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Music is the arithmetics of sound
as optics is the geometry of light.

— Claude Debussy
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A B S T R A C T

This thesis is about Rare Earth elements and their applications
in fiber lasers. A 1080 nm ytterbium fiber laser is designed, with
the resulting slope efficiency 75%, threshold pump power 0.4 W
and beam quality M2 = 1.7. A 980 nm ytterbium fiber laser is
optimized with respect to recycling of unabsorbed pump. The
resulting slope efficiency is 10%, threshold pump power 7 W and
beam quality M2 = 1.9. The difficulties of obtaining gain at 980
nm are discussed. Frequency doubling of 1.4 W 980 nm laser
emission in a ppKTP nonlinear crystal gives 70 µW blue emission
at 490 nm.

S A M M A N FAT T N I N G

Denna uppsats handlar om jordartsmetaller och deras tillämp-
nigar i fiberlasrar. En 1080 nm ytterbium-fiberlaser designas där
den resulterande effektiviteten är 75%, tröskeleffekten är 0.4 W
och strålkvaliteten uppmäts till M2 = 1.7. En 980 nm ytterbium-
fiberlaser optimeras med avseende på återanvändande av oab-
sorberad pump. Den resulterande effektiviteten är 10%, tröskelef-
fekten är 7W och strålkvaliteten M2 = 1.9. Svårigheterna med att
lasra vid 980 nm diskuteras. Frekvensdubbling av 1.4 W 980 nm
laserljus i en ickelinjär ppKTP-kristall ger 70 µW blå emission
vid 490 nm.
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One problem is that you have to miss the ground accidentally.
It’s no good deliberately intending to miss the ground

because you won’t.
You have to have your attention suddenly distracted by something else

when you’re halfway there,
so that you are no longer thinking about falling,

or about the ground,
or about how much it’s going to hurt if you fail to miss it.

— Douglas Adams [7]
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Part I

I N T R O D U C T I O N





1
B A C K G R O U N D

Rare Earth elements are interesting for industrial applications
due to their spectroscopic properties. Intraconfigurational 4F-
transitions are well shielded from environmental ligand molecules
by outer shells. In this experimental work done at the Mid Sweden
University in Sundsvall, the spectroscopic properties of ytterbium
and erbium are investigated and particularly the application of
ytterbium-doped fiber lasers is dealt with. A fiber laser is a laser
with a Rare-Earth (or transition metal-) doped optical fiber as gain
medium. The advantages of fiber lasers are their high efficiency
and good beam quality. It is also possible to build all components
into fibers so not much external optics is needed which makes
the fiber laser flexible, compact and damage resistant.

Optical fibers are fabricated from glass, which is amorphous.
Doping in amorphous material affects the dopants absorption
and emission spectra in the sense that the crystal field splittings
are not discrete as in a crystalline environment. This causes
the spectral peaks to have larger bandwidths compared to the
sharp peaks from dopants in crystals and hence arise the many
possible lasing wavelengths of the ytterbium-doped fiber laser.
Which wavelength the laser emission adopts has to do with
pump wavelength, gain and choice of mirrors in the laser. This
thesis considers the laser wavelengths 1080 nm and 980 nm in
ytterbium:aluminosilicate fiber lasers pumped at 915 nm. The
1080nm laser operates as a four-level laser, meaning that the
reabsorption at the lasing wavelength is low. Hence, this laser
can operate with typically 5− 10% of the ytterbium ions in the
upper laser level. This is easily obtained and it remains to select
a mirror reflecting at 1080 nm. For the 980 nm laser, which is a
three-level laser, the reabsorption is much higher requireing more
than 50% of the ytterbium ions to occupy the upper laser level.
1080 nm fiber lasers are efficient and with high beam quality,

making them excellent for high-precision applications like metal
cutting. The 980 nm fiber laser has a lot higher lasing threshold
and lower efficiency, but one reason it is interesting is for the
application of frequency doubling in nonlinear crystals into a 490
nm blue laser, which could work as a replacement to the bulky
argon ion lasers [18].

Earlier work with 980 nm ytterbium fiber lasers has been pre-
sented. Röser et al. [18] constructed a 980 nm ultra large-mode-
area rod type photonic crystal fiber laser at 94 W with 63% slope
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4 background

efficiency and beam quality M2 = 2.2 in 2008. This is the highest
known power achieved for such a laser.

For single-mode ytterbium fiber lasers, in 2009 Zou et al.[23]
constructed a laser pumped at 946 nm that achieved a power
of 1.32 W and 75.3% slope efficiency. This laser was used for
frequency conversion in a BIBO nonlinear crystal and 15 mW
was reached at 490.8 nm. In 2002, Selves et al. [19] constructed a
single-mode 980 nm ytterbium fiber laser achieving 1.4 W and
slope efficiency 68%.

This thesis starts with a theoretical description of the atomic
physics of Rare Earth elements and the working principles of the
laser in general as well as the fiber laser, optical fibers and nonlin-
ear crystals. In the next part the experimental work together with
result is described, and the last part is dedicated to discussion of
the subject and future work.



2
AT O M I C P H Y S I C S O F R A R E E A RT H E L E M E N T S

2.1 rare earth elements

The Rare Earth Elements (REE) are usually defined as the lan-
thanides with atomic numbers 57− 71 together with scandium
and yttrium, or sometimes only the lanthanides. The electronic
configurations of the REE are shown in Table 1.

Table 1: Electronic configurations of the Rare Earth elements.

Element Z Electronic Configuration

Sc 21 [Ar]4s23d1

Y 39 [Kr]4s24d1

La 57 [Xe]6s25d1

Ce 58 [Xe]6s24f15d1

Pr 59 [Xe]6s24f3

Nd 60 [Xe]6s24f4

Pm 61 [Xe]6s24f5

Sm 62 [Xe]6s24f6

Eu 63 [Xe]6s24f7

Gd 64 [Xe]6s24f75d1

Tb 65 [Xe]6s24f9

Dy 66 [Xe]6s24f10

Ho 67 [Xe]6s24f11

Er 68 [Xe]6s24f12

Tm 69 [Xe]6s24f13

Yb 70 [Xe]6s24f14

Lu 71 [Xe]6s24f145d1

Many of the REE’s interesting optical properties originates from
intraconfigurational transitions within the 4fN-configuration. Quan-
tum theory is used to determine the free-ion energy level struc-
tures of the REE and point group theory is used to determine the
crystal-field splitting for REE ions in crystalline environment. It
should be noted that for amorphous environment these calcula-
tions are not valid.

5



6 atomic physics of rare earth elements

2.1.1 Applications

There are many high-tech applications based on Rare Earth el-
ements. Since many of the REE emit in the visible region of the
electromagnetic spectrum they are used as phosphors in dyes, for
example for bio-marking inside cells, and fluorescent lamps [21].
Some of them have magnetic properties and are used in magnets.
In optical fibers they are used as gain medium in fiber lasers and
amplifiers. The Rare Earth elements most commonly used in fiber
lasers are neodymium and ytterbium. For amplifiers erbium is
the most common [2].

2.2 atomic physics of rare earth elements

The Schrödinger equation, H ψ = Eψ, where H is the Hamilto-
nian, E the energy and ψ the wave function for a system, cannot
be solved exactly for systems of more than one electron. The
central-field and Hartree-Fock approximations facilitate the solu-
tion [13].

The Hamiltonian for an atom with N electrons can be written

H = H0 + HC + HSO (2.1)

where

H0 = −

N∑
i=1

 h2

2m
∇2i −

N∑
i=1

Ze2

ri
, (2.2)

where the first term is sum of the kinetic energies for N elec-
trons. m is the mass and  h is Plack’s constant.

The second term is the sum of the potential energies of the N
electrons. Z is the atomic number and r the radius.

HC =

N∑
i<j

e2

rij
, (2.3)

where e is the electronic charge and rij is the distance between
two electrons, describes the Coulomb repulsion between two
electrons i and j.

HSO =

N∑
i

ξ(ri)li · Si (2.4)

is the spin-orbit interaction, where ξ(ri) is the spin-orbit cou-
pling constant and li · Si is the interaction between orbital and
spin angular momenta of the electrons [13].
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2.2.1 Central Field Approximation

In the central field approximation, H0 is approximated with

H ′
0 =

N∑
i=1

[
−

 h2

2m
∇2i +U(ri)

]
, (2.5)

where

N∑
i=1

U(ri) = −

N∑
i=1

Ze2

ri
+
〈 N∑
i<j

e2

rij

〉
(2.6)

is an approximation for the potential energy. The Coulomb
repulsion term can be approximated

H ′
C =

N∑
i<j

e2

rij
−
〈 N∑
i<j

e2

rij

〉
, (2.7)

which is small enough to be treated as a perturbation together
with HSO [13].

2.2.2 Hartree-Fock Method

The central field wave function for N electrons may be written

Ψ(λ1, λ2, ..., λN) =
1√
N!

∣∣∣∣∣∣∣∣∣∣∣

Ψ1(λ1) Ψ2(λ1) · · · ΨN(λ1)

Ψ1(λ2) Ψ2(λ2) · · · ΨN(λ2)
...

Ψ1(λN) Ψ2(λN) · · · ΨN(λN)

∣∣∣∣∣∣∣∣∣∣∣
,

(2.8)

in which Ψi(λj) are spin orbitals, and the subscript i identifies
a particular choice of the four quantum numbers n, l,ml and
ms and λjrepresents the space and spin coordinates of the j-th
electron. The eigenfunctions of H ′

0 may be written

Ψnlmlms(r,ms) =
1

r
Rnl(r)Ylml

(θ,φ)σ(ms), (2.9)

where Rnl(r) is the radial part, Ylml
(θ,φ) is the angular part

called the spherical harmonics and σ(ms) is a spin function [13].
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2.2.3 Angular Momentum Coupling

In the central field approximation one has to consider coupling
schemes for the calculations to be as accurate as possible. Cou-
pling schemes are linear combinations of wave functions that
are eigenstates of angular momentum operators. Depending on
where in the periodic system, the relative strengths of the dif-
ferent couplings differ. The most common are Russel-Saunders,
LS-coupling, for lighter atoms and jj-coupling for heavier. In
LS-coupling, Coulomb interactions between electrons dominate
and orbital angular momenta

L =

N∑
i=1

li, (2.10)

and spin angular momenta

S =

N∑
i=1

si, (2.11)

couple separately and the total angular momentum operator,
equation (2.12), has 2J+ 1 eigenstates with quantum number MJ.

J = L + S. (2.12)

In jj-coupling, instead, spin-orbit coupling dominates and l
and s for each electron couple,

ji = li + si, (2.13)

and the total angular momentum is the sum of the angular
momenta for each electron,

J =
∑
i

ji, (2.14)

and MJ is still a good quantum number. For Rare Earths, spin-
orbit coupling and Coulomb interactions are of the same order
of magnitude so the intermediate coupling scheme is used and
this can be developed from the LS-coupling scheme. Now L and
S are no longer good quantum numbers, but J and M are. It is
still possible to express the eigenfunctions as linear combination
of the LS-basis [13],

Ψ(nlJ) =
∑
τlS

aτlSJ|nlτLSJ〉, (2.15)

where

aτlSJ =
∑
τ ′L ′S ′

〈nlτLSJ|HC + HSO|nlτ ′L ′S ′J ′〉δJJ ′ . (2.16)
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2.2.4 Crystal Field Interactions and the Stark Effect

When placing a Rare Earth ion in some ligand, its characteristic
electronic energy level structure will further split into several
crystal field levels. This structure will depend on the ligand.

The Stark Effect is a perturbation due to an interacting electric
field from the surrounding environment, causing a splitting of
energy levels [8]. In crystal material this splitting will be fixed
for a combination of dopant and ligand, but in amorphous ma-
terial such as glass, it will vary and spread out over an interval
of wavelengths. For ytterbium the ground level 2F7/2 has four
Stark levels and the excited level 2F5/2 has three. The number of
possible transitions between these levels will thus be twelve, see
figure 1.

Figure 1: Stark levels of ytterbium.

2.2.5 Energy Transfer

Interactions between Rare Earth ions and their ligands occur
in the form of energy transfer. Energy transfer can be both ra-
diative, in the form of absorption, emission and scattering of
electromagnetic radiation, and non-radiative. Energy transfer can
occur between ions but also between ions and ligands. Quenching
and multi-phonon relaxation depopulates states without emitting
radiation.
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2.2.5.1 Radiative Transitions

Consider a system consisting of two levels, one upper with higher
energy and one with lower energy. The following radiative tran-
sitions are possible in this system.

• Absorption is the process where a system absorbs a photon
of energy matching the energy gap between the two states
of the system, and excites from its lower to its upper state.

• Spontaneous emission occurs when the system decays back
into its lower state. A photon is emitted in a random direc-
tion.

• Stimulated emission is the process where a system in its
excited state, in the presence of an incident photon, emits
light coherently with that photon and decays back into its
lower state.

The absorption of a material is important in laser design. If N
is the number of atoms per unit volume in a slab of thickness ∆z,
then the fraction of atoms hit by incoming light is Nσ∆z, where
σ is the absorption cross section. The fraction of intensity lost
from the incoming light, specifies the absorption in the material.

∆I

I
= −Nσ(ω)∆z = −α(w)∆z. (2.17)

Solving the differential equation (2.17) for the intensity I as
function of z gives

I(ω, z) = I(ω, 0)e−Nσ(ω)z = I(ω, 0)e−α(ω)z, (2.18)

where ω is the angular frequency and α is the absorption
coefficient. Equation (2.18) is known as Beer’s law.

2.2.5.2 Upconversion

Figure 2 shows an example of upconversion using Er3+-Yb3+

codoping [10]. Ytterbium is the sensitizer and erbium is the acti-
vator. This means that ytterbium can transfer energy to erbium,
which emits light. The process in figure 2 can be described as
follows: Instead of spontaneous emission, the ytterbium ion in
its excited 2F5/2 state can transfer energy non-radiatively to a
neighboring erbium ion in its ground state, 4I15/2, exciting it to
the 4I11/2 state. If this is process is repeated before the erbium
ion deexcites from 4I11/2, it can further be excited to the 4F7/2
state. Erbium then decays through multi-phonon transitions to
the levels 2H11/2, 4S3/2 and 4F9/2, from which it emits green
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and red light. Consequently, the system has absorbed low energy
infrared light and emitted higher energy visible light, which is
an illustrating example of upconversion.

Upconversion is not the only possible transition for erbium
in its excited 4I11/2 state. It can also transfer energy back to
ytterbium or deexcite to its ground level. Which process occurs
depends on doping concentration and distance between dopant
and ligands and their properties. Upconversion works for codop-
ing with erbium and ytterbium since they have matching en-
ergy levels and that their intraconfigurational 4F-transitions are
shielded from the surrounding environment. Otherwise some
ligand would just take the transfered energy and start vibrating,
heating the material. Of course it also depends on the transition
probabilities of erbium and ytterbium.
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Figure 2: Upconversion emission in erbium-ytterbium codoped mate-
rial. Ytterbium transfers energy twice to erbium which emits
light of twice the energy.

2.2.6 Transition Probabilities

What transitions occur is determined by transition probabilities
and selection rules.

Transition probabilities are given by the Einstein A and B coef-
ficients for spontaneous and stimulated transitions respectively.
In a system of an upper level, denoted u, and a lower level l, the
rate at which a transition from u to l occurs, that is spontaneous
emission, is given by Aul. The number of transitions from u to l is
given by NuAul. The number of transitions per unit volume, per
unit time and per unit frequency is given by NlBluu(ν) for ab-
sorption and NuBulu(ν) for stimulated emission, where u(ν) is
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the photon energy density. At radiative and thermal equilibrium
it holds that [20]

NuAul +NuBulU(ν) = NlBluu(ν). (2.19)

The Einstein A and B coefficients of transition probabilities are
determined from the changes of population densities of states
as the population is transferred to another state [8]. The relation-
ships between Einstein’s coefficients are obtained to be

Aul =
4hν3

c3
Bul (2.20)

and

Blu =
gu

gl
Blu, (2.21)

where gu and gl are the degeneracies of the upper and lower
energy level respectively. The lifetime, τu, of an energy level u is
given by

τ ≡ 1

Aul
. (2.22)

Selection rules can be determined from quantum mechanics
and they tell between which energy levels in a system a transition
are possible. Electric dipole transitions are the most probable
but there are also magnetic dipole, electric quadropole, magnetic
quadropole- and so on -transitions.

Metastable energy levels are levels from which electric dipole
transition are forbidden. Transitions with lower probabilities are
possible and therefore the lifetime of metastable energy levels
are longer than for levels from which electric dipole transitions
are allowed. Metastable energy levels are usually depopulated
non-radiatively.





3
L A S E R P H Y S I C S

3.1 laser

Laser is the abbreviation of Light Amplification by Stimulated
Emission of Radiation. Figure 3 describes the parts of a laser. The
numbers in the figure represent:

1. Laser gain medium

2. Pump light exciting the laser medium

3. Highly reflective mirror

4. Partly reflective, partly transparent mirror

5. Laser beam.

Figure 3: Parts in a laser. Picture borrowed from [5].

Stimulated emission is a radiative energy transfer described in
section 2.2.5.1. Population inversion means there are sufficiently
many excited ions so that an absorbed photon is more probable
to interact with an upper level ion than a lower level ion, and thus
stimulate emission. For a system to lase, each emitted photon
has to be more probable to interact with an excited upper energy
level ion than a lower energy level ion, and so on. In this way the
stimulated emission is amplified. The amount of amplification is

15



16 laser physics

expressed as gain, and the amplification factor A is exponentially
proportional to the length of the gain medium according to

A = eGL, (3.1)

where G is the gain and L is the length of a laser medium
[9]. This amplification factor is proportional to the laser power.
As can be seen from equation (3.1), the longer gain medium the
more power is generated by the laser. However the gain is usually
low so that it would require to build very long lasers which is
impractical. The solution is to use mirrors for the laser light to
bounce back and forth inside the laser cavity, the space between
the mirrors. One of these mirrors is semi-transparent, letting out
the laser beam. The mirrors can be chosen so that only desired
light is reflected, that is laser light of a given wavelength.

For ytterbium in its ground state 2F7/2, it is excited when a
pump photon in the range 900− 980 nm is absorbed inside the
Yb3+-doped gain medium. The ion in the 2F5/2 excited state has
two possibilities. Either it can decay back to the ground state
and emit light through spontaneous emission in some random
direction, or it can wait for a photon spontaneously emitted from
a neighboring ytterbium ion. If so, it will emit a photon coherently
with that photon, through the process of stimulated emission,
and decay to its ground state. Further, these two photons can
stimulate emission from a third excited ytterbium ion and so on.
For the system to lase, the requirement holds that the stimulated
emission exceeds the spontaneous, that is when the pump light
is sufficiently intense for a majority of the ytterbium ions to
populate the excited state.

3.1.1 Three-level, Quasi-three-level and Four-level Systems

Most often lasers operate with systems with more than two
energy levels. Figure 4 shows a comparison between three-level,
four-level and quasi-three-level transitions in a laser-active ion
[2].

In a three-level system, the lower laser level is the ground state
and the system is pumped to a level above the upper laser level
from which the active ion decays to its upper laser level. This is
illustrated in figure 4 a). For three-level systems, reabsorption
of laser light easily occurs and the amount of ions in the upper
energy level needs to exceed 50% for the system to lase. In a four-
level system, on the other hand, the lower laser level is sufficiently
above ground state for reabsorption to be rare. Four level-systems
are illustrated in figure 4 b). The lower laser level quickly decays
to ground level. For four-level systems has much lower pump
threshold powers than three-level systems. The intermediate be-
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tween three-level and four-level systems is the quasi-three-level
system, illustrated in figure 4 c). The lower laser level is some-
what above ground level but reabsorption occurs to some extent
[2]. For ytterbium lasers, the 1080 nm laser is four-level and the
980 nm laser is three-level. Figure 5 explains the difficulties in
achieving laser operation at 980 nm [1]. Positive y-axis represents
emission and negative y-axis represents absorption. The amount
of ions in the upper laser level is increased from 0− 100% with
steps of 10. For the 980 nm wavelength, absorption and emission
peaks overlap which means that the absorption and emission
cross sections are equal. Therefore the amount of ions in the up-
per laser level has to exceed 50% for the system to lase. Another
problem is the 1030 nm emission which is competing with the
980 nm emission. As seen in figure 5, it has a much lower amount
of ions in the upper laser level required for gain and therefore
there will be a lot Amplified Spontaneous Emission (ASE) (will
be explained in section 3.2.3) noise in the laser signal. The com-
petition between the gains of 980 nm and 1030 nm in ytterbium
fiber lasers can be expressed by the relation [15]

G1030 = 0.25G977 + 0.72βα, (3.2)

where α is the pump absorption in dB and β is the clad to
core area ratio. 977 nm is considered to be the same transition
as 980 nm. Both α and β are properties of the fiber used as gain
medium and therefore important parameters in laser design.
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Figure 4: a) three-level, b) four-level and c) quasi-three-level

Figure 5: Gain spectrum of ytterbium:aluminosilicate fiber for popula-
tion inversions ranging from 0− 100%.

3.1.2 Laser Light

Laser light is coherent, meaning that all photons are equal in
phase, frequency and polarization in the stimulated emission pro-
cess. It is also monochromatic which means; of one wavelength.
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This is not entirely true since there is some spread of wavelength,
a bandwidth of the emission. This bandwidth is never zero, but
it is usually very narrow and the laser light can be considered
monochromatic. Another property of laser light is that it is di-
rected in a narrow beam. Compared to light from a light bulb
which is spread in all directions, laser light result in a tiny spot
of highly concentrated intensity per unit area. The spot from a
laser beam is not uniform though. Optimally, it has its highest
intensity in the middle and decreasing at the edges. This is the
Gaussian distribution and is only possible for single-mode beams,
see section 4.1.1. The distribution can also be top-hat, or some
random distribution.

3.2 fiber lasers

A fiber laser is a laser in which the gain medium consists of an
optical fiber doped with rare earth ions or transition metal ions.
The advantages of a fiber laser compared to a diode laser are its
high efficiency and great beam quality, allowing applications like
cutting and also for nonlinear frequency conversion.

3.2.1 Beam Quality

Beam quality is a measure of how well a beam can be focused,
and it is measured in a parameter called M2-factor, which is
defined [2] using the Beam Parameter Product (BPP), which is the
product of the beam radius at beam waist and the far-field beam
divergence angle. Beam radius is a measure of the transverse
extension of a beam and is defined in the x-direction according
to

wx ≡ 2

√∫
x2I(x,y)dxdy∫
I(x,y)dxdy

, (3.3)

where I(x,y) is the intensity profile of the beam and the co-
ordinates x and y are relative to the beam center. Beam waist is
the location along the propagation direction of the wave where
the beam radius is minimum. The standard measures of beam
diameter are called D4σ-values. Now, the M2-factor is the BPP

divided by BPP for a diffraction-limited Gaussian beam at the
same wavelength.

The optimal beam quality is M2 = 1. Single-mode fibers have
lower beam quality than multi-mode. M2 is the standard beam
quality measure and can be compared between different lasers
and is easiest measured using a beam profiler which is a device
that measures beam profile at different positions along the beam.
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3.2.2 Slope Efficiency and Lasing Threshold

Slope Efficiency is a measure of how efficient a laser is. It is the
slope, after lasing threshold, of the output laser power versus
pump power. Slope efficiency together with threshold value de-
fines the laser’s efficiency. Low threshold power and high slope
efficiency is the optimal case. The maximal theoretical slope is
laser output wavelength versus pump wavelength, but it is never
reached due to power losses 3.2.3. A high slope efficiency is
reached by pumping with a wavelength close to the laser wave-
length. The lasing threshold is affected by low resonator losses
and high gain efficiency.

The threshold gain for lasing is described [20] by:

gth =
1

2L
ln

[
1

R1R2(1− a1)(1− a2)

]
+α, (3.4)

where L is the length of the cavity, R1 and R2 are the reflec-
tivities of the first and second mirrors respectively, a1 and a2
denote fractional losses in the beam other than in the cavity and
α denotes losses within the gain medium. As can be seen from
equation 3.4, the threshold gain depends on the reflectivities of
both mirrors of the laser.

3.2.3 Power Losses and Noise Impairing the Performance of the Laser

Welding points and bending of fiber can cause power losses. If
the welding point is not perfect, which is hard to achieve for
fibers of different dimensions, some power loss can occur in the
junction. If a fiber is bent too much, how much it is allowed to
bend can be calculated, see section 4.1, light can escape in the
bend.

Back reflection of pump and laser can be harmful to the diode.
4% reflection occurs in every right-angle cut fiber end, also when
fibers of different radii are welded together.

ASE is inherent luminescence amplified in the gain medium
and limiting the gain of the stimulated emission. Though the ASE

is inherent in phase, it is spatially coherent with the signal and
thus treated as noise to the signal.

Pumping with a lot higher energy than the laser emission yields
nonradiative decay resulting in vibrations and power losses in
terms of heat. It is possible to chose a pump wavelength closer
to the laser wavelength. For ytterbium:aluminosilicate fiber laser
there are two possible pump wavelengths, 915 nm and 977 nm.
The disadvantage of choosing the 977nm pump is that has a
very narrow peak and very sensitive to temperature variations.
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The 915 nm peak on the other hand is broad and allows for
temperature variation, see figure 6.

Figure 6: Absorption and emission of ytterbium:aluminosilicate fiber.
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F I B E R O P T I C S

4.1 optical fibers

An optical fiber consists of a core and a cladding, or as in a
double-clad fiber, two claddings. See figure 7 for an illustration
of an optical fiber. In a single-clad fiber rays propagate inside
the core only while in a double-clad fiber rays propagate both
inside core and cladding. This allows for rays of larger beam
radii to propagate which has its advantage when it is not possible
to focus the beam inside the small core. Core and cladding are
fabricated from glass, often Silica, SiO2, and the core can contain
some dopant. Outside the cladding there is a plastic coating with
the purpose to protect the fiber. The coating makes the fiber
flexible in the sense that it is possible to bend without breaking.

Figure 7: Schematic figure of a fiber with a ray propagating in it. n1
and n2 are glass refractive indices.

For a wave to propagate in a fiber, the core refractive index
has to be larger than the cladding refractive index. This can be
derived from Snell’s law of refraction,

n1 sin(θ1) = n2 sin(θ2), (4.1)

where the surfaces and angles are described in figure 8 [16].
If the wave propagates according to figure 8, the angle θ2 has

to be larger than 90◦,

23



24 fiber optics

Figure 8: Wave refraction.

θ2 > 90
◦ ⇒ (4.2)

n1

n2
sin(θ1) > 1⇒ (4.3)

n1 > n2. (4.4)

The critical angle for total reflection occurs when n1
n2

sin(θ1) =

1, that is when θ1 = arcsin(n1n2 ).
If the fiber is being bend, the plane of the surface where the

light hits changes, and if it is bent too much the angle of the
beam might exceed the critical angle.

The Numerical Aperture (NA) of a fiber is defined as sine of
the maximal angle for which total reflection occurs, θc, [14]

NA = sin(θc), (4.5)

and from Snell’s law, equation (4.1), the NA expressed in terms
of refractive indices according to

NA =

√
n21 −n22. (4.6)

4.1.1 Modes

The distinction between single-mode and multi-mode optical
fibers originate from electromagnetic modes corresponding to
solutions of Maxwell’s equations. A single-mode fiber has suffi-
ciently narrow core to only guide a single ray of light. Actually it
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corresponds to two modes, one for each polarization direction.
On the other hand, a multi-mode fiber guides several rays.

In fiber lasers single mode-fibers are usually used. The advan-
tage with single-mode is the narrow beam and thus great beam
quality. One drawback is the lower intensity due to less amount
of light being guided.

4.1.2 Rare-Earth-doped Fibers

Fibers doped with laser-active Rare Earth or transition ions are
called active fibers (otherwise they are passive). Active fibers are
used as gain medium in fiber lasers and amplifiers. The dopant
ions absorb light and can generate stimulated emission. Usually
pump light is of shorter wavelength than emitted light with the
acceptance of upconversion lasers using longer pump wavelength
and emitting shorter.

The most commonly used Rare Earth ion dopants are erbium
(Er3+), ytterbium (Yb3+), neodymium (Nd3+), thulium (Tm3+),
praseodymium (Pr3+) and holmium (Ho3+) and the most com-
monly used hosts are silicate, phosphate or fluoride glasses or
crystals.

A comparison between using glass versus crystals as host is
summarized in table 2 [2].

Table 2: Crystal versus glass as host material.

Crystal Glass

Laser and pump transitions Sharp Spread

Pump and gain bandwidth ranges 1 nm 10 nm

Surrounding of ions Same Different, amorphous

Threshold pump power Low High

Wavelength tuning Not possible Possible

Ultrashort pulses Not possible Possible

When it comes to dopant ion the concentration is of great im-
portance. The larger concentration the more absorption of pump
per unit length. But increasing the concentration will lead to
further quenching of the laser emission so the efficiency of the
laser will increase to maximum for increasing doping concentra-
tion but then decrease if the concentration is increased further.
Adding aluminum in the glass allows for higher doping con-
centration without quenching and thus allowing shorter fibers.
Figure 9 shows an example of an ytterbium-doped aluminosili-
cate particle. Notice that since glass is amorphous positions of
the atoms will change and the glass particles won’t look the same.
The amorphous structure of glass is illustrated in figure 10.
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Figure 9: Example of ytterbium-doped aluminosilicate particle. Notice
that there’s actually a tetrahedral environment around each
silicon atom [6].

Figure 10: Amorphous structure of silica glass. Picture borrowed from
[6].
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Doping concentration is measured either in number density or
molar or atomic percentage. If doping concentration is known,
the absorption cross section, σabs, can be determined from

σabs =
α

N
, (4.7)

where α is the absorption coefficient determined from Beer’s
law, equation (2.18), and N is the number of dopant ions per unit
volume.
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N O N L I N E A R P H O T O N I C S

5.1 frequency doubling

When electromagnetic radiation is interacting with dielectric
media a polarization field is induced.

The polarization of dielectric media can be described by [12].

P = ε0(χ
(1)E+ χ(2)E2 + χ(3)E3 + ...) = PL + PNL, (5.1)

where χ(n) is the electric susceptibility and ε0 is the permit-
tivity of free space and E the electric field given by E(x, t) =

E0e
i(k·x−ωt), where k is the wave number and ω the angular

frequency. The first term, PL = ε0χ
(1)E, represents the linear part

and the second term represents the nonlinear part. The suscepti-
bilities quickly decreases with increasing order but in nonlinear
crystals the χ(2)-term is observed. Also, for higher power the
nonlinear part becomes important.

Electromagnetic waves of different frequencies interacting with
each other result from this nonlinear polarization. Energy is con-
served, therefore the resulting wave is the sum or difference of
the incoming interacting waves. This frequency upconversion is
illustrated in figure 11, where ω3 = ω1 +ω2, but also downcon-
version is possible.

Figure 11: Upconversion in nonlinear χ(2)-crystal. ω3 = ω1 +ω2.

Frequency doubling, or second harmonic generation, is a pro-
cess where incoming pump light’s frequency is doubled after
passing through a nonlinear crystal. In this case, ω1 = ω2 = ω

and ω3 = 2ω, see figure 11. Franken et al. was first to achieve a
second harmonic beam of 3472 A pumping a 6943 A pulsed ruby
optical maser beam through crystalline quartz [17]. The frequency
doubled light is usually in the same direction as the incoming so
if the crystal is pumped with laser light, the outcoming light is
also laser light. Crystals generating frequency-doubled light are
of so called χ(2)-nonlinear crystals.

29
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Phase matching implies adding amplitude contributions from
different parts of the crystal. If they are phase-mismatched the am-
plitudes will cancel and no conversion efficiency will be achieved.
Phase mismatching results from chromatic dispersion and needs
to be compensated for to achieve conversion efficiency. The con-
version efficiency varies with crystal temperature and the high
conversion efficiency temperature range is inversely proportional
to crystal length [2].

One method of phase matching is birefringence phase match-
ing. Birefringence is the phenomenon of a medium’s refractive
index being polarization dependent. By using opposite polar-
izations for pump and frequency doubled light, birefringence
will cancel the chromatic dispersion and the waves will be phase
matched.

Another method is Quasi-Phase Matching (QPM), which can
be obtained by periodically poling of nonlinear material. This
is done by applying an electric field periodically, reversing the
polarization direction. The implementation of periodic poling
for single harmonic generation in ppKTP nonlinear crystals is
described by Karlsson [12]. The theory was introduced by Arm-
strong et al. in 1962 [11].

5.2 ktp materials

Potassium Titanyl Phosphate (KTP) nonlinear crystals are suitable
for frequency doubling of infrared laser light due to properties
such as

• High nonlinearity

• It can be used in room temperature and is thermally stable

• It is highly damage resisting

• High transmittivity

It is of orthorhombic crystal symmetry and point group mm2.
ppKTP crystals are constructed from KTP crystals [12].



Part II

E X P E R I M E N TA L P R O C E D U R E A N D
R E S U LT S





6
M E T H O D

In this chapter the experimental setup and procedures of the
experiments are described.

6.1 experimental setup

The experimental setup of the laser is described in figure 12,
and following a more detailed description of the components
and measurement equipment used. The experimental setup is
similar for the 1080 nm laser and the 980 nm laser. The major
difference is the Bragg grating, designed to transmit at a certain
wavelength, that specifies the wavelength of the laser emission.
Also the applications differ. The 1080 nm laser is supposed to
be used for applications like cutting in metal and is therefore
connected to the QCS output coupling device. The 980 nm laser
on the other hand is used for frequency doubling in a nonlinear
crystal.

Figure 12: Experimental setup

6.1.1 Diode Pump Laser

The laser pump consists of several laser diodes, that is semicon-
ductor laser driven by an electrical current. In this work, two
diodes were used for the 980 nm laser and one for the 1080 nm
laser.

6.1.2 Combiner

A combiner is a device combining several input fibers into one
output fiber. The technique to combine the fibers is called taper-
ing. The fibers are put together and stretched out. Due to the
stretching, the numerical aperture of the resulting output fiber
will be lower than for the input fibers. Here, a combiner of seven
input fibers and one output fiber was used. The input and output
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fiber dimensions and numerical apertures are presented in tables
3 and 4.

Due to the combiner having seven input fibers, it is possible
to use seven diodes and therefore achieve seven times the pump
power for the same current compared to with only one diode.
The input fibers not connected to diodes could be used to try to
recycle unabsorbed pump light, which otherwise is a big source
of power loss for the 980 nm laser.

6.1.3 Fiber Bragg Grating

A Fiber Bragg Grating (FBG) is a periodic or aperiodic pertur-
bation in refractive index inside the fiber core for some part of
the fiber [2]. This is the principle of a dichroic mirror, with al-
most 100% reflection of the laser wavelength. Figure 13 shows a
schematic picture of a periodic fiber Bragg grating.

Figure 13: Fiber Bragg grating.

The reflected wavelength satisfies Bragg’s condition, equation
(6.1) [2], where Λ is the grating period and neff the effective
wavelength, given by equation (6.2) , [4].

λ = 2neffΛ (6.1)

neff =
n2 +n3
2

. (6.2)

6.1.4 Fibers

Tables 3 and 4 present data of the fibers used. For the 1080 nm
laser two different fibers were used. One single-mode with 10 µm
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Table 3: Fibers in 1080 nm laser

Fiber NAcore NAclad Core diameter Cladding diameter

Combiner input 0.22 105 µm 125 µm

Combiner output 0.46 125 µm

FBG 1080 nm 0.11 0.46 20 µm 125 µm

Yb fiber 4 m 0.11 0.5 20 µm 125 µm

Yb fiber 10 m 0.11 10 µm 125 µm

OC (For 10 m Yb) 10 µm 125 µm

Table 4: Fibers in 980 nm laser

Fiber NAcore NAclad Core diameter Cladding diameter

Combiner input 0.22 105 µm 125 µm

Combiner output 0.46 125 µm

FBG 978 nm 0.07 0.46 20 µm 125 µm

Yb fiber 28 cm 0.11 0.5 20 µm 125 µm

and one multi-mode with 20 µm core diameter. The multi-mode
fiber was only used for beam quality measurements, to be able to
compare with the 980 nm laser which uses the same multi-mode
fiber. The output coupler was only connected to the single-mode
fiber.

6.1.5 Output Coupler

As the partly transmitting mirror in the outer end of the laser,
either the right-angle cleaved fiber end can be used, giving 4%
reflection which is enough for laser oscillation. The drawback is
that the fiber end also reflects pump light, which is harmful for
the diodes and can amplify ASE. A solution to this problem is to
use an Output Coupler (OC) which is a dichroic mirror reflecting
10% of the laser light but no reflection of pump light.

6.1.6 QCS

QCS is an output coupling device connected to the OC. It consists
of a lens making the output beam parallel and its output surface
is anti-reflective coated.

6.1.7 Nonlinear Crystal

The nonlinear crystal used for frequency doubling is a ppKTP

crystal. Its performance is described in chapter 5. The crystal
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used is fabricated at Kungliga tekniska högskolan in Stockholm.
It has the optimal conversion efficiency at a temperature around
60◦C.

6.1.8 Filters

The filters used for the lasers are anti-reflective coated filters
working on the principle of altering layers of contrasting re-
fractive indices. These layers are chosen to achieve destructive
interference in reflecting light and constructive interference in
transmitting light [3]. In the experiments presented, three differ-
ent filters were used. Their purposes were to either transmit the
laser wavelength and reflect the pump wavelength, or vice versa,
or to filter ASE. The transmission spectra of the three filters were
measured using white light source and spectrum analyzer.

6.1.9 Detectors

Two kinds of detectors were used. One wavelength dependent
silicon photo diode in the range 200− 1100 nm measuring powers
from 500n W to 500 mW and one thermal detector in the range
400 nm to 10 µm, measuring higher powers but not as accurately
in the low power region as the photo diode. Both detectors were
connected to a power meter.

6.1.10 Spectrum Analyzer

The spectrum analyzer used in experiments is an ANDO AQ6315B
optical spectrum analyzer operating in the wavelength range
350− 1750 nm, that is ranging from ultraviolet through visible
to near-infrared (UV-Vis-NIR) spectrum. Inside the spectrum
analyzer there is a monochromator using one or two gratings.
Resolution is adjusted with the size of the slit for light entrance,
which can be tuned from 0.5 nm to 10 nm. Measuring laser light,
the highest possible resolution (0.5 nm) has to be used to not
harm the monochromator, but for white-light measurements 10
nm resolution is suitable.

6.2 laser design and optimization

Both lasers are designed almost identically, but the experimental
procedures in this work differ between them. The 1080 nm laser
was built from the beginning while for the 980 nm an already
existing laser was optimized.
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6.2.1 1080 nm Laser

6.2.1.1 Building the 1080 nm Laser

The laser was constructed according to figure 12. The crosses in
the figure represent splicing points from welding two fiber ends
together using a fiber welding device working with a flash be-
tween two electrodes. All ends of fiber parts were peeled, cleaned
with alcohol and right-angle cleaved before welded together. A
laser diode was used as pump. Connected to the pump was a
combiner, combining seven fibers to one, that is, it is possible
to use seven pump diodes and seven times higher pump power.
Further the combiner was connected to a Bragg grating, built
inside a fiber, used as mirror highly reflecting the 1080 nm lasing
wavelength, with close to 100% reflection. After this mirror the
pump power was measured since some losses in the welding
points are expected, so this whole part can be considered the
pump. The ytterbium fiber laser was connected to the pump. Two
different fibers were used, one single-mode with core diameter
10 µm and one multi-mode with core diameter 20 µm, both with
cladding diameters 125 µm. For the laser emission output, either
the right-angle cleaved fiber end was used, or an OC was con-
nected to the ytterbium fiber. Further the QCS was connected to
the OC.

The welding point between the diode and combiner was re-
coated with n = 1.409 acrylate cured by ultraviolet light using
a fiber recoater. Due to the lower numerical aperture after the
combiner, NA = 0.46, the acrylate with refractive index n = 1.409
didn’t work and therefore the other welding points had to be
left in air to not guide out the light. Another acrylate with re-
fractive index 1.363 that would have guided the light was tried
but it didn’t cure using the built in UV-lamp in the recoater. Also
another ultraviolet lamp was tried but the acrylate just cured
partly.

6.2.1.2 Measurements

First, absorption of the ytterbium fiber was measured and the
absorption coefficient for that particular fiber determined, see
subsection 6.3.1.1. This information was required for choosing
length of the ytterbium fiber to be used in the laser as gain
medium. It is desirable to use a length that will absorb all of the
pump, so that no pump will go along with the laser beam, but
not longer, lowering the efficiency of the laser.

Power measurement was performed after each part of the laser,
identifying power losses in welding points.

To determine slope efficiency and lasing threshold, the plot
of the output power versus pump power was extrapolated. The
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intersection with the x-axis represents the lasing threshold and
the slope represents the slope efficiency.

The theoretically maximal slope efficiency is laser output power
divided by pump power according to

Plaser

Ppump
=
915

1080
≈ 0.85. (6.3)

For this laser with lasing wavelength 1080 nm and pump wave-
length 915 nm the theoretically maximal slope efficiency is 85%.

6.2.2 980 nm Laser

This laser was optimized for maximal slope efficiency and min-
imal lasing threshold for the purpose of achieving an efficient
frequency doubling.

6.2.2.1 Optimizing the 980 nm Fiber Laser

A major problem with the 980 nm laser is the great amount of
unused pump in the laser beam. It is desired to recycle some of
this unused pump. This was done by placing one of the unused
fiber ends of the combiner in the focal point of the pump after it
has been separated from the signal by a filter. The combiner-end’s
position was optimized to collect as much of the unused pump
as possible, then reusing it for the laser process. The purpose is
to lower the lasing threshold power.

6.2.2.2 Frequency Doubling

Polarized 980 nm laser light was directed into a ppKTP nonlinear
crystal, heated to 60◦C by a thermistor, and the output emission
was measured by spectrum analyzer and power meter.

6.3 measurements

This section treats the measurement techniques of the fiber laser
design.

6.3.1 Cutback Measurement Technique

The cutback measurement technique was used to measure the
absorption coefficient of an active fiber. Transmission from the
fiber at different lengths was measured using an argon white
light source and spectrum analyzer. Comparing two different
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measurements, the absorption coefficient α can determined from
Beer’s law, equation (2.18), to be

α =
log(I1) − log(I2)

L2 − L1
, (6.4)

where log(Ii) are the intensities measured by the spectrum
analyzer and L2 − L1 the length of the cleaved fiber between two
measurements. Doing this several times and calculating the mean
gives a good approximation of the absorption per unit length of
the fiber.

6.3.1.1 Absorption

Absorption per unit length of the ytterbium doped fiber was
determined by use of the cutback measurement technique. This
absorption was further used to determine the length to be used
in the fiber laser for the pump to be absorbed.

Absorption was also measured on preformed glass pieces, that
is the glass that is drawn into fibers during fiber manufacturing.
This was done for several ytterbium doped preforms and one
erbium doped preform. The intersection of the preform looks like
a fiber, with a core in the center and surrounding cladding, but
the diameter is a lot bigger, around 0.5− 1 cm for the preforms
used here. One transmission spectrum was measured from the
core where the ytterbium is, and one in the cladding as reference.
The reference was subtracted from the core spectrum to obtain
the ytterbium absorption of the core.

6.3.1.2 Background Loss Measurement

One factor decreasing the slope efficiency is absorption of light
in the cladding glass of the fiber. This absorption was measured
on an ytterbium fiber of dimensions 20 µm core diameter and
125 µm cladding diameter and numerical aperture NA = 0.11
by sending light only through the core by the help of a passive
fiber of the dimensions 10 µm core diameter and 125 µm clad
diameter and NA = 0.22. The Ytterbium fiber was connected
to another piece of the same passive fiber before reaching the
spectrum analyzer, so that all the light in the cladding escaped
from there due to lower refractive index of its cladding than its
coating for the passive fiber. The measurement technique was
cutback, starting with 122 m fiber and cleaving to around 50 cm,
and this was done twice. Also one measurement was made with
a passive fiber of dimensions 20 µm core diameter and 125 µm
clad diameter, that is, the same dimensions as the ytterbium fiber,
and numerical aperture NA = 0.07.
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6.3.2 Beam Quality Measurements

Since no beam profiler was available in this experimental work,
the beam quality was instead measured using the knife edge
method, which is a non-standard measurement technique for
beam quality measurements. A razor blade was mounted onto
a micrometer screw so that the laser beam could be cut perpen-
dicularly to its propagation direction. For each centimeter of the
beam in the propagation direction, the razor blade position was
adjusted so that 10% or 90% of the beam intensity when no razor
blade present was blocked, this was measured by silicon photo
diode detecteor and power meter. The distance between these
two points was considered as the diameter of the beam at that
particular position, and the diameter was plotted versus posi-
tion in propagation direction and fitted to a polynomial function
where the beam radius at the beam waist, ω0, was determined
from half of the minimum of the graph and the half-angle beam
divergence, θ, was determined from half the angle between the
slope of the graph in the far-field and the x-axis. From this, the
M2-value was calculated [2]

M2 = θ
πω0

λ
. (6.5)

Beam quality was measured for the 1080 nm laser with the 20
µm core diameter multi-mode fiber. This result could be used for
the 980 nm laser by changing wavelength in equation 6.5.

6.4 simulations

Simulations were made in the program RP Fiber Power which is a
simulation and design software for fiber amplifier and fiber laser
from RP Photonics Consulting GmbH [2]. Input data are fiber
properties such as length, type of fiber used with concentrations,
radii, absorption and emission coefficients, number of modes,
beam distribution et cetera. Other properties of the laser system
such as pump, reflections and ASE. With this information the
software is able to simulate the performance of the fiber laser or
amplifier.
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In this chapter the results of the measurements made are pre-
sented. Starting with spectroscopic investigations of ytterbium
and erbium ions in silicate glass, the absorption coefficient of
ytterbium at 915 nm is used for the 1080 nm fiber laser design.
Following are the results for background loss measurements. This
could have impact on the laser’s efficiency. Then there are the
results of the transmittivity and reflectivity measurements on
filters. This provides knowledge on what filters to place where in
the laser design and how well they fulfill their purposes. Last in
this chapter are the results for the designed 1080 nm lasers and
the optimized 980 nm laser presented. Experimental results are
compared with simulations. Also beam quality and frequency
doubled efficiency are presented.

7.1 ytterbium

7.1.1 Absorption

In figure 14 is the absorption spectra of the ytterbium fiber as
a result of several cutback transmission measurements and nor-
malization. The value of the absorption at 915 nm, which is the
wavelength of the pump light for the fiber lasers, is approxi-
mately 5.2 dB/m. Determining the absorption of 980 nm is not
possible in this spectrum because this peak isn’t resolved due to
properties of the spectrum analyzer, which can be seen as noisy
measurements.

This peak is resolved when measuring absorption in a preform,
see figure 15, which is a lot shorter than a fiber so the spectrum
analyzer manages to measure the transmitted 980 nm light.
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Figure 14: Absorption spectrum of ytterbium fiber.

Figure 15: Absorption spectrum of ytterbium preform.

7.2 erbium

7.2.1 Absorption

Figure 16 shows the absorption spectrum of an erbium fiber
preform. The peaks were characterized by comparison with the
table in [22].
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Figure 16: Absorption spectrum of erbium.

7.3 background loss measurement

Figure 17 shows the transmission of light in the core at two
different fiber lengths, a long fiber at (∼ 122m) and a short at (∼ 50
cm). The noise at the 980 nm wavelength is due to poor resolution.
As can be seen, there is a wave pattern around 1200− 1600 nm for
the short fiber transmission but not for the long fiber transmission.
This is probably due to interference resulting from some reflection
in the welding point due to the different core diameters and
different numerical aperture of the active and passive fibers. In
this case, the ytterbium fiber has NA = 0.11 and the passive
fiber has NA = 0.22. Since the cladding has the same NA in both
fibers, the passive core has to have higher refractive index than
the ytterbium core, resulting in reflections back in the ytterbium
core. The reason this does not happen in the long fiber is believed
to be because it is too small to be resolved. Figure 18 shows a
zoom of this interference pattern for two different short fiber
lengths, ∼ 80 cm and ∼ 40 cm. Also, it can be seen that the wave
patterns are of different phases which also indicates that the
cause is interference.



44 results

Figure 17: Transmission at two different fiber lengths. The lower graph
represents 122 m fiber and the upper 50 cm.

Figure 18: Interference in short fibers resulting from reflections in the
welding point. The lower graph represents 80 cm fiber and
the upper 40 cm.

To avoid the problem with interferens, another passive fiber
with the same core diameter as the ytterbium fiber and lower
numerical aperture NA = 0.07 was used. The absorption after a
cutback measurement is shown in figure 19. As can be seen, the
interference pattern is gone and the result for the glass absorption
is around 0.05 dB/m at 1300 nm. This will result in power losses
in the fiber laser. The peak around 1400 nm is due to absorption
of OH from water in the fiber. This doesn’t affect lasers in the
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900− 1100 nm range, but it would quench emission of 1400 nm
wavelength.

Figure 19: Absorption of the glass.

7.4 filters

The results of the measurements of transmissions for the three
different filters used are presented in figures 20, 21 and 22.

As can be seen in figure 20, this filter is reflecting in the regions
850 − 930 nm, 1250 − 1650 nm and also some regions around
500 nm. It has good transmission in the region 950− 1200 nm.
Therefore it fulfills its purpose as a filter for the 915 nm-pump
for both the 980 nm and 1080 nm lasers.
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Figure 20: Transmission of filter transmitting at 980 nm and 1080 nm
and reflecting at 915 nm.

In figure 21, it can be seen that this filter reflects light in the
990−1230 nm region and also some around 400 nm and transmits
light exceptionally in the 800− 990 nm region. This is supposed
to filter out ASE, which has its maximum at 1030 nm. It can be
seen that it does, 980 nm is transmitted and 1030 nm is reflected.
This is supposed to filter the lasing wavelengths and transmit the
pump for the 1080 nm laser.

Figure 21: Transmission of filter transmitting at 915 nm and reflecting
at 1080 nm.

The third filter, see figure 22, has reflection in the 950− 1150

nm region and great transmission in the 800− 930 nm region
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implying that it works well as a filter for both laser wavelengths
980 nm and 1080 nm, transmitting the 915 nm pump light.

Figure 22: Transmission of filter transmitting at 915 nm and reflecting
at 980 nm and 1080 nm.

7.5 1080 nm laser

7.5.1 Laser Performance

Figure 23 shows laser output power versus pump power for the
1080 nm laser with ytterbium single-mode fiber of length 10 m.
In the top graph, as partly reflecting mirror is just the right-angle
cleaved fiber end with 4% reflection used. The threshold lasing
power is 420 mW and the slope efficiency is 76%. In the middle
graph an output coupler is instead used as a partly reflecting
mirror, giving a reflection of 10%, and the lowest graph shows
the result when the QCS is connected to the OC. As can be seen,
connecting the OC and the QCS results in some power losses,
probably in the welding points. The slope efficiencies are 68%
and 55% after OC and QCS respectively, and the threshold pump
power is 0.3 W. The threshold pump power is lowered when
connecting the OC due to higher reflection in the second mirror,
see equation (3.4).
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Figure 23: Laser output power versus pump power.

Figure 24 shows the power loss from the diode to the pump,
i.e the grating. The losses are quite big which isn’t normal. The
reason could be that something went wrong with the combiner,
possibly due to back reflections of laser light. The pump power in
figure 23 is the power measured after the grating so this doesn’t
affect the efficiency of the laser but requires more current to the
diode.

Figure 24: Output powers from diode and grating versus current.

The spectrum of the 1080 nm laser emission is shown in figure
25 and a zoom over the laser peak at 1080 nm is shown in figure
26. The peak at 915 nm is the remaining pump which is not
absorbed by the ytterbium. This is sufficiently small compared
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to the 1080 nm peak to be treated as noise, but it indicates that
the ytterbium fiber should have been longer to absorb all of the
pump.

Figure 25: 1080 nm laser spektrum.

Figure 26: Zoom at the laser transition.

7.5.2 Simulations

For the 1080 nm laser with output coupler, figures 27, 28 and 29

show the results of the simulations. In figure 27 the laser power
versus pump power is plotted. From this figure the lasing thresh-
old is 0.5 W and the slope efficiency is 75%, which pretty much
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agrees with the experimentally obtained results. The backward
signal is almost zero.

Figure 27: Output power versus pump power.

Figure 28 shows output power versus position of the ytterbium
fiber. Interpreting this plot it can be seen that almost all pump
is absorbed at the end of the fiber and that the laser signal is
stabilized, which is good. In figure 29 the performance of the
laser is tested for different fiber lengths. It can be seen once again
that at 10 m almost all pump is absorbed, and the output power
is almost maximum. If a longer fiber would be used, more pump
wold be absorbed but the signal would be weaker. A shorter
fiber wouldn’t absorb sufficiently much of the pump. Thus, the
conclusion can be drawn that around 10 m is the optimal length
for this laser’s performance.

Figure 28: Output power versus position of the ytterbium fiber.
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Figure 29: Output power for different lengths of the ytterbium fiber.

7.5.3 Beam Quality

Beam quality calculation was made for the 1080 nm laser with 4
m ytterbium multi-mode fiber of dimensions 20 nm core diameter
and 125 nm cladding diameter using the knife edge measure-
ment technique, see section 6.3.2. Figure 30 shows the measured
diameters versus position in the beam’s propagation direction. It
also shows a polynomial fit of the measured values, and a linear
fit of the polynomial fit in the far field. From this linear fit the
angle θ is determined as half the angle between the line and the
x-axis. The radius at the beam waist is determined from figure
31, where measurements have been made each 2 mm and fitted
to a polynomial, where the beam waist is the minimum point of
the polynomial fit. The calculated value for the beam quality is
M2 = 1.7.
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Figure 30: Beam diameter of 1080 nm laser.

Figure 31: Beam diameter of 1080 nm laser.

No beam quality measurements were performed on the single-
mode fiber but the result is expected to be better since the number
of modes affects the beam quality. Beam quality is also power
dependent, which hasn’t been considered in the measurements
where only low power was used for safety reasons.
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7.6 980 nm laser

7.6.1 Laser Performance

The performance of the 980 nm laser is presented in figure 32.
The lower graph represents the case where no attempts have
been made to recycle unused pump. The lasing threshold is 7.2
W and the slope efficiency is 9%. The great amount of pump
not absorbed by the ytterbium is shown in figure 33 and this
causes the high threshold and low efficiency of the 980 nm laser.
Using one of the combiner ends it was possible to recycle 15%
of the unabsorbed pump at 700 mW. Comparing the two graphs
in figure 32, it can be seen that the threshold is decreased to
6.7 W and the slope efficiency is increased to 10% for the case
when unabsorbed pump is recycled. This corresponds to an
improvement of 7% for the threshold value and 11% for the slope
efficiency.

Figure 32: Laser output power at 980 nm versus pump power after FBG,
with and without recycling of unabsorbed pump.
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Figure 33: Unabsorbed pump power at 915 nm versus pump power
after FBG.

Figure 34 shows the spectrum of the emission from the 980 nm
and in figure 35 is a zoom where it can be seen that the laser
transition is around 978 nm. It can also be seen in figure 34 that
there is some remaining pump at 915 nm. A filter for the ASE has
been used, see figure 21.

Figure 34: 1080 nm laser spectrum.
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Figure 35: Zoom at the laser transition.

7.6.2 Simulations

Figure 36 is a simulation of the performance of the 980 nm laser.
The pump power lasing threshold is 7 W and the slope efficiency
is 10% which is in quite good agreement with the experimentally
obtained results.

Figure 36: Output power versus pump power.

Figure 37 shows the output power versus position of the ytter-
bium fiber. According to this figure, the output power is highest
and the pump power is lowest at the end of the fiber for 12 W
pump power, but it indicates that the output power would have
continued increasing in a longer fiber.
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Figure 37: Output power versus position of the ytterbium fiber.

Figures 38, 39 and 40 show laser power for different fiber
lengths, for 14 W, 12 W and 9 W pump power respectively. It can
be seen that the optimal fiber length for 14 W pump is around 43
cm while for 9 W it is around 35 cm and for 12 W it is around
40 cm and that 43 cm would have worked badly for the latter.
This shows that the optimal fiber length is also pump power
dependent, which has to be considered in design of 980 nm
lasers. The power that the laser is supposed operate at is the
power that has to be considered when deciding what fiber length
to use, and the laser might not work well at both high and low
powers. Comparing figures 40 and 41, shows the importance of
taking ASE into account in calculations. The figures show the
same simulation of output power for different lengths of the
ytterbium fiber for 12 W pump power but with and without ASE

in the calculations. It can be seen that the optimal length in the
simulation without ASE is around 1.5 m and that the simulation
with ASE would far from work at that length. ASE is present in
the reality but it can be neglected for other laser wavelengths, for
example 1080 nm, speeding calculations without a large impact
on the results. It should be noted that even though the simulations
indicate that a longer fiber could be used, the length of 28 cm
was the longest for which the 980 nm gain overcame the 1030 nm
gain when the laser was constructed [1].
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Figure 38: Output power for different lengths of the ytterbium fiber for
14 W pump power.

Figure 39: Output power for different lengths of the ytterbium fiber for
9 W pump power.
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Figure 40: Output power for different lengths of the ytterbium fiber for
12 W pump power.

Figure 41: Output power for different lengths of the ytterbium fiber for
12 W pump power without ASE.

7.6.3 Beam Quality

No beam quality measurements were made for the 980 nm laser
because of the risks with such high pump powers. Since the beam
quality measurement on the 1080 nm laser was made for the same
multi-mode fiber as the one used in the 980 nm laser, the same
results for beam radius and beam divergence half angle could
be used. Using equation (6.5) and inserting λ = 980 nm instead
gives a value of M2 = 1.9 for the beam quality.
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7.6.4 Frequency Doubling

The results from the experiments with the ppKTP nonlinear crystal
are shown in figures 42 and 43. Figure 42 shows the emission
spectrum of the converted laser light. There is a peak at 489 nm
corresponding to blue emission. This was visible to the eye when
the pump current exceeded 6 A. The efficiency of the frequency
conversion is shown in figure 43 as the power at 490 nm after the
crystal versus ytterbium fiber laser power at 980 nm. For 12 A
pump, corresponding to 1.4 W 980 nm emisson, 70 µW 490 nm
blue emission was achieved.

Figure 42: Emission spectrum after ppKTP nonlinear crystal



60 results

Figure 43: Output power versus input power of frequency doubling
ppKTP nonlinear crystal.
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8
C O N C L U S I O N S

8.1 conclusions

8.1.1 Laser Performance

The bad performance of the 980 nm laser is due to the competition
between amplification of 980 nm emission and 1030 nm ASE. It
would be much easier to design a 1030 nm laser.

The 980 nm laser has a very high lasing threshold and a low
efficiency. The problem is the great amount of unabsorbed pump.
It can only be improved to some extent by lengthening the ytter-
bium fiber but with a much longer fiber the laser will instead lase
at the 1030 nm ASE wavelength. One solution, which was tried in
this work, is to recycle the unabsorbed pump into the combiner
ends that are not connected to diodes. It is desirable to recycle
as much pump as possible. By recycling 15% unabsorbed pump,
the laser’s performance is improved by 7% and 9% for threshold
and slope efficiency, respectively, and further improvement is
assumed if more pump could be recycled. The problem with
recycling is collecting the light. Here, a fiber of 1 µm diameter
was optimized to collect light from a spot of diameter of around
1 mm. Also connecting two fibers to the unabsorbed pump was
tried, but they couldn’t be optimized to collect a larger amount
of the unabsorbed pump than one fiber. One possible solution to
increase the amount of collected pump is to use a larger fiber as
collecting fiber and taper it to match the combiner fiber. There
would be some light leakage due to different numerical apertures
but if for instance 50% of the unabsorbed pump could be recycled
it would mean huge improvements in the laser efficiency and
lasing threshold.

Trying other sorts of fibers is an opportunity. The rod-type
photonic crystal fibers with very large core has been showed to
successfully increase efficiencies and giving high powers, [18],
but with the cost of worse beam quality. When designing a laser
aimed for frequency doubling both high powers and great beam
quality is important but difficult to achieve at the same time.
Further, improving the 980 nm laser would imply improvements
of the frequency doubled 490 nm laser.

The result for the 1080 nm laser is satisfactory. Unfortunately
it broke from back reflections.
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8.1.2 Beam Quality

The beam quality measured on the 1080 nm laser with 20 µm core
diameter and 125 µm cladding diameter was M2 = 1.7, which is
low for a multi-mode fiber laser. For 980 nm the corresponding
beam quality is M2 = 1.9. This method is only approximate since
the radius and beam divergence are measured at very low power
and might vary with power. Also, the method didn’t use the
standard D4σ as beam diameter so it is only roughly comparable
to standard M2 values for beam quality.

8.2 future work

At the Mid Sweden University, the future work in this area will
involve further optimization of the 980 nm laser’s efficiency,
especially in trying to recycle a larger amount unabsorbed pump.
With an improved efficiency it might be possible to frequency
double twice to 244 nm ultraviolet laser emission.

Concerning the 1080 nm laser, a commercial laser for metal
cutting applications will be built.
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