB compared to fiber E. The
available pump power limited output power; hence, further power scaling for these
fiber lengths is possible to output power up to 100 W, allowing for SBS suppression
up to 4 dB.

Accelerated ageing measurements

Accelerated ageing measurements, as shown in Fig. 4.10, were performed in dif-
ferent highly Yb-doped fibers, providing important information on the lifetime op-
eration of the MOPA in which they perform. Fig. 4.10(a) shows the importance of
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the Ce3+/Yb3+ ratio on the reduction of PD, which is optimized when this ratio
approaches or exceeds unity, as in the case of fiber H. Fig. 4.10(b) shows the accel-
erated ageing measurements of the fibers under test (FUT) in Papers III and IV. The
induced core losses are measured at 600 nm, which are proportional to the induced
core losses at 1064 nm by a factor of 80-100 [56]. Fig. 4.10(a) shows the importance

Figure 4.10: Core loss induced at 600 nm by photo-darkening measured (a) in three
fibers with similar Yb concentrations but different Ce/Yb ratios, and (b) in the three
fibers used in the MOPA from Papers III and IV

of the Ce3+/Yb3+ ratio on the reduction of PD, which is optimized when this ratio
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approaches or exceeds unity, as in the case of fiber H. Fig. 4.10(b) shows the accel-
erated ageing measurements of the fibers under test (FUT) in Papers III and IV. The
induced core losses are measured at 600 nm, which are proportional to the induced
core losses at 1064 nm by a factor of 80-100 [56].

4.3 Thermal load generation

The thermal load generation in the fiber becomes an issue when the high output
power is achieved by means of a short length of highly Yb-doped fibers. The cooling
technique used for the active fiber was conduction; the numerical predictions of the
temperature change using commercial and custom-made fibers were made as shown
in Fig. 4.11. This demonstrates that thermal load generation is not the primary lim-
itation so far for the power levels achieved by the CW operating MOPAs. However,
this will occur for a launched pump power output power of 677 W, 715 W, and 200
W, which corresponds to an output power in the range of 507 W, 536 W, and 150 W
in the case of fiber E, F, and G, respectively.

Figure 4.11: The coating temperature increase as a function of launched pump
power for different Yb-doped silica-based fibers. The maximum temperature in-
crease, respect to the surrounding, of the coating that allows for a long-term reliabil-
ity is 63 K
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Anti-Stokes fluorescence cooling

Water cooling would ensure better cooling efficiency but is bulky. Anti-Stokes fluo-
rescence cooling is a prominent method for compact cooling that has already been
demonstrated in active fibers, radiation balance lasers, and fiber amplifiers [103–
105]. For cooling to occur, the pump energy needs to be lower than the mean flu-
orescence energy; therefore, the choice of a fiber host with optimized parameters is
crucial, as shown in Paper V. When the absorptive loss is negligible, the maximum
heat extraction per unit length is expressed as [106]:

(
dQ

dt
)max = (

⌧rad

⌧(N0)
h⌫p � hhvf i)

�
a
p

�a
p + �e

p

⇡a
2

⌧rad
N0 (4.2)

where ⌧rad is the radiative lifetime, ⌧(N0) is the concentration-dependent lifetime,
�
a
p and �

e
p are the pump absorption and emission cross sections, and N0 is the dop-

ing concentration. Therefore, it is preferable to have a large core area, high doping
concentration and ⌧rad/⌧(N0) ⇡ 1.
To this end, the performance of Anti-Stokes fluorescence cooling was explored, al-
though only theoretically. By analyzing various host compositions (telluride, fluo-
rozirconates, fluorophosphate, phosphates, and chalcogenides) doped with Yb3+ or
Er3+ and using a published model (expression), it was possible to calculate the max-
imum heat that could be extracted per unit length and time from a single-mode fiber,
within the limits of negligible absorptive loss and the associated cooling efficiency.
The cooling efficiency is almost twice as high for Er3+ (average of 3.8%) as for Yb3+

(average of 2.2%) due to the larger gap between the pump and mean fluorescence
energy in Er3+. The highest extractable heat for Yb3+ is achieved in phosphate (-51.5
mW/m) and in chalcogenide for Er3+ (-10.3 mW/m).

QCW mode operation

Heat dissipation is essential not only to the active fiber but also to other optical com-
ponents such as the pump diode and nonlinear crystal (in SHG). Therefore, the fiber
amplifier was operated in a quasi-CW mode to minimize the thermal load generation
in the pump diode, active fiber, and nonlinear crystal. In this way, it was possible
to achieve a reasonable efficiency conversion of 20%, as shown in Fig. 4.12, and
achievable previously unattainable output pulse energy values for a 10-mm PPLN
nonlinear crystal.
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Figure 4.12: 10-mm MgO:PPLN crystal evaluated in a QCW operating MOPA (a)
Temperature phase matching, (b) Output peak power at 532 nm as a function of the
fundamental peak power for different focusing parameters
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Discussion

To achieve high output power in highly compact, single-frequency Yb-doped laser
sources, and amplifying architecture is needed and should strike a balance between
laser performance and a small footprint. As described in section 2.2, a number of
different structures can satisfy the first requirement, whereas only a few can provide
amplification in a compact format. Although output power levels of 220 W have
been demonstrated using injection locking [39], this technique is limited to CW mode
operation, and its dependence on locking electronics makes it less appealing. On the
other hand, even though using a MOPA gives the best outcome in terms of compact-
ness, especially in a single-stage amplification, it only provides good performance
up to a certain power level, beyond which it encounters power scaling limitations.
Hence, coherent beam combining is better as a complement to the power scaling of
the MOPA rather than an alternative solution. Therefore, the power optimization of
the MOPA is crucial in both scenarios, either operating as a stand-alone laser source
or as a seed source for coherent beam combining.
Knowing that different kinds of sources as described in Sec. 2.1 can generate single
frequencies, diode-pumped solid-state lasers (DPSSL) offer a good trade-off between
output power, compactness, stability, and a narrow laser linewidth. A fiber laser al-
lows good beam quality and lower noise levels; however, the output power is lower
than that of a DPSSL, hence it requires more than one amplification stage. On the
other hand, semiconductor lasers are much cheaper and more compact than fiber
lasers and DPSSLs but fall behind in terms of beam quality and output power. The
cost of DPSSLs remains a downside. However, the power optimization of MOPAs is
achieved when using an already high-powered seed laser. If the amplification stage
is designed compactly, its high performance can compensate for the cost of the seed
laser. Therefore, the fiber amplifier must consist of as few components as possible,
preferably using only one amplification stage.
The power limitation faced in a single-stage, single-frequency MOPA is closely re-
lated to SBS generation. Among the many SBS suppression techniques, strain distri-
bution is a good candidate because it is highly efficient (⇡ 8 dB) and does not require
additional electronics components. The demonstration of this mitigation technique
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in the literature is mostly in long passive fibers (hundreds of m to km) [10, 72, 107]
and in a few cases in active fibers (tens of meters) [8]. It may seem obvious that the
efficiency of the strain distribution technique depends mainly on the number of seg-
ments used to apply the strain; in other words, efficiency increases with fiber length.
However, even though this work uses short active fibers, up to 42 cm in length, SBS of
8.3 dB was achieved, which is among the highest SBS suppression values reported so far for
a distribution strain technique [72]. The maximum achievable SBS suppression also
depends on the unstrained fiber length, which in this case, given that the total fiber
length is short, was comparable to the strained one. Moreover, the control of the
amount of strain with time has a considerable impact on the efficiency of this tech-
nique. In this regard, the use of UV-curable glue provided a better gripping method
than metallic clamps, and resulted in SBS suppression of ⇡ 5 dB, as shown in Paper
I. However, it was observed that the strain was not preserved with time due to the
gliding of the fiber. Although it is a known disadvantage, no data have so far been
reported, to the best of the author’s knowledge. Gripping points on an uncoated
fiber can improve the gripping stability at the cost of lower strain. Another chal-
lenge of this technique is to apply strain to the optical fiber in a controlled way while
coiling it.
On the other hand, using heavily Yb-doped fiber may seem simple, but it also presents
challenges related to the concentration of the dopants, fabrication method, and ther-
mal load generation, especially when dealing with high power single-frequency
light. In this regard, this thesis work succeeds in demonstrating a high power MOPA
in only one amplification stage both for CW and pulse mode operation at the near-
IR and visible ranges. This was made possible partly by combining the highly Yb-
doped fibers with the most suitable MOPA design and operation mode. For example,
the forward pumped pulsed MOPA, considering the high beam intensity and high
population inversion of this operational mode, may represent a worse scenario for
the custom-made highly Yb-doped silica fiber presented in Paper IV than for the
highly Yb-doped phosphate fiber presented in Paper II. This is because phosphate-
based fibers exhibit much weaker photodarkening losses [108] and have an SBS gain
coefficient 50% lower than that of the silica host [109], making this host more ap-
propriate than silica-based fibers in this case. Thanks to its high solubility of rare-
earth-ions (RE-ions) and weak ion-ion interactions [110, 111], it can be doped with
large amounts of RE-ions (up to 1021 ions cm�3) without clustering [112, 113]. As a
result, using a custom-made Yb-doped phosphate fiber resulted in peak output power of 11.7
kW, achieved using a length of only 20 cm with no sign of SBS, the highest peak power per
meter demonstrated so far in a single-frequency MOPA to the best of the author’s knowl-
edge. Despite this outstanding result, there is substantial scope for improving this
custom-made Yb-doped phosphate fiber. The major bottleneck is its low glass tran-
sition temperature (⇡ 500 �C), which makes the splicing process between phosphate
and silica fibers, and hence its integration in a laser system, challenging. Several
studies have successfully addressed some of these limitations in developing perfor-
mant laser sources [114] using standard and PM phosphate fibers [97]. Moreover,
its background losses (⇡1 dB/m in [90]), which are impressive for a phosphate host
but far from equal to silica, make it less appropriate for a CW operating MOPA as it
requires a longer fiber length.
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Although the background losses are considerably lower in silica host fibers, less than
0.01 dB/m, achieving a good beam quality in a small core highly Yb-doped fiber is
not trivial. This is partly because of the limited concentration of RE-ions achievable
in a silica glass matrix (⇡ 0.6 mol% Yb2O3) while avoiding the clustering effect [115]
and partly because of the presence of photodarkening. It is known that the latter
is suppressed by the presence of Ce3+ [116]. PD suppression reached its maximum
when the ratio Yb3+/Ce3+ approached or exceeded unity [117]. Phosphor (P) is an-
other co-dopant that can be used to suppress PD, but it decreases the absorption and
emission cross sections. The downside of adding Ce3+ and P is their effect of increas-
ing the refractive index. Therefore, co-doping with fluor (F) and Boron (B) helps to
control the refractive index by counteracting the effects of Ce and P. However, an
alternative approach, although still not trivial, is to add equal concentration levels of
P- and Al-co-dopants in the glass. This is a known technique to reduce the refractive
index and compensate the index from the RE-ions [117]. The custom Yb-doped silica
fiber used in Papers III and IV overcomes a significant part of these challenges, in-
creasing the SBS power threshold by reducing the active fiber length by up to three
times compared to a commercially available highly Yb-doped fiber while deliver-
ing good beam quality. As a result, output power up to 80 W was demonstrated
in a single-stage CW MOPA. However, photodarkening loss is not completely sup-
pressed in this fiber. The CW MOPA demonstrated in Paper IV shows that the PD
decreased output power by 20% due to the low population inversion in the case of
backward pumping. Based on numerical calculation of the SBS power threshold, it
is possible to achieve output power up to 100 W in CW mode, resulting in 2.4 dB
SBS power suppression. The SBS suppression can be further improved by using the
thermal gradient technique on the amplifier fiber, which has recently been demon-
strated to have the capability to suppress SBS by ⇡3 dB [118].
However, as much as SBS can be suppressed using highly Yb-doped fiber, thermal
load generation will limit the output power. The quantum defect, which is the en-
ergy difference between the pump photon and signal photon, causes most of it. Opti-
mizing the cooling of the active fiber, preferably compactly, will minimize this effect
to a certain degree. Other methods could also be beneficial, such as ASF cooling,
which, as has been recently demonstrated, has potential in radiation-balanced fiber
lasers [119].
Undesirable thermal load generation manifested in other optical components, such
as nonlinear crystals, during the attempts to extend the features of the MOPAs in
the visible range. This depends on the material proprieties of the nonlinear crystal
(nonlinear coefficient and conductance), mode operation of the fundamental power
(peak power), and focusing parameters (peak intensity). Therefore, it is essential to
choose a good combination of these parameters that strikes a balance between high-
efficiency conversion and low thermal load generation. The KTP crystal has a rel-
atively high damage threshold, can be non-critically phase-matched, is (relatively)
non-temperature dependent, and is efficient. LBO, on the other hand, needs to be
critically phase matched. Its low nonlinear coefficient requires crystals longer than
20 mm to achieve high efficiency. Despite its downsides, LBO has a considerable ad-
vantage over KTP, which has a very low damage threshold. Although it adds to the
system’s complexity (needing precision alignment), it allows high SH powers to be
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achieved with a very low beam diameter. KTP is also used at high power; however,
the beam quality achieved with this type of crystal is inferior to LBO. In the pulsed
operating MOPA (with pulse duration of ns), peak power is high, hence using LBO
and KTP nonlinear crystal can be beneficial, as shown in section 4.1.2.
In CW mode operation, the power and efficiency of the nonlinear crystal are low;
therefore, the use of periodically poled crystals is more favorable due to their high
nonlinear coefficient. The conversion efficiency is still limited by thermal effects.
Operating the MOPA in QCW mode is a compromise that provides high conversion
efficiency with low thermal loads even for low conductance nonlinear crystals such
as MgO:PPLN, as presented in Paper VI. Despite everything mentioned above, the
fundamental power has not been fully used in any of the SHG attempts; a double
crystal scheme would improve conversion efficiency, further increasing the useful-
ness of this laser source for applications in the visible and UV spectra, such as remote
Raman spectroscopy.

5.1 Social and ethical consideration

Environmental impact

Environmental impact is very important for the conducted research work, the main
focus of which is developing a low footprint fiber amplifier with the minimum pos-
sible environmental impact. This has been achieved through efforts to overcome the
challenges presented by the need for compactness in the MOPA design and mini-
mizing the number of components used in the MOPA as much as possible while still
achieving high performance.

Ethical aspects

The research work conducted in this thesis does not involve human participation;
hence no consent of participation has been attained. However, other ethical aspects
have been considered. The methodology has been described to guarantee reliability
and the work has been reported and communicated in a transparent and unbiased
way. Accountability has been ensured for the majority of the publication, from the
research idea to publication, and where possible open access publishing has been
supported.

Societal impact

The research findings reported here will have a significant, albeit indirect, positive
impact on society by improving the performance of single-frequency laser sources in
all their applications.
Since a core component of the research is based on the use of RE-ions, an aspect
worth reflection on is the total dependency of all the research has on China. The
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latter dominates the rare earth production (owing 98 %). During the last year, the
Pentagon’s outstanding grants were awarded to MP Materials, which is the largest
RE-elements mines in the US, lightning up this scenario that hopefully will bring
new actors in the RE-ions production.
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Chapter 6

Conclusions

The research presented in this thesis and the contributory Papers I-VI show the pos-
sibility of suppressing SBS within a compact form factor, allowing the realization
of high-performance single-frequency, single-stage fiber amplifiers. Thermal load
management and different SBS mitigation approaches such as strain distribution
techniques, the use of highly Yb-doped silica and phosphate-based fibers, have been
investigated. In this thesis work, the suppression of SBS by a maximum of ⇡ 8 dB
was demonstrated through the use of tensile strain technique. The experimental
work shows that it is a challenge to control the amount of tensile strain due to its re-
laxation with time, hence the use of highly Yb-doped fibers was exploited. By using
a custom-made highly Yb-doped phosphate fiber in a pulse mode operating MOPA,
it was possible to suppress the SBS by more than 3 dB and achieve a peak output
power of 12 kW. To the best of the author’s knowledge, this power level was demon-
strated for the first time in a single amplification stage of a MOPA operating at 1 µm.
This kind of laser source could be very useful for applications such as LIDAR, LIBS,
and nonlinear conversion.
The use of highly Yb-doped silica fibers made it possible to develop very small
MOPAs, a little over 600 cm3 compared to 10,000-25,000 cm3 [120,121]for commercial
laser heads of comparable power. Achieving high output power in highly Yb-doped
fibers (phosphate and silica based) increased interest in further investigating ther-
mal load generation. Theoretical calculations showed that high thermal load will be
a power scaling limitation at higher launched pump powers than the one used in the
CW mode operating MOPAs presented in this thesis. Therefore, the research was
oriented toward the investigation of techniques that can remove heat from the am-
plifier fiber such as anti-Stokes fluorescent cooling. This showed that the efficiency
of Yb-doped phosphate fiber is higher with respect to the other hosts studied. The
recent achievement of ASF cooling in Yb-doped silica fibers demonstrates that this
technique can be used to remove heat even in Yb-doped fiber amplifiers [105]. In
a post evaluation, the research would benefit from an experimental investigation of
the thermal load generated in the amplifier fiber.
Frequency conversion is an important application for single-frequency lasers. The
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results obtained with the MOPA operating at 1064 nm have therefore been converted
to the visible range. In this regard, considering the thermal load generation in the
nonlinear crystal, QCW operation has been implemented to increase the efficiency
of a 10-mm MgO:PPLN nonlinear crystal.
Although the methods used in this thesis work are well known in the literature, the
particular case studies are unique and generated results that break several perfor-
mance records for low footprint MOPAs. These investigations are particularly timely and
necessary given the large number of applications that require high-power, single-frequency
laser sources in much more compact form factors than are currently available.

6.1 Future works

The primary focus of this thesis has been the development of a compact single-
frequency MOPA and the understanding of the undesirable effects of such a con-
strained MOPA design. The MOPAs have been characterized mostly in terms of
output power and spectral characteristics. This thesis has not tackled noise charac-
terization, presenting an opportunity for interesting future investigations. Nonethe-
less, all the developed MOPAs are very compact and use a low noise seed laser, a
relatively short fiber length, and only one amplification stage. Hence, the additional
noise level and laser line broadening are not expected to have a significant degrada-
tional effect on the noise characteristics of the master oscillator used in the MOPAs.
Another interesting potential investigation is a spectral characterization of the SBS
gain in the high-power MOPAs. This measurement exists in the literature in MOPAs
using silica fiber [122], but data on phosphate fiber-based MOPAs are scarce.
Part of any possible future work is strictly related to further improving the MOPA
features presented in these publications. Specifically, the improvement of the per-
formance of the MOPA can be possible by further improving the amplifiers’ fiber
design. In this regard, implementing a double-cladding structure, for the phosphate
fiber investigated in Paper II, in particular an all-glass double-cladding structure,
i.e., without the use of any polymer for the second cladding, would also be benefi-
cial for efficiently exploiting the pump power through the fiber. Phosphate glasses
allow a much higher compositional flexibility compared to silica, which enables the
realization of a high NA for the first cladding (up to 0.46), thus avoiding the use of
polymers, which intrinsically display a much poorer thermal stability than glasses.
Furthermore, improving the splicing process and cooling will lead to higher peak
output power without additional amplification stages. In Papers III and IV, the Yb-
doped fiber dopant concentration can be further improved by adding more Ce and
adjusting the other co-dopant to reach a nearly PD-free fiber while maintaining the
single-mode features. In Paper VI, the performance of the MOPA in the near-IR is
achieved using a PM Yb-doped fiber with a higher Yb-concentration than used in the
article, which is now available. The use of two pump diodes and their modulation
with a higher duty cycle will improve the achieved results, hence increase the output
power in the visible range. Moreover, the use of a longer NL crystal or double crystal
in a single-pass scheme will increase the efficiency of the SHG.
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Appendix A

Appendix 1

A.1 Master Oscillator characteristics

The seed lasers used in this thesis are provided by Cobolt AB (a part of Hübner
Group Photonics) and operate at 1064 nm in pulse mode and CW mode as shown
in Fig. A.1.a and Fig. A.1.b, respectively. The high-finesse laser cavity is an unidi-
rectional ring cavity with three cavity mirrors, which constitute a triangle with two
sides of equal length. The intra-cavity field at 1064 nm rotates anticlockwise around
the cavity perimeter; the cavity length is approximately 50 mm and is pumped by
two laser diodes at 808 nm with a maximum attainable output power level up to 4
W. The laser crystal is Nd:YAG with a dopant level of 1% and a length of 3 mm. An
optical isolator was inserted in the cavity to force the laser to run unidirectionally.
A Cr:YAG crystal was inserted, in the pulse operating laser, acting as a passive Q-
switch. In this configuration, the seed laser generates transform limited pulses aver-
age output power of up to 1 W and a polarization extinction ratio (PER) higher than
30 dB. For the pulse operating laser, two configurations of the seed laser has been

(a) (b)

Figure A.1: Scheme of the seed lasers operating in (a) pulse mode and (b) CW mode

evaluated, that differ from each other by the transmission of the saturable absorber
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in configuration I and II, namely 80 % and 90 %, respectively. The main character-
istics for each configuration are shown in table A.1. Evaluating two different seed
configurations allows for different SBS threshold power due to the different laser
linewidth. Configuration I has a frequency repetition rate of 19.1 kHz and a maxi-
mum pulse duration of 10.5 ns. Given that the time-bandwidth product (the product
of the pulse duration and the laser spectral width) in a Gaussian beam is ⇡ 0.44, in
the configuration I, the spectral linewidth of the laser is supposed to be ⇡ 41 MHz,
allowing for a higher SBS threshold. The average power for this configuration is
lower than in configuration II, but the peak power and pulse energy, on the other
hand, is higher. In configuration II, the repetition rate is 52.5 kHz, and pulse dura-
tion is 43 ns allowing for a narrower laser spectral linewidth of ⇡ 10 MHz and hence
a more coherent laser to the price of a lower SBS threshold and lower peak power.

Laser Cr:YAG Max. average Rep. rate Pulse Pulse Peak
configuration absorber (%) power (W) (kHz) duration (ns) energy (µJ) power (kW)

I 80 2070 19.1 9-10.5 70-108 7-12
II 90 2160 52.5 28-43 25-41 0.6-1.4

Table A.1: Main characteristics of the different configurations of the passively Q-
switched seed laser.


