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Abstract 

This thesis contains the results of research in the fields of spectral control, efficiency and 
lifetime of high-power, rare-earth doped fiber lasers, properties which are of great 
importance for scientific and industrial applications. Volume Bragg gratings (VBGs) has for 
the first time been used together with fiber lasers and the laser performance in terms of 
spectral purity, thermal stability, and tunability was evaluated. It was found that VBGs are 
an excellent high-contrast spectral filter for many fiber laser designs where bulk optics are 
necessary, or for speciality fibers such as photonic crystal fibers or large-mode area fibers. It 
is also shown that they work equally well in low power and very high-power configurations, 
i.e. for fiber lasers ranging three orders of magnitude in output power, from ~100 mW to > 
100 W. Furthermore, VBGs are shown to work very well as tunable spectral filters, 
producing a narrow emission linewidth in a compact setup. 

Concerning efficiency, it was shown how cryogenic cooling of the fiber gain-media 
substantially increased the efficiency. The reasons are an increased pump absorption, an 
increased gain cross-section, and a decreased threshold. The broad spectral output resulting 
from the low temperatures is shown to be easily mitigated by implementing a VBG as one 
of the cavity mirrors. The low operating temperature is also shown to efficiently suppress 
self-pulsing in the fiber laser, which, if left unchecked, can lead to catastrophic break-down 
of the fiber end-faces. The increased absorption and suppressed self-pulsing allowed a fiber 
length long enough to almost completely absorb the pump, which meant that, for the same 
pump power, more than 60 % higher output-power was attained. 

Finally, the lifetime issue of Yb-doped fiber lasers was addressed. It was found that Ce-
codoping substantially reduced the photodarkening-rate while leaving other fiber parameters 
essentially unchanged. This is especially important for Yb-doped fiber lasers emitting at 980 
nm, as the high inversion required make them very susceptible to photodarkening. It was 
shown that the output power in Yb-doped fiber lasers degraded quickly when no Ce-
codoping was present and, conversely, with the right Yb/Ce-codoping ratio, degradation-
free lasing could be achieved for many hours. 

The research results obtained in this work could be of great interest to scientists and 
engineers working with spectroscopy, display systems, non-linear optics to just name a few 
examples.  
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1 Introduction 

The Nobel Prize in physics this year (2009) was awarded to Charles K. Kao for his 
pioneering work on optical fibers and their use in optical communication. It was in 1965 that 
Kao, (together with George A. Hockham), published a paper where it was suggested to use 
optical fibers for low-loss guiding of light [1]. Previous experiments had shown optical 
fibers to be very lossy (many dB/m) but Kao et al. suggested this was not a physical 
limitation but merely an effect of impurities in the glass resulting in scattering and 
absorption losses. They also predicted that with proper fabrication techniques, losses on the 
order of a few dB/km should be attainable, which was 3 orders of magnitude lower than was 
possible at the time. A large amount of research has since then been focused on the area and 
today optical fibers are commercially available with losses below 1 dB/km. The 
transmission properties are today limited by Rayleigh scattering for shorter wavelengths and 
infrared absorption at longer wavelengths. It turns out that the combined losses are at their 
lowest around ~1.3-1.5 μm (< 0.3 dB/km), which therefore has become the preferred 
transmission window for optical fiber communication. The typical losses for wavelengths in 
the range of 0.6 μm to 1.8 μm is shown in Fig. 1.1 below. 

 

Fig. 1.1. Fiber losses for wavelengths in the range of 0.6 μm to 1.8 μm (courtesy 
of the Royal Swedish Academy of Science). 

An optical fiber guides light through total internal reflection (TIR). This essentially 
means that when light propagating in an optically dense medium hits a boundary of a less 
dense medium at an angle below the critical angle [2], all the light is reflected. An optical 
fiber is therefore constructed with at least two layers: the core and the cladding. The core is 
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the optically dense medium where the light propagates while the cladding with its less dense 
medium makes sure the light is confined in the core. This is illustrated in Fig. 1.2  below: 

 

Fig. 1.2. Ray picture of light guided in an optical fiber. Here, n1 and n2 are the 
refractive index of the core and cladding, respectively. 

The difference in optical denseness, or, correspondingly, the refractive index, of the 
core and the cladding in the fiber is what defines the transmission properties. This difference 
is normally expressed as the numerical aperture (NA) which is defined as 

 ( )2 2
1 2 aNA n n sin θ= − =  (1.1) 

In Eq. 1.1, aθ  is the acceptance angle of the fiber. A small NA means that only light 

incident on the fiber end surface at angles close to normal incidence will be guided in the 
fiber. Conversely, a large NA implies that light incident on the fiber even at very wide 
angles are guided, and that the light gathering capability of the fiber therefore is higher. The 
quality of the light propagating in a fiber is generally defined by the number of transverse 
optical modes supported by the core. The mathematical description of the allowed 
transverse modes is considered outside the scope of this theses but can be found in a number 
of textbooks, e.g. [2]. In general, single-mode operation is preferred for the propagation of a 
signal in the core but this is not always possible. The beam quality is quantified through its 
beam-parameter product (BPP) or its M2-value. The BPP for an arbitrarily focused beam is 
the product of the divergence (half) angle and the spot size radius. For a diffraction limited 
beam, this value is equal to /λ π . The M2-value is the wavelength independent equivalent 
and is simply the measured BPP divided by the minimum BPP which means that a 
diffraction limited beam would have an M2-value of 1. The quality of a laser beam is also 
often discussed in terms of brightness where a low brightness source means a high BPP-
value or M2-value. In general, fibers often support a high brightness whereas diode lasers 
have a low brightness. 

Core

n1 > n2

Acceptance
cone
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As can be seen in Fig. 1.1, wavelengths in the region of 1.3-1.5 μm are preferred for 
optical fiber communication. A considerable effort has therefore gone into developing laser 
sources for this wavelength region. The signal is often generated by an InGaAs or InGaAsP 
laser diode but, despite the low transmission loss, amplification is needed to maintain the 
power a long communication distance. Laser action in optical fibers was first discussed (and 
demonstrated) back in the 1960s [3], but it was not until the 1980s when fiber amplifiers for 
optical communication became of interest to the telecom industry that the field really took 
off [4, 5]. By doping the fibers with rare-earth elements, strong amplification can be 
achieved directly in the fiber without the need to manipulate the signal electronically. The 
main dopant used for these applications was erbium (Er), and the industry standard amplifier 
in telecommunication today is the erbium doped fiber amplifier or EDFA.  

Although the first major application was amplification in optical fibers for the telecom 
industry, many other applications are today being developed. The telecom industry only 
took advantage of one of the many beneficial properties associated with amplification in 
optical fibers. Fiber lasers also have excellent heat handling capabilities thanks to the natural 
elongation of the gain medium. Any induced heat can therefore be dissipated over a 
comparatively large area without any special cooling arrangement. Secondly, the beam 
quality of a fiber laser is largely determined by the wave guiding properties of the fiber and 
is therefore unaffected by any heat induced distortion. Furthermore, the amorphous structure 
of glass broadens the emission spectrum of the dopant with the consequence that fiber laser 
often can be tuned (the wavelength shifted) over large ranges. Besides Er, many other rare-
earth dopants are today used such as ytterbium (Yb), neodymium (Nd), holmium (Ho) [6], 
thulium (Tm) [7] and praseodymium (Pr) [8] in fiber lasers and amplifiers.  

As the light is already confined in the fiber, adjusting where to direct it is relatively 
easy. A fiber can, for example, be mounted on a robotic arm allowing a very high degree of 
controllability without the need of complex optical arrangements. Furthermore, fiber lasers 
can be made comparatively compact since the fiber can be coiled to save space (which is not 
possible with a rod-type laser, for example). Today, high power fiber lasers are used in 
applications such as cutting, welding and marking as they can deliver a high energy beam 
with great precision at a relatively large distance from the target. They are also used to 
generate and/or amplify ultra-short pulses thanks to their broad gain bandwidths. The latter 
also makes them useful as tunable sources for spectroscopy applications. The precision 
attainable also make them useful in medical applications such as surgery. 
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1.1 Motivation of the Work 

This thesis is focused on high power laser action in speciality fibers doped with Er, Yb, 
or Nd, or a combination thereof. I have investigated how to attain a narrow emission 
linewidth with fibers that, due to their design, are not easily spliced (coupled) to other fibers 
(such as FBGs), which imply that bulk components are necessary to form a laser cavity. 
Here, VBGs are evaluated as mirrors in fiber-laser resonators for high powers and attributes 
such as stability, tuning characteristics and spectral control were investigated for different 
fiber types and different output powers. In the last decade, volume Bragg gratings (VBG), 
has attracted a great deal of interest. Originally, this component was used to lock diode 
lasers [9] and as a resonator in compact solid-state lasers at moderate powers [10]. 

It is found in this thesis that VBGs work exceedingly well as cavity delimiters for fiber 
lasers with output powers ranging from ~100 mW to ~100 W with maintained spectral 
characteristics. Furthermore, the thesis covers other experiments where the use of a spectral 
filter such as a VBG greatly enhances the usefulness of the laser source. These include 
cryogenically cooled, highly efficient fiber lasers and long lifetime photodarkening resistant 
fiber lasers operating at 980 nm.  

From an application point of view, these results have strong implications on the laser 
technology development as it enables compact, simple and highly efficient narrow linewidth 
fiber lasers. Cryogenic cooling shows how the efficiency and stability can be increased for 
Yb-doped fiber lasers. Furthermore, the photodarkening resistant fibers evaluated are shown 
to have a large impact on the expected lifetime of Yb-doped fiber lasers, especially when 
operating at 980 nm. This is, of course, important for industrial applications where a large 
number of service-free operation hours are expected. 

1.2 Outline of the Thesis 

The thesis summarizes the research presented in papers I-VIII and gives a relevant 
theoretical background to the subject. It is outlined as follows: In Chapter 2, theory related 
to optical fibers is presented. This includes the spectral properties of the rare-earth doped 
glass materials making up the fibers. The necessary equations describing laser oscillation in 
optical fibers are presented together with simulations. Furthermore, the spectral properties 
of fiber lasers are discussed together with solutions for how to lock and stabilize the 
emission spectrum. Finally, problems such as self-pulsing and photodarkening are 
discussed. 
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In Chapter 3, the theory of VBGs is described. Calculations showing the important 
fabrication and material properties are presented and we discuss how they affect the spectral 
properties of the VBG. Furthermore, the limitations of VBGs in terms of tuning range, beam 
quality requirements and heat effects are also discussed.  

In Chapter 4, the experimental conditions and results from Papers I-VIII are described 
in more detail. An effort is made to put the research into its broader context and to clarify 
how the different results are related to each other. It starts out with the initial proof-of-
concept experiments carried out with a VBG-locked Nd-doped fiber laser (Paper I). The 
fiber had a microstructured large-mode area core and was consequently not easy to splice. 
The experiment showed promising results with regards to emission spectrum and efficiency 
when compared to a free-running cavity delimited by a mirror. A follow-up experiment was 
carried out with an order of magnitude higher output power using an Yb-doped fiber (Paper 
II). This fiber was mounted in a way which permitted tunable operation of the laser and the 
results showed a very good efficiency with narrow linewidth emission over a large tuning 
range. In Paper III, this was extended to include two VBGs which were detuned with respect 
to each other. It allowed the laser cavity to lock on to the reflection peak of one of the VBGs 
and on a side-lobe of the other. This construction opens up for an adjustable output coupling 
with increased spectral selectivity.  

In Paper IV-V, the output power of the fiber laser was again increased 1-2 orders of 
magnitude. Tunable operation was examined in a compact Er/Yb fiber laser setup with a 
beam quality which was far from diffraction limited. Furthermore, a high-power linearly 
polarized narrow linewidth fiber laser was constructed and the implications of thermal load 
in the VBG were studied. The results showed a stable and efficient output power despite the 
fact that the VBG was heated through a small absorption of radiation. The latter could be 
seen through a slightly shifted oscillation wavelength.  

In Paper VI, it is shown how cryogenic cooling can be used to reduce the lasers 
susceptibility to self-pulsing as well as increases the efficiency. The drawback of this 
technique is a broadening of the emission spectrum which, however, can be mitigated by the 
introduction a VBG with a carefully selected reflection wavelength in the cavity.  

Photodarkening is a serious degradation phenomena for fiber lasers where the 
absorption is successively increasing in the fiber with time. The output power is then 
reduced correspondingly. To reduce this problem, Ce-codoping of the core was investigated 
in Paper VII. A Yb-doped fiber co-doped with Ce was evaluated for any signs of efficiency 
reduction related to its photodarkening resistivity, and very promising results were obtained. 
The same fiber was then used to construct a laser which was locked with a VBG at a 
transition highly susceptible to photodarkening, and the results were compared to two non-
photodarkening resistant fibers. These experiments show degradation-free operation of the 
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Ce-codoped fiber for several hours while the conventional fibers degraded at a very high 
rate. 

In Chapter 5, the conclusions for this thesis are summarized. Finally, appended at the 
end of the thesis are the journal articles this thesis is based on. 
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2 Fiber Laser Theory 

2.1 Fiber Basics 

The industry standard optical fiber for telecommunication has a core diameter of 8 μm 
and a cladding diameter of 125 μm. Apart from providing a flexible and durable fiber 
material, it ensures single-mode operation in the telecom wavelength region (~1.3-1.5 μm) 
with remarkably low losses (< 1 dB/km). While it would be attractive to use this standard 
for other applications as well, the small core does present a problem. Initial experiments 
were typically based on flash-lamp pumping but for today’s high power fiber lasers, a more 
efficient pumping technique is necessary, and high efficiency laser diodes are now preferred 
as a pump source. As laser diodes in general are of low brightness, it is difficult to reach 
high launch efficiency into a core area of telecom size. Furthermore, for high powers, a 
small core area is also much more susceptible to various nonlinear effects since these effects 
are strongly intensity dependent. 

Today, a common solution to this is to design active fibers with two claddings, so called 
double-clad (DC) fibers (see Fig. 2.1(a)). The pump radiation can then be launched into the 
first cladding surrounding the core (see Fig. 2.1 b). As the pump radiation propagates in this 
inner cladding, part of it will overlap with the core where it can be absorbed. Obviously, this 
will result in a lower pump absorption per unit length, but this can, to a large extent, be 
compensated for by increasing the dopant concentration in the core. The benefit here is that 
this inner cladding can be designed for maximum light gathering with a high numerical 
aperture (NA) and a large area without affecting the mode quality of the laser radiation 
which propagates in the core. One potential problem with cladding pumping is a reduction 
in the absorption due to persistent symmetrical cladding modes which never overlap the 
core. This can be resolved by careful design of the cladding [11-13], e.g. a polygonal 
cladding shape [14]. For medium power applications (~100 W), the outer cladding confining 
the pump radiation is often the fiber coating which then consists of a low-index acrylic 
compound.  
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Fig. 2.1. a) Refractive index for double-clad fiber. b) Laser diode pumping of 
double-clad fiber. 

To increase the resilience against nonlinear parasitic effects, large-mode-area (LMA) 
fiber designs are today quite common. In standard silica fibers, core sizes with up to ~30 μm 
diameter and close to single-mode performance are commercially available. The limiting 
factor here is the NA (defined in Chapter 1) which has to be rather low (< 0.06) in order to 
only support a few modes, corresponding to a decent mode quality. A useful parameter here 
is the normalized frequency number or V-number defined as: 

 nr
aV 2 NAπ
λ

=  (2.1) 

Here a  is the core radius and λ  is the wavelength in the core. It turns out that for step 
index fibers, a V-number below 2.405 ensures single-mode operation. This is actually the 
first root of the Bessel function, 0J , which in turn is a solution to the wave equation for 

propagation in a cylindrical waveguide (for more information, see any standard text book 
such as [2] ). For larger V-numbers, the transverse mode volume is approximately equal to 

2
nrV / 2 .  

With a too low NA, the guiding properties of the fiber will weaken and the micro-
bending losses will increase. An alternative to reducing the NA to get single-mode operation 
is to coil the fiber, which reduces the symmetry of the waveguide and, thus, introduces 
losses for higher-order modes [15]. This can also have a positive effect on the pump 
absorption but one has to be careful not to change the coiling structure when working with 
active fibers sensitive to photodarkening. It has been shown that the squeezed mode in a 
coiled fiber might not be able to extract all the power from the core, resulting in spatially 
dependent optical losses [16]. Photodarkening is discussed later in the chapter. 

Broad stripe 
laser diode

Inner cladding

Core

Output

a) b)

n; Refractive Index

r; Fiber Radius

2nd cladding
1st cladding

core
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In recent years, photonic crystal fibers (PCF) have become popular as gain fibers. The 
term PCF-fiber is used for many types of fibers with the common ground that all of them 
have a transverse micro-structuring which, in one way or another, influences the 
transmission properties of the fiber [17]. This has, for example, been used to enable even 
higher core areas while maintaining single-mode operation [18]. With the addition of an air-
confined inner cladding, very high NAs have also been achieved [19]. Moreover, bandgap-
guiding has enabled lasing in gain regions which are otherwise inaccessible [20]. A potential 
drawback of these fibers is the sensitivity to contamination of the micro-structure e.g. 
through dust particles entering the holes. Furthermore, low-loss splicing can be difficult. 

For many applications, emission with a single polarization state is of great importance, 
e.g. nonlinear frequency conversion. To enable a high polarization extinction ratio in optical 
fibers, glass rods with a smaller thermal expansion coefficient than that of the fiber can be 
inserted on opposite sides of the core. After the fiber drawing, they will then exert a 
continuous pressure on the core, making it birefringent. While the same technique can be 
used in PCF-fibers, careful tailoring of the bandgap structure has also produced polarizing 
fibers, eliminating the need of other polarizing elements in the cavity [21]. 

2.2 Pumping Techniques 

The first fiber lasers were transversely pumped by winding the fiber around a flash 
lamp [22], however, this technique is rather unusual today. Other techniques such as V-
groove side-pumping [23], diffraction-based side-pumping [24] and fiber disc lasers [25] 
have also been investigated but the most simple and common method is probably so-called 
end-pumping. With high NA claddings, low brightness sources such as laser diodes can, 
with a high efficiency, still be launched into the fiber. The fiber cladding’s ability to collect 
light depends mainly on the cladding radius and the NA. This can be understood from the 
beam propagation factor (defined as r 1/ 2ω θ× see Chapter 1), which describes the brightness 

of the incident light and depends on the minimum spot size and the divergence half-angle. A 
low brightness source (high beam propagation factor) therefore requires a fiber with a large 
cladding radius and/or a large NA if coupling efficiency is to be achieved.  

While end-pumping is convenient, it can present a challenge to separate the pump from 
the signal radiation. Furthermore, the signal radiation usually has a much higher beam 
quality and can thus easily destroy the pump source if allowed to be coupled back with the 
pump. The usual way to separate the pump and the signal in end-pumped configurations is 
by a dicroic mirror. However, when the signal and pump are close in wavelength, i.e. at a 
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low quantum defect, it is difficult to fabricate dicroic mirrors with a high spectral 
discrimination.  

An alternative way to separate the pump and the signal is by skew-angle pumping 
(Paper III). By not filling the NA of the cladding, the signal and pump can now be separated 
spatially. A schematic of this is shown below in Fig. 2.2. The pump convergence angle must 
be smaller than the acceptance angle of the cladding minus the acceptance angle of the core, 
where the acceptance angle is defined as accept arcsin( NA )θ = .  

 

Fig. 2.2. Schematic of skew-angle pumping. The blue beam is pump and the red 
beam is signal. M1 is any highly reflective folding mirror and L2 is a large NA 
lens used to focus the pump light. 

2.3 Yb, Er/Yb and Nd-doped Silica Glass 

In this thesis, all of the laser materials used were composed of rare-earth ions from the 
lanthanide group doped into the silica glass. The electron configuration of trivalent 
lanthanide ions provides a strong shielding of the 4f-state with the resulting effect that the 
ions will, to a large extent, act as free ions. A more comprehensive discussion on this 
subject can be found in standard text-books such as [26, 27]. The silica glass host, in 
contrast to a solid-state crystal host, can be very flexible in incorporating ions into its matrix 
which is an effect of the amorphous structure of the glass, although for pure silica, 
clustering and crystallization can be a problem even at small concentrations [28]. However, 
by codoping with aluminum, this can to a large extent be mitigated [29]. The amorphous 
structure of rare-earth doped glasses will also strongly affect the line broadening 
mechanisms which differ substantially from that of the crystalline host materials.  

Silica glass hosts are subject to both homogeneous and inhomogeneous broadening 
[30]. At room temperature, rare-earth doped silica glass is mainly homogeneously 

M1

L2

Signal

Pump
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broadened which is a result of phonon broadening of the different Stark components. These 
are strongly coupled within each Stark-split manifold through the rapid emission and 
absorption of phonons which take place on a sub-ps timescale [31]. This effect is also 
responsible for the thermal population of the higher Stark components. In crystal hosts, 
these Stark-split energy levels can usually be resolved as discrete lines. In glass hosts 
however, these lines can in most cases not be resolved except at temperatures close to 
absolute zero.  

The inhomogeneous part of the broadening comes from the amorphous nature of the 
glass structure. Each individual ion in the glass matrix will experience different crystal field 
parameters [26]. This also implies that the inhomogeneous broadening is more or less 
temperature independent.  

The gain for a certain wavelength is determined through the absorption and emission 
cross-sections. Ideally, these should be measured directly, but unfortunately this is quite 
difficult with optical fibers [32]. One possible approach is to use the Einstein A and B 
coefficients to calculate the cross-sections through the Ladenburg-Fuchtbauer relation [33]. 
However, the validity of this relation depends on that either a) all of the Stark-components 
must be equally populated in the two manifolds or b) all of the transitions must have the 
same strength which is the implicit requirement for the Einstein relation to apply. In reality, 
this is seldom the case resulting in erroneous values for the cross-sections.  

If  only one of the cross-sections could be determined, the McCumber theory [34] can 
be used to determine the other [35, 36]. The relationship between the cross-sections is given 
by Eq. 2.1 below: 

 B

h
k T

a,b b,ae
ε ν

σ σ
⎛ ⎞−
⎜ ⎟
⎝ ⎠=  (2.1) 

Here, a,bσ  and b,aσ  are the two related cross-sections, ε is related to the partition 

function, hν  is the photon energy and Bk T  is the thermal energy. The McCumber relation 

assumes that the time it takes to establish a thermal distribution within each manifold is 
short compared to the manifold lifetime and that the linewidth of each Stark-level is narrow 
compared to the thermal energy, Bk T . While the first of these requirements is generally 

fulfilled, the second is not always true for amorphous hosts. Although initial research 
showed that this could cause problems when calculating cross-sections in glass hosts [37], it 
has later been shown that the relation is sufficiently accurate for many dopants at room 
temperature [38]. 
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One of the more common rare-earth ions is neodymium (Nd). Although many lasing 
configurations are possible, the most common one is pumped at 808 nm with laser emission 

at 1064 nm which corresponds to a transition from the 4
3/ 2F  manifold to the 4

11/ 2I  

manifold. At room temperature, the 4
11/ 2I  level lies B10k T∼  above the ground state 

which, together with the fast nonradiative relaxation from this level, prevents population 
buildup. This means that Nd-doped lasers operate as 4-level lasers in this configuration. For 

Nd3+ in a silica host, a typical value for the emission cross-section is 20 21.4 10 cm−×∼  and 
the radiative lifetime 500µs∼ . The energy levels and fluorescence spectra are found below 

in Fig. 2.3 (a) and (b), respectively. 

 

Fig. 2.3. a) Energy levels of Nd-doped silica glass. b) Shape of fluorescence 
spectra from Nd-doped silica glass pumped at 808 nm [39] 

For telecom applications, erbium (Er) is a very common dopant for silica fiber lasers 
and amplifiers due to its broad gain bandwidth around 1.5 μm. The reason is of course that it 
overlaps with the low loss transmission window in silica fibers as was explained in Chapter 

1. This emission corresponds to the transition 4 4
13/ 2 15 / 2I I→  which is 3-level in nature.  

Er is often codoped with ytterbium (Yb) to facilitate pumping as the absorption cross-
section of Yb is considerably larger than that of Er. The Er/Yb pumping arrangement is 
illustrated in the energy level diagram in Fig. 2.4 (a). The Yb-ion absorbs a photon at 980 

nm which then is transferred from the 2
5/ 2F  level in Yb to the 4

11/ 2I  level in Er. The two 

energy levels are very close in energy but the latter has a considerably shorter lifetime and 

1954 cm-1

4009 cm-1

5832 cm-1

ground

11 388 cm-1

12 575 cm-1

808 nm 1800nm

1353 nm
1060 nm

880 nm

4F5/2

4I13/2

4I11/2

4I9/2

4I15/2

4F3/2

a) b)

900 1000 1100 1200 1300 1400
0

1

2

3

4

5

6

7

8

In
te

ns
ity

 [a
.u

.]

Wavelength [nm]



13 
 

decays almost instantly to the upper laser level 4
13/ 2I . The absorption and emission 

spectrum of Er for the 1.5 μm transition is shown in Fig. 2.4 (b). 

 

Fig. 2.4. a) Energy level diagram of Er/Yb codoped silica. b) Absorption and 
emission spectrum of Er-doped silica. 

In the last decade, Yb-doping has become increasingly popular for high-power fiber 
lasers application, much due to the very high slope efficiency reachable with this ion. The 
reason for this can be understood if we look at the energy level diagram of the Yb-ion in 
silica seen in Fig. 2.5 (a). All laser action takes place between the two stark-split manifolds 
2

5/ 2F  and 2
7 / 2F . This simple structure removes the problem with excited state absorption 

(ESA) common in other rare-earth ions. Furthermore, the narrow spacing of the Stark-lines 
provides an almost continuous absorption band which stretches from 850 nm to 1070 nm. 
The reciprocal is also true, which means that fluorescence emission can be seen from 940 
nm to almost 1200 nm. This, in combination with high emission and absorption cross-
sections, makes Yb a very useful dopant (see Fig. 2.5 (b)).  

At high doping levels, quenching can become a problem. This manifests itself as a loss 

of pump photons as electrons in the 2
5/ 2F  state relaxes nonradiatively by transferring part 

of their energy to the neighboring ions. The exact process is not fully understood but even a 
small number of quenched ions can lead to a loss of inversion [40]. A high Yb 
concentration, in combination with a high inversion, is also susceptible to the formation of 
color-centers, i.e., photodarkening, a subject which will be treated later in this chapter. The 
lifetime of the upper laser level in Yb-doped silica is ~ 850 μs. 

980 nm

1.5 µm

2F7/2

2F5/2

Yb3+ Er3+

4I15/2

4I13/2

4I11/2

a) b)



14 
 

 

Fig. 2.5. a) Energy level diagram of Yb-doped silica. b) Emission and 
absorption cross-sections of Yb-doped silica [41]. 

2.4 Spectral Control 

The broad gain curve of rare-earth doped fiber lasers makes it difficult to achieve a 
narrow emission linewidth. It is not uncommon to see linewidths of more than 10 nm full-
width-half-maximum (FWHM). For applications such as marking, drilling or welding, this 
is of little importance. For spectroscopy or non-linear conversion processes, however this 
necessitates the use of a spectral filter in the cavity, such as an etalon, or that one (or both) 
of the resonator mirrors has a high spectral contrast. For low power applications, fiber Bragg 
gratings (FBGs) are a convenient way to wavelength-stabilize a fiber laser. As the name 
implies, FBGs are constructed by introducing a periodic modulation of the refractive index 
into the core of the fiber. This periodic modulation then forms a Bragg-structure [42] which 
will reflect any wavelength fulfilling the Bragg-condition (more on this in Chapter 3). 
Although the use of FBGs have been reported in a few higher power experiments [43], they 
have certain drawbacks: They generally require single-mode fibers to work properly as 
different propagating transversal modes otherwise would experience different peak 
reflectivity wavelengths. Furthermore, FBGs are not easily tunable; the only means 
available are by stretching, compressing or by varying the temperature of the FBG [44]. In 
any case, the tuning range is quite limited and can in the first two instances lead to fiber 
fracturing. Moreover, fiber types such as PCF and certain LMA fibers are difficult to splice 
to FBGs while maintaining low losses [45]. 

For free-space applications, diffraction gratings such as replica diffraction gratings have 
previously been a common way to frequency stabilize fiber lasers as well as other types of 

880 920 960 1000 1040 1080 1120
0

500

1000

1500

2000

2500

3000

C
ro

ss
-S

ec
tio

n 
[1

0-2
7 m

2 ]

Wavelength [nm]

  Emission Cross-Section
  Absorption Cross-Section

425 cm‐1
530 cm‐1

865 cm‐1

ground

10 240 cm‐1

10 870 cm‐1

11 630 cm‐1

977 nm

2F7/2

915 nm

940 nm

1020 nm

1032 nm

1069 nm

2F5/2

a) b)



15 
 

solid-state lasers [46]. By placing the grating in the Littrow configuration, tunable operation 
is also possible [47]. However, the bandwidth of the grating depends on the illuminated 
grating area, resulting in the need of large telescope arrangements in order to achieve 
narrow emission linewidths. Furthermore, unless the zero:th order of the grating is used as 
the output of the laser, this power will be lost which lowers the efficiency of the system. On 
the other hand, if the zero:th order is used to couple out the laser radiation, the output beam 
direction will change every time the laser is tuned to another wavelength. See Fig. 2.6 for an 
illustration of a surface diffraction grating. 

 

Fig. 2.6. Schematic illustration of the spectral response of a diffraction grating. 

In recent years, volume Bragg gratings (VBGs) have attracted a great deal of attention 
as frequency stabilizing free-space components. VBGs are bulk glass components with a 
periodically modulated refractive index profile such as in the FBGs but with apertures of up 
to ~cm2. As VBGs have been used extensively in this work, they are handled separately in 
Chapter 3. 

2.5 Theoretical Modeling of Yb-doped Fiber Lasers 

In general terms, the amplified power for a signal of initial power P(0 )  and with a 

wavelength λ  for a given transition, after a fiber of length L , can be written as [48]:  

 
( )

L

2 1
0

g ( ) n ( z ) ( ) n ( z ) dz

P( L ) P(0 ) e
λ α λ∗ ⋅ − ⋅

= ⋅
∫

 (2.2) 
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In Eq. (2.2) above, 2n  and 1n  are the fractional populations in the upper and lower laser 

level, respectively, and g ( )λ∗  and ( )α λ  are the Giles parameters defined as: 

 21 t

12 t

g ( ) ( ) ( )n
( ) ( ) ( )n

λ Γ λ σ λ
α λ Γ λ σ λ

∗ =

=
 (2.3) 

Here, ( )Γ λ  is the overlap factor between the normalized optical mode and the dopant 

distribution in the fiber. 21σ  and 12σ are the emission and absorption cross-section, 

respectively, and tn is the density of the active Yb-ions. Although the population in the two 

laser levels will vary depending on parameters such as fiber position, pumping, and laser 
configuration, it is instructive to look at what the gain will be for a given fractional 
population difference in 2n  and 1n  obeying the relationship 1 2n n 1+ = . This is generally 

done by examining the gain cross-section which can be found by dividing the two terms 
inside the integral in Eq. 2.2 with the Yb-ion density tn : 

 ( )2 1 21 2 12 1tg g n n n n nα σ σ∗= − = −  (2.4) 

For simplicity, we have set ( ) 1Γ λ =  which implies that the optical mode overlaps 

perfectly with the doped region. In a 4-level system, the lower laser level will deplete fast 
enough to be considered empty which means that the gain cross-section will simply be given 
by the emission cross-section times the normalized upper laser level population. In the 
quasi-3-level case, which corresponds to the emission above 1 μm in Yb-doped fiber lasers, 
the lower laser level is still partially populated. The gain cross-section is plotted in Fig. 2.7 
for population inversions from 10% to 100% (full inversion). It is evident that the gain at 
980 nm quickly overtakes the gain above 1 μm for inversion levels above 50 %. It is, of 
course, not possible to get an inversion above 50 % unless you pump at 920 nm or 940 nm.  
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Fig. 2.7. Gain cross-section for various inversions.  

The general approach to determining the actual population inversions as well as the gain 
and output power of a laser system is by combining the laser rate equations, which describe 
the possible energy transitions in the laser, with equations governing the evolution of the 
pump and the signal along the fiber. Regardless if the actual system operates in the 3-level, 
quase-3-level or in the 4-level regimes, it is usually sufficient to use a 2-level model to 
simulate its behavior. This is illustrated in Fig. 2.8 (a) and (b) below for a 4-level system 
and a quasi-3-level system.  

 

Fig. 2.8. a) Energy level diagram for a 4-level laser. b) Energy level diagram for 
a quasi-3-level laser. 
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In Fig. 2.8 (a) above, the lifetimes 32τ  and 10τ  are assumed to be short (almost zero) 

and the only populations of interest are therefore 0N  and 2N . In Fig. 2.8 (b), we pump 

directly into the upper laser level. Here, however, the lower laser level is part of the same 
manifold as the ground state and the populations within those levels are therefore described 
by the Boltzmann-distribution function. Again, this means that the only two populations of 
interest are 0N  and 2N . For a quasi-3-level laser such as an Yb-doped fiber laser, the pump 

and signal rate equations are written as: 

 
( )

( )i ii i
i

P PP
P P abs 0 em 2

2
S SS S 2

S S em 2 0 loss em iabs 3
core i

dI
I N ( z ) N ( z )

dz
dI N ( z ) hcI N ( z ) N ( z ) 2
dz A

Γ σ σ

Γ σ σ α σ Δλ
λ

±
±

= − ⋅ −

= ± − − ±
 (2.5) 

In the rate equations above, PI  is the pump intensity, 
iSI ±  is the forward (+) and 

backward (-) propagating signal intensities for the i:th wavelength ( iλ ) and S ,PΓ  is the 

overlap factor for the signal or the pump radiation with the doped core, respectively. N0 and 
N2 are the ground state population density and upper laser level population density, 
respectively. Furthermore, absσ  and emσ are the absorption and emission cross-sections, 

respectively, for the signals or the pump as indicated by the superscript and coreA  is the core 

area. The last term in the rate-equation for the signals is the amplified spontaneous emission 
(ASE). For lasers emitting around 1030 nm, this term can often be omitted as the oscillating 
signal will be many orders larger. The corresponding rate equation for the ground state 
population is: 

 
( ) ( ) ( )i i ii

i

S S SS P P 10 P
em 2 0 em 2 abs 0 2abs

S Pi

I IdN I
N N N N N

dt h h
σ σ σ σ τ

ν ν

+ −
−

+
= − + − +∑  (2.6) 

The reabsorption caused by the thermal population of the lower laser level will increase 
the threshold but the power is not lost. When simulating continuous lasers, it is generally 
sufficient to examine the steady-state solution which means that we can set the left hand 
side of Eq. 2.6 to zero ( 0dN dt 0= ). Let us now assume that the signals overlap well with 

the dopant, ( S 1Γ ≈ ), the steady-state population can then be written as: 
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( )

( ) ( ) ( )

i i i

i

i i ii

i

S S S P 1P
em em

S P
0 t

S S SS P P 1P
em abs emabs

S Pi

t 0 2

I I I
h h

N N
I I I

h h

N N N

λ

σ σ τ
ν ν

σ σ σ σ τ
ν ν

+ −
−

+ −
−

+
+ +

= ⋅
+

+ + + +

= +

∑

∑
 (2.7) 

For oscillation to build up, a cavity is needed. Although many types of cavities are 
possible, the one by far simplest is a linear cavity delimited by two mirrors. For efficient 
lasing, one of the mirrors is usually highly reflective while the other is used to couple-out 
part of the oscillating radiation.. A schematic of a linear cavity is shown in Fig. 2.9 below 
where reflectivities are given by R1 and R2. 

 

Fig. 2.9. Schematic illustration of a linear laser cavity. 

The boundary conditions at the mirrors for each signal (+/-) are then given by: 

 1

2

(0) (1 ( )) (0)

( ) (1 ( )) ( )
i i

i i

S S

S S

I R I

I L R I L

λ

λ

+ −

− +

= − ⋅

= − ⋅
 (2.8) 

If there were no losses in the cavity (except for the outcoupling), the rate equations in 
Eq. 2.5 can actually be solved analytically with a Rigrod analysis [49]. Without going into 
the details, the solution is based on the assumption that the product of the forward- and 
backward-traveling signal intensities is constant at any point in the fiber (

( ) ( )S SI z I z const+ − = ).  The output at the second mirror can then be written as: 

L

IP
I+S
I‐S

Gain medium
R1 R2
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( )( ) ( )2

2 0 1 2
2 1 1 2

(1 )
ln

1 / 1
satR I

I G R R
R R R R

−
= ⋅

+ −
 (2.9) 

In Eq. 2.9, satI  is the saturation intensity and 0G  is the small signal gain. From Eq. 2.9, 

we can also derive the output power ratio from the two reflectors which becomes: 

 1 1 2

2 2 1

1
1

P R R
P R R

−
=

−
 (2.9a) 

If we ignore the saturation intensity which only acts as a scale factor here and set 

0G 30=  dB in Eq. 2.9a, we get the following results for the output-power, P2, for three 

different values of 1R  (100 %, 99 % and 90 %).  

 

Fig. 2.10. Calculated output intensity using Rigrod analysis.  

From Fig. 2.10, it might seem that a high reflectivity is needed in order to achieve a 
high efficiency. In reality, parasitic cavity losses will have a large effect on the optimal 
reflectivity of the outcoupling mirror. It turns out that the slope efficiency depends on the 
ratio of the outcoupling losses to the total round-trip losses including the parasitic cavity 
losses [26]. This can be shown by numerically solving the two-point boundary problem 
defined by the cavity and the rate-equations in Eq. 2.5. For simplicity, only one signal is 
now assumed to oscillate in the cavity (no ASE). The simulation is based on the assumption 
of a 0.04 dB/m transmission loss in the fiber and 4 % Fresnel losses from the end faces of 
the fiber. The fiber is set to have a 20 μm core and a 400 μm cladding diameter with a pump 
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absorption of ~1.2 dB/m. In Fig. 2.11, the output power as a function of outcoupling 
reflectivity is plotted for two pump powers: 5 W and 25 W, respectively. In Fig. 2.11 (b), 
the slope efficiency (power extraction efficiency above threshold) is plotted against the 
outcoupling reflectivity. 

 

Fig. 2.11. a) Simulated output powers for 5 W and 25 W pump powers. b) 
Simulated slope efficiency. 

It can be seen in Fig. Fig. 2.11 (a) that only for pump powers close to threshold does the 
outcoupling have a practical optimal value. For higher pump powers, a higher outcoupling is 
preferred. This can also be seen in Fig. 2.11 (b) where the slope efficiency clearly decreases 
with increasing reflectivity (decreasing outcoupling).  

For three-level lasers like the 980 nm transition in Yb, other problems arise. To reach 
transparency of the laser medium when pumping at 915 nm, a population inversion of ~50 
% is needed. However, at this pump level, the gain above 1 μm will far surpass the gain at 
980 nm. This can be seen if we examine the gain relations for the three different gains of 
interest when pumping at 915 nm [40, 48]. Let us start with defining the logarithmic gain 
Gλ  for a given wavelength λ  as: 

 ( )2 1g ( ) n ( ) n
10G log e λ α λ

λ
∗ ⋅ − ⋅=  (2.10) 

Here, λ is 915 nm, 980 nm and 1030 nm, respectively. The gain relations for these three 
regions of interest can then be written as in Eq. 2.11, where we have assumed that there is 
no positive gain at 915 nm and no reabsorption above 1 μm. This is not strictly true, but it 
will simplify the calculations below and only influence the results to a minor degree. As 
could be seen earlier, in Fig. 2.7, the effective gain above 1 μm will have its highest value 
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around 1030 nm and we will henceforth let the gain above 1 μm be symbolized by the gain 
at 1030 nm. Thus we may write the following explicit equations: 

 

915
915 1

10

980
980 2 980 1

10

1030
1030 2

10

G
n

log ( e )
G

g n n
log ( e )

G
g n

log ( e )

α

α∗

∗

= − ⋅

= ⋅ − ⋅

= ⋅

 (2.11) 

From this linear set of equations, it is rather straightforward to show that the gain 
relations can be expressed in the simple form below. 

 1030 1030 980
1030 980 915

980 980 915

g gG G G
g g

α
α

∗ ∗

∗ ∗= + ⋅  (2.12) 

If we now substitute the Giles parameters for the actual cross-sections and overlap 
factors, we obtain the final result for the gain relation (Eq. 2.13): 

 
em em abs

1030 1030 1030 1030 980
1030 980 915em em abs

980 915980 980 915
G G G

Γ σ Γ σ σ
Γ Γσ σ σ

= ⋅ + ⋅ ⋅  (2.13) 

The superscripts on the cross-section factors indicate whether it is the absorption or 
emission cross-sections. For a double-clad fiber, the 1030 nm radiation and the 980 nm 
radiation will both propagate in the core and, since the their mode-fields will not differ 
substantially, the first factor of the first term can be crossed out. If we insert numerical 
values for the emission and absorption cross-sections, we get: 

 1030
1030 980 915

915
G 0.22 G 0.7 G

Γ
Γ

= ⋅ + ⋅ ⋅  (2.14) 

Some interesting conclusions can be drawn from this relation. First of all, the 
contribution from the 980 nm gain is modest; assuming a cavity with 4 % reflectivity on the 
outcoupling side gives 96 % losses per roundtrip which corresponds to a necessary gain of 
~14 dB per round trip or ~7 dB per single pass. This leaves a contribution of ~ 1.5 dB. The 
second term, specifically the first factor, can, on the other, hand have a serious effect on the 
parasitic gain in a double-clad fiber. To see this more clearly, let us assume that the optical 
modes for the pump (915 nm) and the signal (980 nm), respectively, have a flat-top beam 
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profile. Then the overlap ratio reduces to the ratio of the core and cladding areas which can 
be substantial. The overlap ratio is generally referred to as the β factor [40, 50, 51]. The 

parasitic gain at 1030 nm has been plotted against the absorbed pump power at 915 nm for 
various β factors in Fig. 2.12. 

 

Fig. 2.12. Parasitic gain as a function of absorbed pump power for various β-
factors. 

It is evident that the β factor must be kept small as it is not possible to suppress more 

than perhaps 50 dB of gain at the parasitic wavelength before ASE will start to deplete the 
population inversion. This can, for example, be accomplished with a small core/cladding 
area ratio (with 1β =  for a core-pumped fiber). However, this is generally impractical in 

normal silica fibers as it is not possible to launch any substantial amount of pump from a 
diode laser into a core small enough to support a decent beam quality. Another approach is 
to use a PCF-fiber to maintain the beam quality even with large core sizes [50, 51]. A 
similar approach is to dump the unwanted ASE at 1030 nm by using a band-gap guiding 
PCF fiber [52]. For standard silica fibers, an interesting approach is instead to control the 
spatial doping profile, thereby changing the overlap ratio, e.g., ring-doping [40]. The general 
idea is to lower the factor 1030Γ  without affecting the pump absorption. By placing the 

dopant in a ring on the edge of the core or even outside it, the optical mode in the core will 
interact more weakly with the dopant, allowing the population inversion to build up. 
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It is also of interest to look at the threshold pump power in this kind of laser. By 
requiring that the amplification in Eq. 2.2 is equal to one and by solving for the pump 
intensity in Eq. 2.6 with the signal intensity set equal to zero and, furthermore, by assuming 
no stimulated emission at the pump wavelength, it can be deduced that the necessary pump 
power needed to bleach the gain medium is given by the expression (Eq. 2.15): 

 
980

915 a
transp 915 980

a e

hI σν
τ σ σ
⋅

= ⋅
⋅

 (2.15) 

If we insert the numerical values from Section 2.3 into the equation above, it turns out 
that the minimum intensity to bleach an Yb-doped silica fiber at 980 nm emission is roughly 
30 kW/cm2. This implies that for single-pass pumping, a large cladding will invariably lead 
to large amounts of lost pump power. This is illustrated in Fig. 2.13 below where the 
threshold pump power has been calculated for a few different cladding diameters. The 
threshold is plotted against pump absorption which translates into the maximum fiber length 
that can be used. 

 

Fig. 2.13. Calculated threshold pump powers as a function of absorbed pump 
power at 915 nm for 4 cladding diameters. 
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2.6 Self-Pulsing 

It has long been known that rare-earth doped fibers can exhibit strong temporal 
instabilities, i.e., self-pulsing. Self-pulsing can, if unchecked, cause catastrophic break-down 
in a fiber laser. When a pulse develops and thereby depletes the gain, it can have peak 
intensity several orders higher than the average intensity of the laser system. It is not 
uncommon for a pulse to reach peak powers above 10 GW/cm2, which is close to the 
damage threshold of silica glass [53]. The main cause of these instabilities have been 
debated but it is believed to be related to the interaction between the laser signal and the 
population inversion [54]. Other factors such as stimulated Brillouin scattering (SBS) [55] 
and signal reabsorption in the weaker pumped part of the fiber [56] have also been 
associated with this phenomenon. There are techniques to mitigate this; decreasing the 
losses in the fiber (including outcoupling) should theoretically stabilize the system [57]. It 
has also been shown that increasing the length of the cavity to a degree where the photon 
life time is of the same order as the relaxation time of the upper laser level provides a stable 
system for all pump powers [58]. Furthermore, at high pump powers, the gain should 
theoretically replenish quickly enough to provide stable lasing [58, 59]. In Paper VI, we 
show that cooling part of the fiber gain medium down to liquid nitrogen temperatures 
efficiently suppresses self-pulsing. As the fiber is cooled down, the thermal population in 
the lower laser level will be removed. Signal reabsorption is, therefore, also effectively 
removed which inhibits self-pulsing [56]. This supports the theories which claim that 
saturable absorption is largely responsible for the onset of instabilities. 

2.7 Photodarkening 

Photodarkening is a color-center related effect that appears in Yb-doped silica fiber 
when subjected to strong radiation close to the resonance lines of the Yb-ion. Although the 
effect is reversible through heating of the fiber [60] or by irradiation with UV light [61], it 
will reduce the efficiency of a laser system as it induces an unsaturable loss. The 
photodarkening rate depends strongly  on the density of excited Yb-ions (a power-law 
dependence of the 7th order of the Yb-concentration has been shown [62]) which means that 
it can be reduced by lowering the concentration in the fiber and by operating the laser at 
wavelengths far above 1 μm. It has also been shown that codoping with phosphorus (P) will 
mitigate the effects of photodarkening [63] but this brings in other detrimental effects such 
as reduced cross-sections and an increased background loss. In Paper VII, we show that 
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cerium (Ce) codoping mitigates the effect without the detrimental effects found with P-
codoping. A more detailed discussion of this if found in Chapter 4. 
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3 Volume Bragg Gratings 

It was discussed in Chapter 2 how spectral control could be achieved in solid-state 
lasers, specifically fiber lasers. Both FBGs and surface gratings have their uses in many 
applications but, in several cases involving speciality fibers for high power applications, 
VBGs offer many advantages. In this chapter a short background to VBGs will be given. 

3.1 PTR-Glass Properties 

VBGs are generally fabricated using photothermorefractive (PTR) glass. This inorganic 
photosensitive glass was first discovered in the 1940s in the former Soviet Union, but it was 
not until the 1990s that it was first used to record Bragg structures [64, 65]. The glass itself 
is based on lithium-aluminum-silicate or sodium-zinc-aluminum-silicate glass [65] doped 
with silver (Ag) and cerium (Ce). By exposing the glass to UV radiation close to the Ce 
absorption band centered at 305 nm, the Ce-ions photoionize through the process 

3 4Ce Ce e+ + −→ + , leaving a free electron. The electron can then be captured by the Ag-ion 

through the process 0Ag e Ag+ −+ → . In the next step, the glass is heated to ~500 ˚C where 

two things happen: through the diffusion of Ag in the glass, tiny silver crystals are formed in 
the exposed regions. These Ag-crystals will, in-turn, serve as nucleation centers for NaF-
crystals.  It is primarily the formation of these NaF-crystals which is responsible for the 
spatial modulation of the refractive index as it is lowered at the sites of the NaF-crystals. 

The maximum reported modulation strength is 3n 1.2 10Δ −= ×  (2008) [66], but nΔ  is 

generally on the order of 4~ 10− . 
The transmission widow of  unexposed PTR-glass, i.e., where the absorption losses are 

below  0.1 cm-1 [64], lies between 550 nm and 2800 nm. After processing, the main loss 
mechanism within this transmission window is scattering, which is believed to come from 
the formation process of the NaF-crystals. This loss depends strongly on wavelength, 
composition, annealing and UV exposure time [67], but it is normally below 0.01 cm-1 for 
transmission in the 1 μm region [68]. Other properties of importance for laser applications 
are the thermal expansion and the thermo-optic coefficients, which have been reported to 
have the values 8.4 ppm / Kα =  [69] and dn / dT 0.05 ppm / K=  [70], respectively. These 

properties influence the stability of the grating since thermally induced variations in stress 
and refractive index can distort the Bragg structure [71-73]. This topic is handled separately 
later in the chapter. 
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3.2 Plane Wave Theory 

Much of the theoretical work performed on Bragg gratings stems from the work of 
Kogelnik in 1969 [74]. The theory is based on a plane-wave approximation meaning that the 
incident electric field only varies in the direction of propagation. In this section, the 
reflection and transmission coefficients for a Bragg grating are derived using coupled-wave 
theory. In this derivation, we assume that we are at normal incidence at a Bragg grating with 
an incident electric field with subscript M and a reflected electric field with subscript N. 
Furthermore, the grating has a periodic index modulation with grating period Λ  and a 
length d. The Bragg condition in momentum space is thus defined as: 

 N Mk k K 2δ= − +  (3.1) 

In Eq. 3.1 above, N ,Mk  are the wave-vectors for the incident and reflected electric 

fields M and N, respectively. K  is the grating vector and δ  is the wave-vector mismatch, 
which has been included to allow for non-perfect phase matching. The grating and the 
Bragg condition are illustrated in Fig. 3.1 (a) and (b), respectively.  

 

Fig. 3.1. a) Illustration of the Bragg structure in a VBG. b) The Bragg condition 
in k-space.  

As the wavelength must be the same for the incident and the reflected light, we can 
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reciprocal lattice vector with an amplitude | K | 2π Λ= . In the event that we have perfect 

phase matching ( 0δ = ), Eq. 3.1 reduces to 

 z z z

B 0

e e K e
2n

β β
λ Λ

− ⋅ = ⋅ − ⋅
⇒ =

 (3.2) 

The last expression in Eq. 3.2 is the well-known Bragg condition for normal incidence 
with Bλ  being the Bragg wavelength. Of equal interest are the transmission and reflection 

coefficients for the incident electric field. To determine these we assume that the light is 
polarized along the y-axis, orthogonal to the plane of incidence. Furthermore, we assume 
that the grating modulation can be written as 0 1n( z ) n n f ( z )= + ⋅  where 0n  is the average 

refractive index and 1n  is the modulation strength of the grating. The wave equation can 

then be written as 

 
2

2
2

d 4 f ( z ) E( z ) 0
dz

β βκ
⎛ ⎞

+ + =⎜ ⎟⎜ ⎟
⎝ ⎠

 (3.3) 

In Eq. 3.3 above, 1n /κ π λ=  is the coupling strength and E( z )  is the total electric 

field inside the grating. The grating can, of course, have any arbitrary modulation, but it is 
here assumed that it has a sinusoidal variation. This also means that the Fourier expansion of 
f ( z ) only has two non-zero coefficients: 

 ( )iKz iKz1f ( z ) sin( Kz ) e e
2i

−= = −  (3.4) 

The electric field inside the grating can now be written as the sum of the incident and 
the reflected fields: 

 NM ik zik zE( z ) M( z ) N( z ) M( z ) e N( z ) e−= + = ⋅ + ⋅� �  (3.5) 

Where M�  and N�  are the incident and reflected field amplitudes, respectively. With 
only light incident from the negative z direction, the boundary condition becomes: 

 0M ( 0 ) M

N( d ) 0

=

=

�

�
 (3.6) 



30 
 

Inserting the electric field from Eq. 3.5 into Eq. 3.3 and employing the slowly varying 
envelope approximation (SVEA), we can neglect the second-order derivatives. Furthermore, 
if we let all fast oscillating terms average to zero and collect all the terms with the same 
exponent, we finally arrive at the coupled-wave equations: 

 

dM i M N
dz

dN M i N
dz

δ κ

κ δ

= +

= −

 (3.7) 

In the expressions above, a change of variables was carried out for the field amplitudes, 

such that i zM M e δ−= ⋅�  and i zN N e δ= ⋅� . The eigenvalues, 2 2γ κ δ= ± − , and the 

eigenvectors, ( i , )γ δ κ± + , of Eq. 3.7 give the solution to the electric fields inside the 

grating as follows: 

 
M

N

i( k )z
0

i( k )z
0

M( ,z ) M t( ,z )e

N( ,z ) M r( ,z )e

δ

δ

δ δ

δ δ

− +

+

=

=
 (3.8) 

In the solutions above, the transmission and reflection coefficients t( ,z )δ  and r( ,z )δ , 

are given by: 

 

( ) ( )
( ) ( )

( )
( ) ( )

cosh ( d z ) i sinh ( d z )
t( ,z )

cosh d i sinh d

sinh ( d z )
r( ,z )

cosh d i sinh d

γ γ δ γ
δ

γ γ δ γ

κ γ
δ

γ γ δ γ

− − + −
=

− +

−
=

− +

  (3.9) 

From Eq. 3.8 and Eq. 3.9 we can finally obtain an expression for the total fraction of 
reflected power: 

 

( )
( )

2 2 2 22
2

2 2 2 2 2

sinh dN( ,0 )R( ) r( ,0 )
M ( ,0 ) cosh d

κ κ δδδ δ
δ κ κ δ δ

− ⋅
= = =

− ⋅ −
 (3.10) 

From the expression above, it is evident that the maximum reflectivity, Rmax, is 
obtained for 0δ = . Eq. 3.10 can then be rewritten as: 

 ( )2
maxR tanh dκ=  (3.11) 
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In this expression, it is clear why κ  is called the coupling strength. Another important 
factor is the spectral bandwidth of the grating. This can be defined in several ways; here we 
choose to define the bandwidth as the spectral distance between the two zeroes closest to the 

peak. These are located at 2 2 2/ dδ κ π= ± + , respectively, which, together with Eq. 3.1, 
gives the total spectral bandwidth as: 

 
2 2

1
B B

0

n 2
n d

ΛΔλ λ
⎛ ⎞ ⎛ ⎞= +⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
 (3.12) 

From Eqs. 3.11 and 3.12, we can see that the combination of high reflectivity and broad 
bandwidth can be difficult to obtain at the same time since a shorter VBG for larger BΔλ  

requires a larger 1n . Furthermore, this increases the scattering losses as the fraction of NaF-

crystals is increased with increasing 1n . The properties of Bragg wavelength, max 

reflectivity and bandwidth are illustrated in Fig. 3.2 for the grating used in Paper V. 

 

Fig. 3.2. Peak reflectivity, Bragg wavelength and bandwidth of a grating in the 
plane-wave approximation. The dots correspond to measured reflectivity for 
different wavelengths (Image courtesy of B. Jacobsson [75]). 
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3.3 Tuning Characteristics 

The reflection peak of a Bragg grating, λB, can be tuned to other wavelengths by heating 
or cooling the grating. The effect is clearly seen if we differentiate the Bragg condition in 
Eq. 3.2 with respect to temperature: 

 
( ) 0B

0 0

0
B

0

dnd d d2n 2 2n
dT dT dT dT

dn1 d 1
dT n dT

λ ΛΛ Λ

Λα λ α
Λ

= = +

⎛ ⎞⎧ ⎫= = = +⎜ ⎟⎨ ⎬
⎩ ⎭ ⎝ ⎠

 (3.13) 

Here, α is the thermal expansion coefficient. From the properties of the PTR-glass, we 
know that 8.4 ppm / Kα =  and dn / dT 0.05 ppm / K= . It is, therefore, evident that the 

main contribution to the thermal tuning strength comes from the thermal expansion 
coefficient and one can generally expect a tuning rate of Bd / dT 10 pm / Kλ ≈ for 1 μm 

radiation. Even though the thermal tuning range is rather limited, the high degree of control 
can be very useful when matching the Bragg wavelength to that of a resonance line of a 
rare-earth ion or to another grating. 

A more powerful tuning method is angle-tuning. By rotating the grating, the Bragg 
wavelength will shift as the perceived grating period changes. The Bragg condition then 
becomes: 

 B 02n cos( )λ Λ θ= ⋅  (3.14) 

Here, θ  is the angle between the incident radiation and the grating normal. The 
derivation in the previous section can now easily be extended to include oblique incidence, 
and the expressions for the maximum reflectivity and the bandwidth are still valid if we 
perform the simple substitution of variable: / cos( )κ κ θ′ = . If the grating is to be used in a 

laser resonator where continuous tuning is wanted, the cavity needs to be realigned every 
time the grating is adjusted. The problem is illustrated in Fig. 3.3. This can be resolved by 
placing the grating in a retroreflector configuration [76] as illustrated in Fig. 3.4. This 
ensures that all of the light is reflected back in a direction parallel to the incoming light, 
regardless of the tuning angle. As can be seen in the figure, the reflected light will, however, 
be offset by some distance compared to the incoming light, but this is easily handled by a 
second mirror (not shown), orthogonal to the direction of propagation. With this 
construction, the tuning range is limited only by the aperture of the grating. 
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Fig. 3.3. Light reflected in a VBG from normal incidence (left) and oblique 
incidence (right). 

 

Fig. 3.4. VBG in retro-reflector configuration. The reflected beam is anti-
parallel to the incident beam.   

In the plane-wave approximation, for small rotation angles, there is no major change in 
the peak reflectivity. Unfortunately, the approximation breaks down for large angles, narrow 
beam waists inside the grating, and/or less than diffraction-limited beams [77]. For the 
plane-wave approximation to be valid at normal incidence, the following inequality must 
hold [77]: 

 
2

22
2 e B
0

B B
n 1

2
ω Δλπ
λ λ

−⎛ ⎞⎛ ⎞ ⋅ ⋅ >⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
 (3.15) 

For oblique incidence, the inequality becomes: 

 
2e B

0
B B

n sin( )
4

ω Δλπ θ
λ λ

−
⋅ ⋅ >  (3.16) 

In Eq. 3.15 and Eq. 3.16 above, 2eω −  is the 2e−  intensity beam radius (spot-size). From 

Eq. 3.16, it can be seen that the beam radius here is much more crucial as the inequality 
depends linearly on beam radius/wavelength ratio (compared to the square dependence in 
Eq. 3.15). It is also evident that the maximum tuning angle increases with a larger grating 

θ
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bandwidth. Eq. 3.15 and 3.16 are easily expanded to accommodate for less-than-diffraction-

limited beams by the variable substitution: 2
0 / Mω ω∗→ , where ω∗  is the beam radius 

incident on the VBG and 2M  is the beam parameter product [78]. It turns out that the 
tuning range is quickly reduced with decreasing beam quality and the VBG instead starts to 
act as a spatial filter. The angular tuning limitations are illustrated in Fig. 3.5 below for a 
VBG with a Bragg wavelength of 1066 nm, a bandwidth of 0.4 nm, and with an incident 
beam with three different M2 values: 1, 2 and 5, respectively: 

 

Fig. 3.5. Maximum tuning angle and wavelength tuning limit for a VBG with 
design wavelength 1066 nm and bandwidth 0.4 nm.  

3.4 Thermal Limitations 

The normalized averaged intensity variation inside a VBG along the optical axis is 
given by the following expression [74]: 

 
( ) ( ) ( )1

1

1( ) cosh 2 tanh
cosh tanh

I z R d z
R

−
−

⎡ ⎤= ⋅ ⋅ ⋅ −⎣ ⎦⎡ ⎤
⎣ ⎦

 (3.17) 

As before, R is here the reflectivity of the VBG, z is the distance along the optical axis 
into the VBG, and d is the length of the VBG. It can be seen in Eq. 3.17 that the intensity 
variation depends strongly on the diffraction strength. If we assume a VBG length of 5 mm, 
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as this corresponds to most of the gratings used in this thesis, we can plot the total intensity 
for different positions inside the VBG along the optical axis for various reflectivities (see 
Fig. 3.6).  

 

Fig. 3.6. Sum of normalized incident and reflected intensity along the optical 
axis (z) in a 5 mm long VBG for various reflectivities. 

Even though the absorption is low in PTR-glass, it is conceivable that a beam with a 
high enough power incident on the VBG could create a thermal gradient. This would then 
change the Bragg condition as can be seen in Eq. 3.13. As an example, if we let a 1 kW 
gaussian beam with a radius of 1 mm enter a VBG with an circular aperture of 3 mm (the 
same as was used in Paper V) and assume a modest absorption of 10-3 cm-1, we can 
numerically simulate the thermal distribution in the VBG. The result is plotted in Fig. 3.7 
below. The VBG boundaries are set to a fixed temperature of 300 K, mimicking the 
placement in the temperature-controlled holder and it is assumed that the front and back side 
are cooled by convection.  
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Fig. 3.7. Simulated temperature distribution in a highly reflective VBG 
subjected to a 1 kW beam with a beam radius of 1 mm and assuming an 
absorption of 10-3 cm-1. The image shows the cross-section along the VBG (x-
axis is distance into VBG). 

This shows that we can expect a temperature drop along the propagation axis of the 
VBG of ~55 K, corresponding to a shift in the peak reflectivity wavelength of almost ~0.5 
nm. A high-intensity narrow-linewidth beam would thus get partially transmitted as the 
temperature gradient builds up. In a low-gain resonator, the power oscillating inside the 
cavity must be kept high, implying that a high finesse is important. A thermal chirp in the 
grating could thus severely limit the performance. This is generally speaking not a problem 
in fiber lasers as the high gain make the system less susceptible to small changes in the end-
reflectors (see Chapter 2). Furthermore, the intensity at the end-reflectors in a fiber laser can 
differ substantially. If the beam incident on the VBG is ~1 kW, the output of the fiber laser 
would be maybe 5 times higher, that is ~5 kW, in which case other thermal effects would 
become important [79]. If we, on the contrary, assume a more reasonable output power of 1 
kW, the intra-cavity power incident on the VBG would be around ~200 W. For the same 
simulation data, this would correspond to a temperature gradient inside the VBG of ~5 K.  

3.5 Alignment Techniques 

Alignment of VBGs differs a great deal from the highly reflective mirrors normally 
used in laser cavities as there is no feedback at the design wavelength of the VBG until it is 
aligned. Furthermore, the Bragg planes are intentionally offset from the specular reflection 
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in order to avoid broadband parasitic feedback. While brute-force alignment is always 
possible, it is very tedious and time consuming. Two techniques were therefore developed 
here to take advantage of the emission properties associated with fiber lasers and provide a 
quicker and easier alignment. The first technique works well with narrow bandwidth 
gratings and uses the spectral filtering properties of the VBG to identify which direction the 
grating should be rotated in order to align it. An optical spectrum analyzer is placed on the 
rear side of the VBG where the fluorescence of the fiber is collected. A dip in the spectrum 
will now show for which wavelength the grating is aligned and, as the grating is rotated, the 
dip will move to longer or shorter wavelengths depending on whether the grating is rotated 
towards or away from alignment, respectively. The longest wavelength that can be reflected 
is of course the design wavelength of the grating for normal incidence. This is illustrated in 
Fig. 3.8 below. The dotted line (blue) shows the emission spectrum just before alignment 
and the solid curve (red) shows the spectrum when the grating is aligned with the optical 
axis. 

 

Fig. 3.8. Spectral emission through the VBG during alignment: Dotted line 
(blue) shows the emission just before alignment, solid line (red) shows the 
emission just after alignment. 

For gratings with a large bandwidth, it can be difficult to resolve how the dip in the 
emission spectrum is moving when the VBG is close to alignment. Furthermore, if the 
grating wavelength is located far outside the fluorescence peak of the fiber, it can also be 
difficult to resolve the dip as it may be of the same strength as the noise. The signal can, of 
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course, be integrated over a long enough time period to reduce the noise but this will again 
make the alignment very time consuming and frustrating.  

The second method is somewhat more complicated but produces more consistent results 
in both of these described situations. The idea is essentially to map the Bragg planes to the 
surface of the VBG which only requires that fluorescence (or any light source propagating 
in the fiber) is available at shorter wavelengths than the design wavelength. The concept is 
illustrated in Fig. 3.9 below. The fluorescence (green line) is coupled through an aperture 
before entering the VBG. As the VBG is rotated, certain angles will match the Bragg 
condition for the fluorescence peak which then can be marked on the aperture as illustrated 
with the dashed circle. At the same time, a visible laser such as a HeNe (red line) is 
launched through a second aperture onto any of the other sides of the VBG. For each 
reflected fluorescence peak, a corresponding mark will be made where the HeNe is reflected 
on the second aperture. This is repeated for as many points as necessary until two circles 
have been traced out on the two apertures. While the fluorescence circle (green) will be 
centered on the aperture, the HeNe circle (red) will, in general, be offset bysome amount. 
The VBG can now easily and repeatedly be aligned by rotating it in such a way that the 
reflected HeNe peak hits the center of the traced-out HeNe circle. 

 

Fig. 3.9. Illustration of alignment method of VBG. The method is based on 
mapping an arbitrary surface of the VBG to the Bragg planes. 
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4 Fiber Laser Experiments 

4.1 Nd-doped Micro Structured Fiber Laser 

In a proof of concept experiment (Paper I), we showed how VBG could be used in a 
fiber laser employing a fiber type which traditionally is difficult to lock with FBGs. The 
fiber was of a type known as a leaky channels fiber which has attracted a great deal of 
interest in the last couple of years as they allow large core areas while still maintaining 
essentially single-mode operation. The reason for this is that although the core theoretically 
can support many transverse modes, the structure of the fiber induces high losses for higher 
order modes. In our case, the fiber had a neodymium (Nd) doped core (1300 ppm) which 
was surrounded by five air holes with a diameter of 18 μm and a pitch of 19 μm [80]. The 
core itself had a diameter of ~18 μm and a NA of 0.156 which gives a V-number of roughly 
18 and typically would support a large number of higher order modes. A cross-section of the 
fiber is shown in Fig. 4.1.  

 

Fig. 4.1. Cross-section of microstructured Nd-doped fiber. 

Due to the air holes, it was not possible to cladding pump the fiber which meant that the 
pump light had to be launched into the core directly. A Ti:Sapphire laser was therefore used 
as a pump source even though the pump power was somewhat limited (~700 mW) . A 
simple setup was constructed (see Fig. 4.2)) where the VBG was placed at the rear end of 
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the fiber while the fiber facet on the front provided outcoupling with only Fresnel reflections 
as feedback.  

 

Fig. 4.2. Schematic illustration of the Nd-doped microstructured fiber laser. 

The VBG used in this experiment had a high diffraction strength with a reflectivity of 
99 % with an aperture of 5x2 mm and a length of 5 mm which corresponds to a bandwidth 
of ~0.2 nm. The grating was AR-coated for 1 μm radiation and was angle polished to 
prevent parasitic reflections from interfering with the cavity. The output power, slope 
efficiency and spectral characteristics were compared between the VBG and a dielectric 
highly reflective mirror. As can be seen in Fig. 4.3, the behavior with the two reflectors was 
very similar. A slight difference in threshold was found, 103 mW compared to 101 mW of 
launched pump power, as well as maximum output power, 166 mW compared to 188 mW 
for the VBG and mirror, respectively. The corresponding slope efficiencies were 51 %  for 
the VBG and 57 % for the mirror.  

 

Fig. 4.3. Slope efficiency comparison for VBG and mirror based Nd-doped 
fiber laser. 
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100 MHz) and the gain region is large. With the VBG, the emission was not only contained 
within the bandwidth of the VBG but was below the resolution limit of the optical spectrum 
analyzer used (< 0.07 nm). Both emission spectrums are plotted in Fig. 4.4.  

 

Fig. 4.4. Comparison of spectral emission for VBG and mirror based Nd-doped 
fiber laser. 

Finally, the beam quality was measured to determine how close the fiber laser operated 
to a single transverse mode. As can be seen in Fig. 4.5, the output beam had an M2 value of 
less than 1.6, meaning that the laser emission was close to diffraction limited. The results 
showed that VBGs are a very attractive alternative for wavelength locking and frequency 
stabilization of fiber lasers where FBGs are not easily integratable. Furthermore, the free 
space design opens up possibilities for insertion of other bulk components, such as acousto-
optic modulators, optical isolators etc. This was also the first ever VBG locked fiber laser. 

 

Fig. 4.5. Beam quality measurement of Nd-doped fiber laser. 
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4.2 Tunable Fiber Lasers 

Based on these positive results (Paper I), a new experiment was designed (Paper II), but 
this time with a large-mode area Yb-doped fiber that was slightly multi mode. Yb-based 
fibers are a very attractive gain medium due to their simple energy structure and the high 
efficiency possible. The fiber used here had a core and cladding diameter of 30 μm and 250 
μm with corresponding NAs of 0.07 and 0.46, respectively. With a the large area high NA 
cladding, the pump source in this experiment was a medium power fiber coupled laser diode 
emitting at 980 nm. The goal of the experiment was to determine how well a VBG could 
tune the emission linewidth within the large gain region of Yb-doped silica. However, as the 
fiber was pumped close to 980 nm and emission is possible down to below 1 μm, separating 
the pump and the signal would be a problem. A new pumping technique was therefore 
invented where the difference in core and cladding NA was used for pump and signal 
separation. The principle is illustrated below in Fig. 4.6. 

 

Fig. 4.6. Illustration of skew-angle pumping method for separation of pump and 
signal. 

As the pump delivery fiber had a better beam quality than what was necessary to stay 
within the acceptance angle limit the cladding, the launch angle and spot size could be 
varied. By launching the pump light at a slight angle while still making sure that no part of 
the converging beam is outside the acceptance angle of the cladding, a high launch 
efficiency is still achieved. When lasing starts, the signal will exit the fiber under a smaller 
angle than the pump light enters due to a much smaller NA. After a short distance, the pump 
and signal beams will be spatially separated. The dimensions in Fig. 4.6 has been 
exaggerated for clarity, the actual setup is shown in Fig. 4.7.  
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Fig. 4.7. Actual experimental setup employing skew-angle pumping. 

The complete experimental setup is illustrated below in Fig. 4.8. The end facet on the 
pump side of the fiber acted as output coupler with a 4 % Fresnel reflection. The VBG was 
placed at the rear end of the fiber in a retro-reflector configuration as explained in Chapter 
3, to allow efficient and continuous tuning.  

 

Fig. 4.8. Experimental setup showing an Yb-doped fiber laser with tunable 
VBG-based retro-reflector. A detailed illustration of skew-angle pumping 
(dotted circle) is found in Fig. 4.6. 

With this setup, a continuous tuning from 1022 nm to 1055 nm was possible without 
parasitic lasing taking place. Below 1022 nm, parasitic lasing from the end faces of the fiber 
limited the efficiency, even though tuning down to 1015 nm was possible. The upper tuning 
range was limited by the length of the right angled mirror attached to the VBG. Throughout 
the tuning range, a high slope efficiency (~ 77 %) was recorded with a maximum output 
power of 5.5 W at 1035 nm. Output power and emission spectra is shown in Fig. 4.9 and 
Fig. 4.10, respectively. 
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Fig. 4.9. Slope efficiency for several wavelengths covering the tuning range. 

 

Fig. 4.10. Emission spectrum for the same wavelengths as above in Fig. 4.9. 
The emission spectrums were recorded with a resolution of 1 nm. The emission 
linewidth was in reality ~5 GHz. 

In the previous experiment with the Nd-doped fiber, the microstructured design 
provided losses for the higher order transverse mode, which facilitated a good beam quality. 
In this experiment however, tight coiling was used to suppress transverse multi mode 
operation. With a V-number of ~ 6, the core supported roughly 20 modes at 1030 nm. By 
coiling the fiber, the losses for higher order modes can be increased [81] at the same time as 
an increased pump absorption is obtained [82]. Normal spool coiling was investigated but it 
was found that even at a coil radius of 2 cm, the higher order mode losses were too low to 
suppress multi mode oscillations. However, by coiling the fiber on two spools at right angles 
[15], the symmetry of the waveguide could be reduced even further and close to single 
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transverse mode operation was possible. This was verified using a knife edge technique and 
it was found that the laser emission had an M2 value of less than 1.3. The result is shown 
below in Fig. 4.11. 

 

Fig. 4.11. Beam quality measurement for the coiled tunable Yb-doped fiber 
laser. 

As the linewidth was again below the resolution of our optical spectrum analyzer, a 
scanning Fabry-Perot interferometer was used to measure the actual linewidth. It was found 
to be ~5 GHz which is considerably smaller than the bandwidth of the VBG, which was 146 
GHz. The narrow linewidth can be explained by that the VBG bandwidth does not have a 
top-hat profile as was shown in Chapter 3 and the reflectivity is consequently higher in the 
center of the grating. The wavelength exactly matching the peak reflectivity will thus have a 
lower threshold.  

The experiment thus showed that it was possible to cover a substantial part of the Yb 
gain region with maintained efficiency and linewidth. The simplicity and compactness of 
the arrangement is highly attractive as it allows continuous realignment free tuning. 

4.3 High Out-Coupling Narrow Band Fiber Lasers 

In the previous two experiments, a single VBG was used to narrow the linewidth of the 
two fiber lasers. This meant that the feedback from the other cavity end came from the fiber 
end face and was broadband. An experiment was therefore setup to show how two standard 
highly reflective VBGs could be used to achieve a narrow linewidth with maintained output 
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power and efficiency and with the added possibility to dynamically adjust the reflectivity of 
the outcoupling (Paper III). The experimental setup is shown below in Fig. 4.12. The gain 
fiber was an Yb-doped fiber with 20 μm diameter core and 400 μm diameter cladding. With 
a NA of 0.06 for the core, the output was close to diffraction limited. Both fiber ends were 
angle polished to reduce parasitic reflections and make sure that the cavity was defined by 
the VBGs only. 

 

Fig. 4.12. Schematic illustration of the dual-VBG setup. 

The two VBGs designated VBG1 and VBG2 were close to identical with respect to 
peak reflectivity (99% at 1065.9 nm) and bandwidth (0.22 nm), as they were cut from the 
same original sample. The gratings were angle polished and AR-coated to reduce parasitic 
reflections. The temperatures of the two VBGs were controlled with Peltier elements and 
could be set from 15 ˚C to 90 ˚C. By temperature tuning one of the VBGs to longer 
wavelengths, the laser could be locked on the main peak of one grating with one of the 
overlapping side-lobes of the other VBG. The concept is illustrated below in Fig. 4.13. 
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Fig. 4.13. Illustration of spectral overlap between the two VBGs on each side 
for a temperature difference of 45 degrees. The arrow illustrates a possible 
oscillation wavelength where VBG1 would be the outcoupler. 

The left (blue) curve corresponds to VBG1 while the right (red) curve corresponds to 
VBG2. In this example, the VBGs have been detuned from each other by 45 ˚C or 0.3 nm 
and the arrow indicates a possible wavelength the laser can oscillate on. For this 
wavelength, VBG2 is acting as the highly reflective mirror on one end while VBG1 is acting 
as output coupler on the other end. The output dynamics of the laser (for a constant pump 
power) as the VBGs were detuned is shown in Fig. 4.16 below. 

 

Fig. 4.14. Emission behavior for dual-VBG fiber laser as the two VBGs were 
detuned. 
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It can be seen from Fig. 4.14 that the main output is at P1, i.e. in the forward direction 
(co-propagating with the pump), for a detuning up to 0.2 nm. Between 0.2 nm and 0.5 nm 
detuning, the main output switches, as it seems, erratically between P1 and P2 only to 
become stable in the P1 direction again for a detuning larger than 0.5 nm. This behavior is 
believed to be a result of an asymmetry of the side-lobes, that is side-lobes of the same order 
do not necessarily have the same amplitude and may also be located at slightly different 
distances from the main peak. This can be an effect from manufacturing but also induced 
from absorbed laser radiation [72]. The output power and slope efficiency was measured 
with the VBGs detuned maximally and compared to an identical cavity employing a normal 
highly reflective mirror. The result is shown in Fig. 4.15 below. 

 

Fig. 4.15. Slope efficiency of dual-VBG fiber laser for a constant detuning of 75 
degrees. 

For the detuning possible with the temperature controllers used in this experiment, both 
slope efficiency and output power is very similar to that of a mirror based laser cavity. The 
spectral output was of course quite different though and is shown in the inset in Fig. 4.15. 
The linewidth was too narrow to measure using our optical spectrum analyzer so a scanning 
Fabry-Perot was used instead and it was found to have a linewidth of  2.5 GHz, which is an 
improvement by a factor of 2 compared to the previous experiment. For better stability, two 
VBGs should be chosen with an initial separation of ~1 nm and a slight difference in 
reflectivity of a few percent. This was unfortunately not available at the time of the 
experiment. Anyway, our simple dual-VBG configuration did not produce a very narrow 
linewidth but also make it possible to change the feedback of the output coupling 
dynamically.  
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4.4 High Power Fiber Lasers 

In all the previous experiments described, the output power was limited to less 7 W. 
One main point of using VBGs together with specialty type fibers such as LMA or PCF 
fibers is to enable high power narrow linewidth laser emission. Two experiments were 
therefore designed to better study the operation of VBG based fiber lasers at 1-2 orders of 
magnitude higher output power. In the first experiment, reported on in Paper IV, a multi 
mode Er,Yb co-doped fiber was locked with a VBG at normal incidence. The spectral 
response and the efficiency were compared to a broad band mirror as well as a replica 
diffraction grating. The fiber we used had a core diameter of 30 μm with a corresponding 
NA of 0.22, which resulted in a beam quality of M2 = 5.5. As the tuning range of VBGs 
depend strongly on the beam quality of the incident beam (see Chapter 3), a tuning 
experiment was also preformed. The VBG had an aperture of 5x7 mm to ensure the whole 
beam fitted within it. The reflectivity was 96 % at the design wavelength of 1552 nm with a 
bandwidth of 0.4 nm. The experimental setup for this fiber is shown in Fig. 4.16. 
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Fig. 4.16. Schematic of experimental setup for Er/Yb-doped fiber laser with 
high power output. 

When the VBG was compared to the free running configuration (where the VBG was 
replaced by a dielectric mirror), it was found that fiber laser behaved similarly up to a pump 
power of 150 W. At this point, the free-running fiber laser started to exhibit parasitic lasing 
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at 1.08 μm, resulting in somewhat poorer slope efficiency (see Fig. 4.17). This was a result 
of higher residual reflections from the dielectric mirror (~5 %) compared to the VBG.  

 

Fig. 4.17. Comparison of slope efficiency for mirror and VBG based systems. 

The spectral response of the two cavity configurations (shown in Fig. 4.18) were 
measured with an optical spectrum analyzer and compared to a cavity configuration were 
the VBG was replaced with a replica diffraction grating with 600 lines/mm in the Littrow 
configuration. The linewidths were determined to be 6 nm, 4 nm and 0.4 nm for the free-
running, diffraction grating and VBG configuration, respectively. This shows that despite 
the somewhat poor beam quality, a high efficiency could be achieved with the VBG 
configuration with a maintained narrow linewidth. 
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Fig. 4.18. Emission spectrum comparison for VBG, replica diffraction grating 
and mirror. 

By folding the cavity arm with the VBG and using an additional plane broadband 
mirror (as shown in Fig. 4.16), tunable operation was possible. To avoid parasitic lasing at 1 
μm, the pump power was kept at 120 W. It was found that the lasing wavelength could be 
shifted down as far as 1528 nm where it was limited by the gain of the fiber. The upper 
tuning limit was 1550 nm where it was limited by the geometry of the cavity. A maximum 
output power of 38 W was maintained over a range of 15 nm and was just below the output 
power at normal incidence (41 W) for the same pump power (see Fig. 4.19). The slight 
difference in output power between normal and oblique incidence can be explained by the 
double pass in the VBG each round trip which increased the losses in the cavity for the latter 
case. This double pass configuration also positively affected the linewidth which was 
reduced to 0.2 nm. It shows that at these power levels, tunable narrow linewidth operation 
with maintained efficiency is possible using a much more compact setup than with the 
diffraction grating.  
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Fig. 4.19.Output power for several wavelengths across the tuning range. 

In the second experiment reported on in Paper V, we used on an Yb-doped fiber laser 
and took advantage of the open design to enable highly polarized emission together with a 
narrow linewidth. With this configuration, even higher output power was possible and 
attention was therefore given to possible absorption effects in the VBG (see Chapter 3). The 
main concern is that absorption in the VBG can cause a distortion in the Bragg structure, 
which in turn will chirp it and lower the peak reflectivity. The experimental setup is shown 
below in Fig. 4.20. 

 

Fig. 4.20. Experimental setup of polarized high power VBG-based fiber laser. 

Throughout the experiment, the output power as well as residual transmitted power 
through the VBG was carefully measured to monitor any signs of heat induced deformation 
of the grating. As in the previous experiment, this was compared to the lasing properties of a 
mirror with the same configuration. The fiber used in this experiment had a core diameter of 
20 μm with a NA of 0.06 which was low enough to provide close to diffraction limited 
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output. The cladding which had a diameter of 400 μm also contained two stress-rods which 
induced enough birefringence to make the fiber polarization maintaining. The output power 
and slope efficiency is shown below in Fig. 4.21. 

 

Fig. 4.21. Slope efficiency for VBG and mirror based polarized fiber laser. 

It can be seen in Fig. 4.21 that there is no discernible difference in output power 
between the mirror based setup and the VBG based one. Furthermore, at no time did the 
residual transmitted signal from the VBG increase more than what would be expected from 
Rigrod analysis (see Eq. 2.10). The spectral characteristics was also monitored carefully 
with an optical spectrum analyzer for all power levels and the linewidth of the VBG locked 
laser was at no point found to go above the design bandwidth of the VBG, which was 0.2 
nm. The laser wavelength did however increase from 1065.9 nm at just above the threshold 
with 4 W of pump to 1066.0 nm for the maximum output power of 138 W at 180 W of 
pump. This implies that there was no thermal degradation of the grating structure but that a 
general heating of the VBG took place from direct absorption and/or absorption of scattered 
light in the VBG holder. This experiment shows that VBGs function well in fiber laser 
systems at this power level. With a thin-film polarizer and a λ/2-plate in the cavity, a 
polarization extinction ration of 13 dB was achieved. In all, this makes this type of source 
very interesting for non-linear conversion processes such as second harmonic generation or 
sum-frequency generation. 
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4.5 Cryogenically-Cooled Narrow-Band Temporally-Stable 

Fiber Lasers 

Cryogenic cooling of crystalline laser host materials has been used for a long time to 
improve material properties such as thermal expansion and thermal conductivity, which 
strongly affect the beam quality as well as the damage threshold. This is of less importance 
for fiber lasers since the beam quality is largely defined by the waveguiding structure of the 
fiber, and the length of the gain medium is quite efficient in dissipating heat, at least for 
moderate powers on the order of ~100 W. The spectral properties of the amorphous silica 
host is on the other hand strongly affected by temperature and in Paper VI we show how this 
can be used to dramatically increase the efficiency and stability of an Yb-doped fiber laser. 
The increase in efficiency can be understood if we plot the gain cross-section (as defined in 
Chapter 2) for various inversions at room temperature (dashed lines), and at liquid nitrogen 
temperatures (solid lines) (see Fig. 4.22 below). 

 

Fig. 4.22. Gain cross-section for an Yb-doped fiber under room-temperature and 
at liquid nitrogen temperature (LNT) for several inversions [83]. 

The increased efficiency when cooling comes at the price of a spectrally broad output 
and a VBG with a design wavelength close to the high gain energy transition at 1032 nm 
was therefore used to avoid this and lock the laser. Cryogenic cooling of crystalline host 
materials requires a well controlled environment to avoid problems with condensation and 
formation of ice on the surfaces of the host. This is not an issue with fiber lasers as the main 
portion of the gain material can easily be submerged in a coolant without affecting the fiber 
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ends. In our experiment, a simple Styrofoam container was used to hold the liquid nitrogen 
in which the fiber was submerged. The experimental setup is shown in Fig. 4.23. 

 

Fig. 4.23. Experimental setup for the cryogenically cooled fiber laser. 

At room temperature, it was not possible to use a fiber length longer than ~4 m as self-
pulsing otherwise tended to destroy the end-faces of the fiber. In an initial experiment we 
therefore compared the output power and emission spectrum for this fiber length at room 
temperature and LNT. It was found that the emission spectrum increased by a factor of 5, 
from 2 nm to 10 nm, and the output power increased from 7 W to 9 W when the fiber was 
cooled. The output power and emission spectrum for the two temperature regimes are shown 
in Fig. 4.24 and Fig. 4.25 respectively. 

 

Fig. 4.24. Slope efficiency at room-temperature and LNT for 4 m fiber. 
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Fig. 4.25. Comparison of spectral emission at room temperature and at LNT for 
4 m fiber. 

The reduced temperature also proved to efficiently suppress self-pulsing. This is 
believed to be related to the reduction of the thermal population in the upper stark-levels of 

the 2
7 / 2F  manifold implying that that reabsorption at the signal wavelength is almost 

completely eradicated. This enabled the use of a considerably longer fiber length of 11.5 m, 
which could almost completely absorb the pump light. For the same launched pump power 
of 14.5 W, the laser now emitted ~11.6 W at the signal wavelength. The spectral density on 
the other hand decrease as the linewidth increased to almost 20 nm. The increase in 
linewidth is believed to be a result of the decreasing homogeneous broadening resulting 
from the lowered operating temperature. To see if it was still possible to contain all the gain 
within a narrow linewidth a VBG, with a bandwidth of 0.4 nm and a peak reflectivity of 99 
% at 1030 nm was inserted in the cavity, replacing the mirror. The linewidth was now 
reduced to 0.4 nm, while a marginal decrease in output power was noted (11.4 W compared 
to 11.6 W). Furthermore, the emission spectrum showed no signs of strong ASE or parasitic 
lasing outside the grating bandwidth. The output power and emission spectra for the 11.5 m 
fiber is shown in Fig. 4.26 and Fig. 4.27, respectively, for the two cavity configurations.  
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Fig. 4.26. Slope efficiency at LNT for VBG and mirror based fiber laser. 

 

Fig. 4.27. Emission spectrum with VBG and mirror based system. 

These results show that cryogenic cooling of Yb-doped fiber lasers is a simple way to 
stabilize the temporal output as well as substantially increase the efficiency.  

4.6 Lasing at 980 nm in a Photodarkening Resistant Silica 

Fiber 

It is commonly known that Yb/Al doped silica fiber lasers suffers from photodarkening. 
With the proper co-dopant however, the effect can be mitigated. As was discussed in 
Chapter 2, up until now the most common codopant was phosphorus (P), even though it had 
detrimental effects on the fiber such as reduced cross-sections, increased brittleness and 
increased background loss. In Paper VII, it is shown that by cerium (Ce) codoping to a well 
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chosen Yb/Ce-ratio, the photodarkening effect is almost eradicated while other positive 
properties normally expected from Yb/Al-doped silica fibers are maintained. Three Yb-
fibers were drawn with different codopants and/or concentrations: The first fiber denoted 
Yb/Al, was doped with Yb and Al to a concentration of 0.22 and 2.18 at. %, respectively. 
The 2nd fiber denoted Yb/Ce/Al I had an Yb/Ce/Al concentration of 0.22 / 0.06 / 2.0 at. % 
and finally the third fiber denoted Yb/Ce/Al II had an Yb/Ce/Al concentration of 0.55 / 0.55 
/ 6.86 at. %. In a first experiment the fibers were subjected to 915 nm radiation and the 
induced loss at 600 nm recorded. The results are shown in Fig. 4.28 below. 

 

Fig. 4.28. Photodarkening rate for the three different fiber measured as induced 
loss at 600 nm. 

It can be seen that there is a slight difference between fiber Yb/Ce/Al I and Yb/Ce/Al II. 
If the fibers would not have been codoped with Ce, the results should be the opposite, as 
photodarkening scales strongly with density of excited ions [62]. To verify that the lasing 
characteristics were not affected, a simple cavity was constructed and the slope efficiency 
against absorbed pump was measured. In addition to measuring three unused samples, the 
Yb/Ce/Al II fiber presented in Fig. 4.28, was also included. The results presented in Fig. 
4.29 show only a slight difference between the four fibers. 
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Fig. 4.29. Slope efficiency for the untreated three different fibers together with 
photodarkened Yb/Ce/Al II fiber from Fig. 4.28. 

In all the previous Yb-based experiments described in this chapter, lasing has taken 

place above 1 μm to one of the upper stark-split levels of the 2
7 / 2F  manifold. Because of 

this, the requirement on the necessary population inversion to reach transparency, and thus 
threshold, are not that high, typically only a few percent. In these systems, photodarkening 
is not generally considered a problem except for industrial laser systems with many 
thousand hours of expected lifetime. There is however a large interest in high power laser 
source operating at 980 nm, which coincides well with the 3-level transition between the 

ground states of the 2
5/ 2F  and 2

7 / 2F  manifolds. From the theory in Chapter 2, it can be 

understood that this requires a large population inversion, typically close to ~50 %, to 
achieve transparency, which should greatly affect the photodarkening rate. Little has 
nonetheless been reported on the long term behavior of Yb-doped fiber lasers emitting at 
980 nm. An experiment was therefore designed (Paper VIII) where the Yb/Al, the Yb/Ce/Al 
I and a commercially available fiber with twice the Yb concentration (0.44 at. %) was 
compared as gain medium for a fiber laser emitting at 980 nm. The fiber core/cladding 
diameters were 20/150 μm for the in-house drawn and 30/250 μm for the commercial one. 
The experimental setup is shown in Fig. 4.30 below. 
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Fig. 4.30. Experimental setup for VBG-based 980 nm fiber laser. 

The fiber lengths were chosen to 30 cm for the commercial fiber, 35 cm for the Yb/Al 
fiber and 45 cm for the Yb/Ce/Al I fiber. The difference in length for the two non-Ce 
codoped fibers, is motivated by the difference in core and cladding diameter, as the strong 
parasitic gain above 1 μm depend linearly on the cladding/core area ratio. With the 
Yb/Ce/Al I fiber, the length was chosen to 45 cm as this was the maximum length possible 
while still achieving positive gain at 980 nm. In terms of photodarkening, this would in any 
case increase the photodarkening rate as the longer fiber would require a slightly higher 
average population inversion along the fiber. The three fibers were in turn placed in a free-
running configuration with a highly reflective mirror (AR > 1 μm) as the cavity reflector on 
one side and the perpendicularly cleaved fiber end on the other. The intra-cavity fiber end 
closest to the mirror was angle polished to ~10 degrees in order to prevent lasing at 1030 
nm. The effect of photodarkening on the output power was measured by monitoring the 
output power for up to 5 hours. The result is shown in Fig. 4.31 below. 

 

Fig. 4.31. Output power over time for the three different fibers. 
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As can be seen in the Fig. 4.31, the Yb/Ce/Al I fiber did not shown any noticeable 
change in output power over the measured time span. The Yb/Al fiber on the other hand 
showed an instant drop in efficiency and had after ~2 hours dropped to roughly 90 % of its 
original output power. The commercial fiber, which had twice the concentration of Yb-ions, 
was expected to degrade faster due to the strong concentration dependence of the 
photodarkening rate. In fact, it was found that within one hour’s time, the output power had 
dropped to less than 40 % of the original output power. 

The emission spectrum of the Yb/Ce/Al I fiber was recorded using an optical spectrum 
analyzer and it was found to be quite wide with a 6 nm emission linewidth, despite the 
narrow peak of the emission cross sections at 980 nm compared to the cross-sections above 
1 μm. To increase the spectral density, a VBG with a design wavelength of 982 nm was 
inserted into the cavity as a folding mirror, give a 2-pass spectral filtering each round-trip. 
The emission spectrum was now below 0.2 nm which was the bandwidth of the VBG. 
Despite the 2-pass spectral filtering, ASE was still visible in the emission spectrum as can 
be seen in Fig. 4.32. Nevertheless, Fig. 4.32 also show that the signal to ASE ratio is almost 
30 dB, implying that ~99.9 % of the output power is within the 0.2 nm transmission window 
defined by the VBG.  

 

Fig. 4.32. Comparison of emission spectrum at 980 nm for VBG and mirror 
based setup. 

The output power in this experiment was limited to 2 W by the poor pump absorption 
which was restricted by the fiber length, but also by brightness miss-match between the 
pump launch fiber and the gain fiber. This resulted in that a considerable amount of pump 
was launched into the cladding and subsequently into the coating or fiber holder causing 
catastrophic break-down. With the grating in this configuration, limited wavelength tuning 
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was also possible. The upper limit was set by the normal incidence wavelength of the VBG 
and the physical restraints on the cavity while the lower was restricted by the gain region of 
the transition. Fig. 4.33 shows how well the output power could be extracted within the 
emission window of the VBG. For longer wavelengths, the signal to ASE ratio stays high, 
but at the other end of the spectrum this ratio drops considerably and is at 975 nm only ~15 
dB. 

 

Fig. 4.33. Emission spectrum for several wavelengths within the tuning range. 

The detrimental effect from photodarkening on Yb/Al-doped silica fibers limits the 
usefulness of these fibers in long life-time fiber lasers operating above 1 μm. Furthermore, 
for the 3-level transition at 980 nm, this effect will quickly degrade the performance of 
highly doped fibers. With Ce-codoping, degradation free operation over several hours is 
possible, even at 980 nm. As the photodarkening is believed to only depend on the 
population inversion density, these results should scale well to higher power and make this 
fiber composition an excellent candidate as a source for 490 nm generation through SHG 
[84], in particular so with a VBG for efficient narrowing of the emission linewidth. 
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5 Conclusions 

In this thesis, it is demonstrated how the performance of fiber lasers can be improved 
with respect to emission spectrum, efficiency, and lifetime. The work addresses the common 
problems pertinent to high-power fiber lasers and amplifiers. Volume Bragg gratings were 
extensively studied as spectral filters in fiber lasers and properties such as linewidth 
narrowing, temperature stability and tunability were characterized. It was shown how a 
reduction of the fiber temperature substantially increases the efficiency and temporal 
stability in an Yb-doped fiber laser. Furthermore, it was shown that Ce-codoping of Yb-
fibers reduces the photodarkening-rate considerably and increases the life-time of Yb-doped 
fiber lasers when lasing at wavelengths shorter than 1 µm. 

In the first experiment (Paper I), we showed for the first time a VBG-locked fiber laser. 
A micro-structured Nd-doped silica fiber was used as gain-media in a linear cavity. It was 
found that it compares favorably to a highly reflective dielectric mirror with a high 
efficiency (51 % slope) and a narrow emission linewidth (< 0.07 nm). Throughout the 
experiments, alignment techniques for VBGs were also developed for use with fiber lasers. 

This experiment was followed up on using an Yb-doped large-mode area fiber with an 
order-of-magnitude higher output power (5.5 W). By placing the VBG in a retro-reflector 
configuration, seamless tunable operation was demonstrated in a compact setup with 
maintained linewidth over 23 nm. It was also shown that the linewidth (5 GHz) was still 
contained well within the bandwidth of the VBG. To investigate the short wavelength end of 
the tuning range, a new pump launch technique, “skew-angle pumping”, was developed 
where the difference in core and cladding NA was used to separate the pump and the signal 
emission. Furthermore, different coiling techniques were investigated and it was found that 
the slightly multi-mode core (V-number ≈ 6) could support close to single-mode operation 
(M2<1.3) when coiled in a folded figure-8 configuration. 

For better control of the output coupling, an Yb-doped fiber laser locked with two 
VBGs was evaluated in Paper III. By using the side-lobes of one VBG as output coupler 
instead of the end-face of the fiber, a higher spectral selectivity in combination with a 
tunable reflectivity was achieved. The VBGs, which had almost identical characteristics at 
room-temperature, was spectrally separated by heating one relative to the other. It was 
found that for a high enough temperature difference, the output was unidirectional 
regardless of pump power. An output power of 7 W was achieved with an emission 
linewidth of 2.5 GHz.  
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The results from Paper II were scaled another order of magnitude in Paper IV, where an 
Er/Yb-doped fiber was locked with a VBG at 1552.6 nm. Despite operating in a slightly 
multi-mode regime (M2 ≈ 5.5), tunable operation was realized over 22 nm. With the same 
identical setup, the VBG was compared to a highly reflective dielectric mirror and a replica 
diffraction grating. With the VBG, the slope efficiency was increased compared to the 
mirror (27 % vs. 24 %) for a launched pump power above 150 W. The linewidth was also 
considerably more narrow (0.4 nm) compared to the grating (4 nm) and the mirror (6 nm), 
for the same setup.  

In Paper V, these experiments were continued with an Yb-doped fiber as gain media. 
The open design was taken advantage of by including a thin-film polarizer and a half-wave 
plate. With this arrangement, a high polarization extinction ratio was achieved (13 dB), with 
a narrow linewidth (< 0.2 nm) at an output power of 138 W with a close to diffraction-
limited mode. This type of source could be very useful in non-linear optical applications 
such as second harmonic generation or sum-frequency generation. Special attention was 
paid to the temperature stability of the VBG at these power levels. Through careful 
measurements of the output power and the transmitted power (through the VBG), it was 
found that no detrimental effects could be seen. Furthermore, by simulating the intensity 
distribution and heat transfer in a VBG, effects of detrimental heating was identified. These 
show that a chirping effect might occur at higher powers but that fiber lasers should still be 
able to handle this quite well compared to low gain solid-state lasers.  

In Paper VI, cryogenic cooling was used to increase the efficiency in an Yb-doped fiber 
laser. With an 11.5 m fiber, 11.4 W of output power was achieved at a pump power of 14.5 
W. The high efficiency was a result from an increased absorption cross-section at the pump 
wavelength, an increased emission cross-section at the signal wavelength as well as a 
reduced threshold. The cooling of the fiber also increased the temporal stability of the fiber 
substantially: at room temperature, the fiber used succumbed to catastrophic breakdown of 
the fiber ends from strong self-pulsing. The increased linewidth at cryogenic temperatures 
was attributed to a flattening of the gain and a decreased homogeneous broadening. It was 
mitigated using a VBG with a reflection wavelength close the emission peak of 1032 nm. 
This experiment showed that cooling of Yb-fiber lasers is a simple way to increase the 
efficiency as well as the temporal stability.  

Photodarkening in Yb-doped fiber lasers is a problem for industrial applications as it 
reduces the lifespan of the laser. In Paper VII, this problem was addressed by codoping an 
Yb-doped fiber with Ce. Different Yb/Ce ratios was evaluated and compared to normal Yb-
doped fibers. A considerable reduction in photodarkening was attained with the other fiber 
parameters essentially maintained. This was verified by comparing the power conversion 
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efficiency of an Yb/Al-doped fiber to two Yb/Ce/Al-doped fibers, one of which had been 
subjected to intense 915 nm radiation. The fibers showed close to identical results. 

As the photodarkening-rate depends strongly on the density of excited Yb-ions, 
emission at 980 nm should be much more vulnerable to this phenomenon as a high inversion 
is necessary. In Paper VIII, this was evaluated for three different fibers, two of which were 
drawn in-house and one which was commercially available. One of the in-house drawn 
fibers was codoped with Ce while the other was not. It was found that the Yb/Ce codoped 
fiber could sustain degradation-free lasing over the measured time-frame of 5 hours while 
the two others degraded considerably. The Yb/Ce-doped fiber was also locked with a VBG 
at 980 nm to evaluate how well the gain could be extracted within the bandwidth of the 
VBG. A 30 dB signal-to-ASE ratio was achieved with the VBG as a cavity delimiter. This 
indicates that 99.9 % of the output power was contained within the bandwidth of the VBG 
(0.4 nm). The experiment shows that the Yb/Ce-codoped fibers are an attractive gain media 
for 980 nm laser emission and, together with VBG locking, they could be a promising pump 
source for 490 nm generation through second harmonic generation.  

 

5.1 Outlook 

The results from this thesis show that VBGs are a well suited cavity delimiter for fiber 
lasers. A next natural step of research could be to further scale the output power of fiber 
lasers and examine whether the spectral characteristics of VBGs are maintained. Despite the 
growing number of articles detailing how thermal stress can affect VBGs, very few have 
been verified by experiments. Possible means to study VBGs subjected to intense radiation 
are thermal cameras, wave front analysis, and holographic measurement techniques.  

From an application point-of-view, the next step would be to use the fiber lasers 
developed in this thesis as pump sources for various non-linear conversion experiments. 
High power CW second harmonic generation is of great interest as light sources in display 
systems and projectors. Other interesting non-linear applications could be CW optical 
parametric oscillators (OPOs) for stand-off measurements techniques such as LIDAR 
spectroscopy.
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