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Abstract

In this thesis, a line-like laser beam profile is generated by parallel stacking of several
fibre lasers, which provides a convenient way to scale the total output power of the
line source.

It is shown, using a setup with three parallel Yb-doped fibre lasers operating
at 1030 nm, that linear power scaling can be achieved, and a total output power
of approximately 9 W is obtained. The output is made linearly polarized by use of
polarization maintaining fibres and an intra-cavity polarizer, which yielded polar-
ization extinction ratios between 13 and 23 dB. A spectrally narrowband output
of below 0.1 nm (23 GHz) was obtained using a volume Bragg grating, such that
nonlinear frequency conversion to the visible and the ultraviolet could be performed.

Evaluation of the array beam profile shows good agreement with a simulation
of the output and a nearly top-hat intensity distribution is obtained. This shows
that the fibre array is a promising approach to scale the power of line-shaped laser
sources.
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The following abbreviations and symbols for physical quantities are used throughout
the thesis.

Ao Vacuum wavelength of light
0, Acceptance angle of a fibre
a Fibre core radius

BPP Beam parameter product

c Speed of light in vacuum
FBG Fibre Bragg grating

FWHM Full width at half maximum

I Intensity

IR Infrared

n Refractive index

NA Numerical aperture

P Power

r Radial coordinate

SFG Sum frequency generation
SHG Second harmonic generation
SLM Spatial light modulator

uv Ultraviolet

V-number Fibre parameter or normalized optical frequency
VBG Volume Bragg grating
w Mode field radius
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Chapter 1

Introduction

Lasers are one of the most versatile lightsources nowadays. They can combine
beam properties such as monochromaticity, coherence and high brightness into
beams with several megawatts of output power. Laser beams are most commonly
circular in cross-section, however, there is a variety of applications which require
alternative beam profiles, for instance rectangular profiles with uniform intensity,
as used for material processing [1, 2], a doughnut profile for stimulated emission
depletion (STED) microscopy [3] or a line profile, to name only a few.

In particular, a line beam has a number of interesting applications, such as
for displays [4, 5] or laser writing [6]. In both applications, information has to be
brought to a designated surface area.

Covering an area with one beam is usually performed with active deflection
optics. For pixel-by-pixel scanning with a circular spot as shown in Fig. 1.1(a),
these mirror modules are rather complex, since they need two rotational degrees of
freedom to deflect the beam in the x- and the y-direction. This can for instance be
achieved by piezo-driven tilt mirrors. Using a line-beam, the complexity is shifted
from the mirror element to the light source, as shown in Fig. 1.1(b). For instance,
if the line is modulated (i. e. information is imposed) along its long dimension with
a spatial light modulator (SLM), it is sufficient to deflect the beam along the short
line dimension, e.g. with a simple rotating polygon mirror.

The most important advantage of the line over the pixel-by-pixel approach, is
the scanning speed. In writing applications, a higher speed reduces the scanning
time and increases the throughput. For displays on the other hand, it will determine
the maximum size and resolution of the projected image.

There is, however, another constraint which is related to speed, namely the
deposited energy or intensity. This quantity is determined by a particular appli-
cation. If) for instance, laser writing is used to directly expose a photoresist for
optical lithography, the minimum exposure time will be determined by the inten-
sity which is needed for the dissolved polymers to undergo a structural change,
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Figure 1.1: Pixel-by-pixel vs. line-wise scanning.

such as hardening, in case of a negative photoresist. The minimum intensity for a
very sensitive resist might be as low as 10 — 100 mW /cm? [7], but can be several
orders of magnitude higher for other applications. The system has to be capable
of delivering this amount of energy, otherwise, it will limit the maximum scanning
speed.

The idea which is investigated in this thesis is to scale the output power of a line
beam, by stacking several fibre lasers along the direction with relaxed constraints on
beam quality, namely the long line dimension. Fibre lasers are particularly suitable
for this approach, since they can deliver output powers of over 100 W, while still
providing a high beam quality [8]. Moreover, due to the small fibre diameter of only
a few hundred microns, they can be stacked very closely, thus giving the potential
for very high power scaling.

For display and laser writing applications, it is required that the wavelength of
the output can be changed, namely into visible light (green) for diplays and UV
light for laser writing in order to obtain a small minimal feature size. To achieve
frequency conversion by a nonlinear process, a spectrally narrow and linearly po-
larized output is required, both of which can be delivered by fibre lasers [9]. The
near infrared spectrum at wavelengths of around 1 pm is a particularly convenient
region, since frequency doubling and tripling directly yields green and UV light,
respectively.

The design goal was therefore to build an array of three parallel, Yb-doped
fibre lasers with a total output power of approximately 10 W, as well as a linearly
polarized and spectrally narrow output, operating at 1030 nm.

1.1 Design Approaches

The individual fibre lasers can be built in various cavity configurations. The fol-
lowing two were considered for this thesis:
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The first option is an all-fibre design as shown in Fig 1.2. It consists of a fibre-
coupled pump source which is spliced to a highly reflective fibre Bragg grating
(FBG). The pump light is transmitted through the cladding of the FBG and is
coupled into the gain fibre which is spliced to the opposite end of the FBG. The
output coupler is another FBG, spliced on the other end of the gain fibre, however
with a lower reflectivity (e.g. 15%).

Pump fibre PM gain fibre

- @ PM-FBG @ FBG Laser output

Figure 1.2: All-fibre cavity design.

The highly reflective FBG is written into a polarization maintaining (PM) fibre,
hence, it will exhibit two reflection peaks, due to the fibre’s birefringence (each
reflection peak corresponds to one polarization direction of the light, for more details
on PM-fibres, see section 2.1). The reflection peaks can be shifted by temperature
controlling (TC) the grating. If the temperature is tuned such that one of the
reflection peaks of the PM-FBG coincides with the single reflection peak of the
out-coupling grating, lasing will occur on that particular wavelength and with that
particular polarization direction.

Using similar setups, output powers of up to hundreds of watts have been demon-
strated, which also meet the requirements of the array in terms of spectral width
and polarization [10-13]. The all-fibre approach allows for very robust designs
with only a few control parameters, since only very few external optics are needed.
However, this design lacks of flexibility and the access to components is limited.
Expanding the setup and replacing components is problematic, since the spliced
fibre joints are permanent.

The second approach utilized free-space coupling of the pump and output beam,
as illustrated in Fig. 1.3.

Coupling of the pump beam into the gain fibre is achieved with lenses. On
the opposite end of the gain fibre, the collimated output beam is aimed on the
highly reflective cavity mirror. Fresnel reflections at the cleaved fibre end-face on
the pump side act as the output coupler. The laser output is separated from the
pump beam using a dichroic mirror.

This approach has the advantage of easy access to components and a high
flexibility. The setup can easily be expanded e.g. with polarizers, wave-plates or
filters and replacing broken components is straightforward. On the other hand, due
to the increased number of optical elements, the alignment of the laser will be more
challenging.

Due to the higher design-freedom and good availability of components, the free-
space approach was chosen for building the single fibre lasers in this thesis.



4 CHAPTER 1. INTRODUCTION

Laser output

Pump fibre L1 L2  Gain fibre L3
/ /
/ \
OB == OB ==
M1 M2 M3

Figure 1.3: Fibre laser design utilizing free-space coupling.

1.2 Qutline of the Thesis

The thesis is structured as follows: In the second chapter, a short introduction
to the basic physics of fibre lasers is given. It is followed by a simulation of the
output from an array of parallel fibre lasers. A description of the pump mount
and a characterization of the used pump lasers is presented in chapter 4. Chapters
5 to 7 describe experiments with single fibre lasers, where in each chapter, a new
feature is added to achieve the desired output. Chapter 8 describes the setup
and the performance of the fibre laser array. Experiments on nonlinear frequency
conversion are presented in chapter 9 and finally, in chapter 10, the results of the
thesis are summarized and conclusions are drawn.



Chapter 2

Basic Physics

The following chapter gives a very brief introduction to the working principles and
theory of fibres and lasers. It will cover only the topics which are needed for a good
understanding of this thesis, however, it makes no claim to be complete. Further
reading can be done in any standard textbook, e.g. [14-16].

2.1 Optical Fibres

Optical fibres guide light based on the principle of total internal reflection. They
are commonly made from silica glass and the simplest type consist only of a fibre
core with refractive index n; which is surrounded by a cladding with refractive
index ng (Fig. 2.1). For n; > ng, the light is confined to the fibre core. Since the

n

n<n
O T ad ’ i :
1 0

Acceptance %\ 1 o

cone [ Cladding

Figure 2.1: Schematic drawing of a step index fibre with ny > no.
Light is coupled into the fibre if it impinges on the front surface from
within the acceptance cone.

refractive index profile in radial direction only takes two values, they are usually
referred to as step-index fibres. Due to their low loss of only a few dB/km or less,
fibres are very suitable for delivering light to places which are otherwise difficult to
reach or even inaccessible.
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Numerical Aperture

An important characteristic of optical waveguides is their numerical aperture (NA).
In accordance with classical optics, the NA is defined as the sine of half the accep-
tance angle of the fibre, 6,, multiplied by the refractive index of the surrounding
medium, ng. For step-index fibres, the NA can be derived directly from the index
difference between core and cladding and is given by:

NA = ngsin(f,) = /n? — n3 (2.1)

When light is coupled into a fibre with a lens, the convergence angle of the focussed
beam and the focal spot size are dependent. The numerical aperture and core size
therefore determine e. g. how efficient light can be launched into a fibre. Moreover,
they will determine how well the light is confined in the core; hence, it will affect
the mode field size and thus the divergence angle of the emerging beam.

Transverse Electromagnetic Modes and V-Number

Depending on the core/cladding geometry and the glass composition, the field dis-
tribution u(r) within the fibre will look differently. It can be found by solving the
wave equation for a cylindrical waveguide. The solutions are usually referred to as
the transverse electromagnetic modes of the fibre [17]. For a step-index fibre with
core radius a, the field at radial coordinate r is given by:

) Jilkrr), r<a
ur) = {Kl('yr)7 r>a 22)

J; and K are the Bessel functions of the first and second kind, respectively, both of
order [. The parameters k% = ki — 32 and v* = 82 — k3 depend on the wavenumber
k; = 2mn; /Ao and the effective propagation constant 8 of the wave. For a guided
wave, the propagation constant can take values of k&1 > 8 > ko and is found by
graphically solving the characteristic equation

Jix1(X) Ly Ki+1(Y)

X0 K(Y)

(2.3)

such that u(r) is continuous and has a continuous derivative at 7 = a. The quanti-
ties X = kra and Y = ya are normalized coordinates.

A very useful quantity to estimate the number of transverse modes is the V-
number. It is defined as

V= VX2 v? = 2T (2.4)

Ao

and can be interpreted as a normalized optical coordinate.
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In general, a superposition of many transverse modes exist in a fibre. The total
intensity distribution I(r, ¢) of a superposition is proportional to

I(r,¢) x u%m(r) cos? (1), (2.5)

where the the integers [ and m are found by solving Eq. 2.3 and ¢ is the rotational
coordinate around the fibre’s symmetry axis.

For values of V' below 2.405 the fibre supports only the fundamental mode
(I =m =0). This is often desired, since multimode operation increases dispersion
and decreases the beam quality. Furthermore, the intensity distribution of the
fundamental mode can to a very good approximation be described by a Gaussian
function.

Mode Field Size

The V-number also allows to estimate the mode field radius w for a given fibre
during single-mode operation [18]. It is approximately given by:

(2.6)

1.61 2.
wza<0.65+ 019 879)

V3/2 + 1/6

The equation is accurate to within 1% for V-numbers up to 2.5. For higher values,
it only applies to the size of the fundamental mode.

Polarization Maintaining Fibres

In general, fibres are not perfectly isotropic, but they exhibit random stress fluctu-
ations. The stress fluctuations induce locally varying birefringence, so that linearly
polarized light will change to circularly polarized light as it propagates along the
fibre. There are, however, fibres which can maintain the polarization direction of
the incoupled light, so-called polarization maintaining (PM) fibres.

Fast axis

Slow axis

Stress
elements

Figure 2.2: The stress elements in a PM fibre create birefringence so
that polarized light which is launched into the fibre along one of the
birefringent axis maintains its polarization direction.

In a PM fibre, glass rods of different thermal expansion coefficient than the bulk
material are inserted diametrically opposed around the fibre core, as can be seen
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in Fig. 2.2. When the fibre is drawn and cooled down, the rods exert high stress
on the fibre core along one distinct direction, which is then the dominant stress
contribution in the fibre. Hence, two designated, perpendicular axis of birefringence
are established. The axes with higher refractive index is referred to as the slow axis
of the fibre.

When light is coupled into the fibre along either the slow or the fast axis, it
maintains its polarization direction and does not couple into other polarization
modes.

2.2 Lasers

All lasers consist of a active gain medium which is placed in a resonant cavity. As
shown in Fig. 2.3, the resonant cavity usually consists of one highly reflective mir-
ror and one output coupler with lower reflectivity. With each passing through the
gain medium, the light is amplified and at every reflection at the output coupler
a fraction of the light leaves the cavity. This fraction of the light constitutes the
laser beam. The active medium is made from a host material, e. g. glass or crystals
which are doped with an active material. These are usually ions from rare-earth el-
ements such as Yb, Er or Nd. The seed for the amplification process is spontaneous
emission, which is always present if the active medium is pumped.

Pump beam

111

Gain medium

Laser
output

Cavity mirror Output coupler
R~1 R, <R

Figure 2.3: Principal scheme of a laser. Light is contained in the laser
cavity and is amplified at each passage through the gain medium. At
each reflection on the output coupler, a fraction of the light leaves the
cavity and constitutes the laser beam.

Ytterbium

The active material which was used in this thesis was the Ytterbium ion in the
trivalent form, Yb**. It has properties which make it particularly useful for high-
power applications, such as its simple energy level diagram and a very low quantum
defect. The energy level diagram is shown in Fig. 2.4. It consists of two manifolds;
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the ground manifold 2 F; 2 with 4 Stark levels and the excited manifold ’Fy /2 with
3 Stark levels [19].

The upper laser level can be reached by pumping with near infrared light, e. g.
the transition with maximum absorption, from the lowest Stark level of the ground
manifold to the lowest Stark level of the excited manifold, corresponds to a wave-
length of 975 nm, a wavelength at which high power pump sources are easily avail-
able.

cm’
11630
2F5/2 11000
10260

—_——
ob
N0
oSO

°F

72

(=)
S,

Figure 2.4: Energy level diagram of the Yb**-ion.

Commonly used laser transitions are from the lowest Stark level of the upper
manifold to several of the upper Stark levels of the ground manifold. Together with
efficient phonon broadening, this results in a broad emission spectrum that permits
laser operation from 1 — 1.2 pm, and also allows for short pulse generation.

A particularly interesting wavelength for frequency conversion is at around 1 pm,
since frequency doubling and tripling directly yields green and ultraviolet light.

Given the high power capability and the convenient transitions in the near-
infrared spectral region, ytterbium was chosen as the gain material for the experi-
ments in this thesis.

2.3  Fibre Lasers

Fibre lasers combine the properties of both aforementioned components. In such
lasers, the doped core of a fibre constitutes the active medium of the laser. The
active fibre can be several tens of metres long, giving rise to a very high gain.
Furthermore, due to the high ratio of area to volume, thermal effects in high-power
systems are reduced. Fibre lasers are often optically pumped, utilizing a double-clad
(DC) structured fibre as shown in fig. 2.5. In such fibres, the core is surrounded
by an inner cladding with lower refractive index than the core which is in turn
surrounded by an outer cladding with even lower refractive index.

The inner cladding has a considerably larger cross-section and NA than the
core, such that pump light with relatively poor beam quality can still be coupled
efficiently into the fibre. The pump light is confined to the inner cladding and
gradually absorbed in the core. Laser operation however, will occur in the fibre core
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n <n<n
‘ 3 2 1
High NA ' n Low NA
0
> —
Low brightness i N High brightness

| ) laser output
Outer cladding

Inner cladding

Doped fibre core
Figure 2.5: Schematic drawing of a double-clad (DC) fibre. With ad-
ditional reflective elements on the fibre end faces, a DC-fibre can be
used to convert pump light with poor beam quality into a laser beam
with high brightness and M?2-factors close to 1.

pump input

only. The core has a low NA, typically below 0.1, giving rise to a high-brightness
output. Therefore, fibre lasers can convert the beam from a low-brightness pump
source into laser light of very high beam quality.

Very robust lasers can be built in all-fibre configurations, using e. g. fibre Bragg
gratings for feedback. This and their capability of approaching a diffraction limited
beam quality — even at kilowatts of output power — make fibre lasers particularly
suitable for a wide range of applications.

2.4 Gaussian Beams

The intensity distribution of many laser beams can be described with a Gaussian
function. Such a beam profile can be described by the beam’s peak intensity Iy and
the beam radius from the optical axes w(z), at which the intensity has dropped to
1/e? of its maximum value. The intensity after propagation over a distance z is
given by

—2r?
I(r,z) = Iyexp (w(z)2> , (2.7)
where r is the (orthogonal) distance from to the optical axis at which the beam has
intensity I(r, z).

Moreover, as a result of diffraction, a Gaussian beam will diverge as it propa-
gates. The beam radius as a function of propagation distance is given by

w(z) = woy |1 + (Z)2 (2.8)

ZR

where wg = w(z=0) is the beam waist radius and zg is the distance from the waist
after which the beam radius has increased by a factor of V2 (i. e. where the effective
beam area has doubled). This distance is referred to as the Rayleigh range and can



2.4. GAUSSIAN BEAMS 11

be calculated from the laser wavelength A and the beam waist according to:

ZR = —— (29)
Two times the Rayleigh range is referred to as the confocal parameter b:
b= 2z (2.10)

In the far field where z > zg, the divergence angle from the optical axis, 6, can
easily be calculated from Egs. 2.8 and 2.9. Differentiation of Eq. 2.8 with respect
to z yields:

h— (2.11)

Beam Parameter Product and M?2-Factor

A diffraction limited Gaussian beam is special in a sense as it minimizes the product
of its beam radius at the beam waist, wq, and its far-field half divergence angle,
6. This quantity is referred to as the beam parameter product (BPP) and for a
diffraction limited Gaussian beam it reduces to:

A
BPPG = w07G0G = — (212)
™

where the subscript "G" denotes quantities of a diffraction limited Gaussian beam.

A very important quality measure of laser beam is therefore defined as the ratio
of its BPP and the BPP of a Gaussian beam. It is referred to as the beam’s
M?-factor and is 1 only for a diffraction limited Gaussian beam:

BPP
M? = 2.13
BPP¢ (2.13)

Using the M2-factor, one can therefore relate the two parameters of a beam, § and
wp, according to:
A
6=M>—"— (2.14)
W0

One consequence of this relation is, that if a given light source is focussed to a
point, the spot diameter in the focal plane will increase linearly with the M2-value
of the source.






Chapter 3

Array Simulation

To understand the behaviour of the system, the output beam of an array of fibre
lasers was simulated. In the setup, the fibres are mounted in parallel next to each
other at close distance. As is well-known, the diameter of a Gaussian beam increases
as the beam propagates. Hence, the individual beams of the array will eventually
merge and after some distance, when the beam diameter is much larger than the
fibre separation, the beams will no longer be distinguishable. The simulation allows
to find the distance after which the beams have merged to the desired intensity
distribution.

The wavelength of the light and the V-number of the fibres which were used
in the experiments, were assumed to be 1030 nm and 2.44, respectively. Using
the V-number and Eq. 2.6, the diameter of the mode field where the intensity has
dropped to e~? of its maximum value was found to be approximately 11 pm. The
beam waist diameter of the emitted Gaussian beam was assumed to have the same
size as the mode field within the fibre.

The simulation gives the output from any number of fibres with equal separation
distance. For some applications it is beneficial to deposit as much energy on a
given spot as possible. Therefore, the fibres are stacked as closely as possible. The
minimum distance between the fibre cores is determined by the diameter of the
fibre cladding, namely 125 pm.

Fig. 3.1 shows the intensity distributions for five fibre lasers at a number of
different propagation distances. The left column shows the intensity distribution
in the plane perpendicular to the propagation. The right column shows the cross-
section through the line of maximum intensity. Note that the images in the left
column are scaled with the spot diameter 2w of a single fibre laser as given by
Eq. 2.8. The scaling was such that the vertical size of the image corresponds to
the diameter at which the intensity has dropped to e~2 of the peak value at that
particular propagation distance.

A different visualization of how the beams merge can be seen in Fig. 3.2. It shows

13
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e Cross—section
t 720 Intensity distribution
at z=0 mm
2w=0.024 mm"" = - - (] KJLJLJLJ
at z=1 mm
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2w=0.17 mm
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at z=5 mm
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2w=1.6 mm

-025 0 0.25
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Figure 3.1: Simulated output from an array of five fibre lasers. The
left column shows the intensity distribution in a plane perpendicular
to the propagation direction. The image height is scaled with the spot
diameter 2w. The right column shows the cross-section through the
line of maximum intensity of all fibres.
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Figure 3.2: Intensity distribution in the fibre plane. The fibre separa-
tion is 125 pm. Note that the intensity is truncated such that values
above 0.05 I,,.x are cut off.

the cross-section through the centre of the beam as in Fig. 3.1, but continuously
for a range in propagation direction from 0 to 8 mm. The maximum intensity
decreases with propagation distance. Furthermore, the drop in intensity along the
lateral direction is more distinct close to the fibre ends. In the far-field, the intensity
decreases only gradually as the lateral distance from the fibres increases.

For many applications, the ideal intensity profile is a top-hat distribution. A
top-hat has no spatial modulation in the region where the intensity is "high", so
that e. g. the energy in a writing application can evenly be deposited. Furthermore,
it shows no gradual decrease in intensity in the lateral direction, only a sharp
transition from the "high"- to the "low"-intensity region.

To quantify how well the intensity distribution resembles a top-hat profile, a fill-
factor I' was defined. It is given by the power of the output profile where a certain
intensity-threshold is exceeded, divided by the total output power. In Fig. 3.3, this
fraction is enclosed by the green top-hat function, and has a value of I' = 82 % (at
z =4 mm). The threshold I}, will depend on the application in particular and is in
this example defined as Iy, = 0.91,a¢. As a rule of thumb, it can be approximated
that at each side of the total intensity distribution, one half of the power from a
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Figure 3.3: The fill-factor I' is a measure of how well the output profile
resembles an ideal top-hat function. It is given by the ratio of powers
in the intensity profile with I > Ii}, and the total power of the beam.
The threshold is this example is arbitrarily defined as 0.91,,x. More
quality measures of the beam are the intensity modulation inside the
hat and the corresponding standard deviation. (Plot at z = 4 mm)

single laser is lost. Hence the fill-factor is approximately given by:

Nfibres — 1

I~ (3.1)

Nfibres
where ngpres is the number of fibres in the array. For five fibres this yields I' = 80 %
which coincides well with the exact value above. Note that this approximation is
only valid if the fibre separation is of the same order of magnitude as the beam
radius w(z) and the threshold is not too low.

Another quality-measure of the array is the intensity modulation of the profile
which is contained inside the top-hat. It is defined as the ratio of the amplitude of
the modulation and the mean intensity within the top-hat Iy, (see also Fig. 5.7).
The modulation has to be sufficiently low, so that the intensity within the top-
hat does not drop below the threshold value. One can therefore define the critical
maximum modulation M,z approximately as

Meyig = 1 — Lo (3.2)
Ihat

In the example from Fig. 3.1, the region with good modulation lies at around
z = 4 mm. At this point, the modulation is 5%, which is below the critical value
My = 5.4%.

Another measure of the beam, which is related to the modulation, is the stan-
dard deviation o of the intensity distribution inside the top-hat. Its variation with
z is shown in Fig. 3.4. It can be seen in Fig. 3.4, that there is a distinct minimum
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at approximately z = 4.5 mm. This can e.g. be utilized to find the position of
the "best" beam, which will be a trade-off between the fill-factor and the standard
deviation. The importance of each parameter must be chosen according to the
application and will in particular depend on the number of fibres.

If the fibre pitch is increased, then the region of interest moves further away.
The same effect is obtained if the fibre NA is decreased since the divergence angle
reduces accordingly. There is a linear dependence between fibre pitch, fibre NA
and the distance to the region of interest.

Note that if intermediate optics are used for imaging of the fibre ends, both the
fibre pitch and the divergence angle in the image plane change. Therefore, if the
fibre ends are imaged with a magnification of m = 2, the region of interest will be
four times further away.






Chapter 4

Pump Laser

To operate a laser, energy has to be transferred to its active medium. This pro-
cess is referred to as pumping. For the fibre lasers which are used in this thesis,
optical energy is used to pump the gain fibres. The pump sources are three fibre-
coupled single emitter laser diodes which radiate at approximately 975 nm (Lumics
LU975T100). The diodes have serial numbers HL.110275, HL.110279 and HL112105,
but will for convenience from here on only be labelled LD1, LD2 and LD3. The
light is delivered with a standard step-index fibre with core and cladding diameter
of 105 and 125 nm, respectively. The NA of the core is 0.22.

The output characteristics of semiconductor lasers are sensitive to the driving
current and the temperature at which they are operated. Therefore, a mount
was built on which the diodes could be temperature controlled and conveniently
connected to the driver electronics. Since at a later stage of this thesis, three fibre
lasers are to be operated simultaneously, the mount is designed such that it can
hold three pump diodes. This allows that all pumps can be controlled with a single
driver. The device is illustrated in Fig. 4.1.

4.1 Diode Mount

The heat sink consists of a 1 cm thick copper plate as a heat reservoir on which
the diodes are mounted, three 3-by-3 cm Peltier elements (Melcor CP10-127-05-
L1-W4.5) to electronically control the temperature of the reservoir and a fan unit
(Elfa 75-591-56) to cool the hot side of the Peltier elements. The Peltier elements
are connected in parallel and are driven by a temperature controller from Marlow
Industries (model SE5020). The temperature sensor is a thermistor with negative
temperature coefficient (NTC) and Ry = 10 k2 at 25 °C. It is placed in a notch
close to the surface of the copper plate between two laser diodes (see Fig. 4.2).
The wiring can be seen in Fig. 4.1. Connectors (I) and (2) are for the positive and
negative ports of the current source of the temperature controller. The NTC uses
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Figure 4.1: Heat sink with wiring of the Peltier elements (O and (),
temperature sensor (3 and @) and fan (¢ and ®)).

Figure 4.2: Heat sink with laser diodes. The driver is connected to the
diodes via ports @ (+) and ® ().

ports @) and @). This device is bidirectional, so the polarity can be arbitrary. (5)
and (6) are connected to the positive and negative poles of a standard 12 V power
supply. A luster terminal is used which enables easy changes of the wiring if needed.

The laser diodes are clamped onto the copper plate above each Peltier element as
can be seen in Figs. 4.1 and 4.2. The wiring is done with pin-and-socket connectors
in order to easily bypass one or two diodes if they are not needed. The current
supply is provided by a driver from Opto Power Corporation (model OPC-PS 4005).
It can provide a current of up to 30 A. This ensures that it can supply the voltage
to drive a series of three 10 A laser diodes, as used in this setup. Connector (7) is
for the positive port of the power supply, whereas is for the negative one. For
experiments with only one diode, wires are used to short-circuit the unused diodes
and the active laser is directly connected to the driver.
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4.2 Pump Laser Characteristics

The performance of the fibre lasers will change with the incident pump power.
Since the control variable is the current through the diodes, a measurement has
been conducted to relate these two quantities. The output characteristics can be
see in Fig. 4.3. The graph shows that the behaviour is linear only for moderate
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Figure 4.3: Output power of the pump diodes vs. driving current.

driving currents up to approximately 6 A. Beyond this point the slope of the curve
decreases. The maximum output power is around 8.5 W.

Thermal effects within the band gap of the semiconductor lead to a drift in
output wavelength with temperature. This can either be caused by the temperature
of the heat sink or the driving current. Since the absorption cross-section of the
fibre strongly depends on wavelength, it is important to know about the output
spectrum for a given temperature and driving current. The spectra of the diodes
were measured with an optical spectrum analyzer (OSA) from Yokogawa (model
AQ-6315A) under different operating conditions. The spectra close to maximum
driving current are depicted in Fig. 4.4. The spectral resolution was 0.1 nm. The
vertical dotted lines in Fig. 4.4 indicate the respective "centre of mass"-wavelengths

A¢, as given by
L (A
A, = i Ml (4.1)
Zj Ij ()‘)
where I(\) is the intensity at wavelength A and the sum is over all measurement
points. The centre wavelengths in Fig. 4.4 are 983.4 nm for LD1, 983.3 nm for LD2
and 980.5 nm for LD3.
It can also be seen that each diode oscillates at several modes simultaneously.
Due to the irregular shape of the spectrum, it is impractical to use the full width
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Figure 4.4: Spectra of the pump diodes at 8 A driving current. The
dotted vertical lines indicate the centre of mass of the corresponding
spectrum (LD1: 983.4 nm, LD2: 983.3 nm, LD3: 980.5 nm).

at half maximum (FWHM) to characterize the output. Therefore, by an analogy
with solid mechanics, the spectral width has been defined as the length A\ of a
thin rod which rotates about the origin, is centred at the centre-of-mass A\, and has
the same moment of inertia as the "mass'-distribution 7(\). The mass of the rod
and the total mass of the distribution are equal. Hence, the spectral width is given

by
2 Zi Ii)‘z? 2

where the summation is again done over all sample points. The spectral width at full
driving current ranges from approximately 5 nm for LD1 and LD3 to around 6 nm
for LD2. At minimum current, the width is reduced by approximately 2.5 nm for all
diodes. However, it does not change significantly with the heat sink temperature.
Spectra were recorded for heat sink temperatures from 20 to 30 °C and constant
driving current of 8 A. The centre wavelength as function of temperature can be
seen in Fig. 4.5. The drift rate is approximately 0.4 nm/°C for all pump diodes.
Furthermore, the spectra at constant heat sink temperature of 20 °C were measured
for different driving currents. The centre wavelength as function of driving current
is shown in Fig. 4.6. The drift rate is approximately 1.6 nm/A for all pump diodes.

Furthermore, Fig. 4.6 shows that the centre wavelength at maximum driving
current is approximately 982 nm. To match the centre wavelength of the pumps
and the wavelength of maximum absorption in Ytterbium at around 975 nm, the
diodes where cooled down to 15 °C, resulting in an emission wavelength of approx-
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imately 977 nm. It was decided not to cool down further, to avoid extensive water
condensation on the heat sink.



Chapter 5

Single Fibre Laser with Broadband Reflector

First, a single fibre laser was built to investigate the performance of the principal
setup. Of particular interest was the slope efficiency, the polarization and the
quality of the beam. Feedback was provided by a broadband mirror. A schematic
drawing of the setup can be seen in Fig. 5.1.  The pump light from LD2 was

Laser output

Pump fibre L1 L2  Gain fibre L3
/ I
/ \
O (=@ n
M1 M2 M3

Figure 5.1: Principal setup of the single fibre laser with broadband
mirror. The pump light is collimated with lens L1 and focused into the
gain fibre with lens L2. High reflection is provided from broadband
mirror M3 after the light has been collimated with lens L3. The two
mirrors M1 and M2 are used to deflect the laser output and separate
the laser from the pump light.

collimated with an aspheric lens of focal length 26.5 mm and then focused into
the gain fibre with an identical lens. The gain fibre was ytterbium-doped with a
pump absorption of 6.9 dB/m at 980 nm and had a diameter of core and cladding
of 10 and 125 pm, respectively (LIEKKI, Yb1200-10/125). Three fibre lengths were
investigated, namely 1, 1.5 and 3 m. The fibre was cladding-pumped (NASM =
0.46) by a pump diode which was coupled to a delivery fibre with a numerical

aperture of NAPU'™P = 0.22. The lenses were arranged such that a 1:1 image of
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the pump output is formed on the end of the gain fibre. Both end faces of the
active fibre were cleaved perpendicular to the fibre axis. Opposite to the pump
end, the fibre output is collimated with another 26.5 mm lens and back reflected
with a dielectric dichroic broadband mirror. The mirror has characteristics such
that it transmits the pump and reflects the laser light. This side constitutes the
highly reflective end of the laser cavity. The cleaved fibre end-face towards the
pump is the output coupler. Fresnel-reflections at the glass-air interface give rise to
approximately 4 % reflectivity. The emitted light is collimated by the closest lens
of the pump arrangement and deflected with another tilted dichroic mirror and one
broadband mirror. It was measured that in order to maintain the high transmission
for the pump light, the tilt angle of the dichroic mirrors had to be below 3°. The
tilt angle which was used in the setup was approximately 2.5°.

The pump diodes were operated at 15 °C heat sink temperature. At this tem-
perature and at maximum driving current, there was a good overlap of the emission
spectrum of the pump diodes with the absorption cross section of the gain fibres.
Further cooling increased the laser output power even further, however, it was de-
cided to operate at 15 °C to avoid extensive water condensation on the heat sink.
All following experiments were performed at this temperature.

Laser Performance

The performance of the fibre laser was assessed by three means. Power measure-
ments were performed to investigate the efficiency of the setup. The spectrum at
the laser output was measured with an optical spectrum analyser and the temporal
behaviour was recorded with a photo diode and a digital storage oscilloscope.

5.1 Power Performance

One major goal of this thesis is to achieve power scaling by stacking individual fibre
lasers. The better the individual laser units are, the more efficient will be the power
scaling. Measurements were therefore conducted to investigate the individual laser
units in terms of efficiency and optical output power.

The power in the system was measured at three different points in the setup as
a function of driving current. The laser output power was measured after deflection
from the two outcoupling mirrors. Lossless deflection was assumed. The incident
pump power was measured between the pump lenses where the pump beam was
collimated. The power of the remaining pump light was measured after the dichroic
cavity end-mirror.

Since the coupling into the gain fibre is very sensitive to misalignment, a cou-
pling experiment into an undoped 105/125-fibre was performed to estimate the
coupling efficiency. This passive fibre was identical to the pump fibre and it yielded
a coupling efficiency of 65%. The pump beam is assumed to have a Gaussian
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Figure 5.2: Laser performance of different gain fibre lengths with di-
electric mirror.

intensity distribution. With

2a2

Tlcoupl = 1—e w? (51)

one can estimate the coupling efficiency 7coup1 into a circular aperture, where a is
the fibre core radius, w is the beam radius on the fibre end face and reflection losses
are neglected [20]. Using Eq. 5.1, the 1/e?-spot size diameter of the pump source
on the passive fibre was determined to be 145 pm. This is larger higher than the
mode field in the pump fibre and was believed to be due to aberrations in the pump
optics. Once the pump spot size is known, one can estimate the coupling efficiency
into the gain fibre with 125 pm cladding diameter. This yields a coupling efficiency
of approximately 80 %.

Fig. 5.2 shows the laser power performance for different fibre lengths with a
dielectric mirror for feedback. The maximum output power for the 3 m gain fibre
was 3.3 W and was obtained at full incident pump power of 5.9 W. For both the
1.5 m and the 1 m fibre, the output power reaches a maximum at around 5.4 W of
incident pump power and then drops again if the pump power was increased further.
The drop was due to the shift in pump wavelength which, at full driving current, is
beyond the point of maximum absorption of the Yb-fibres. The maximum output
powers where 2.8 W and 1.7 W for the 1.5 m and 1 m long fibre, respectively.

The maximum optical-to-optical efficiencies 7., as given by

Tloo = P7 s (52)

p.in
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were P oyt is the laser output power and P, ;, is the incident pump power, were
approximately 60 %, 50 % and 30 % for the 3 m, 1.5 m and 1 m long fibres, re-
spectively. It was obtained at the point of highest absorption which was at around
5.5 W incident input power for all fibre lengths. At higher driving currents, due to
the shift in pump wavelength, the efficiency decreased accordingly.

The plot of the absorption showed an uncommon behaviour as the absorption
for the 1 m long fibre was unexpectedly high at low pump powers (up to ~3 W).
To a first approximation, the absorption increases with the fibre length since it is
proportional to e~®!, where « is the absorption coefficient’ and [ is the length of
the fibre. However, repeated measurements showed that the absorption for the 1 m
fibre was highest for incident pump powers below 3 W. This was believed to be due
to inhomogeneities in the doping concentration along the fibre. This was supported
by following experiments were fluorescence of different intensities was observed for
two fibres of same length and at an identical pump level.

The laser threshold increases with decreasing fibre length. The measured values
for the 3 m, 1.5 m and 1 m long fibres are 1 W, 1.6 W and 2 W of incident pump
power, respectively.

The power characteristics of the different fibre lengths are summarized in Fig. 5.3.

5.2 Spectrum

Depending on the application, the requirements for the output spectrum of the
laser can be very demanding. If the beam has to be frequency-converted, the laser
needs to have a very narrow linewidth, while a broad spectrum might be sufficient
in an application that requires only high output power. The spectrum was therefore
measured with an optical spectrum analyzer (OSA).

The lasers were not frequency-locked, therefore, they operated on the spectral
gain peak. It can be seen in Fig. 5.4 that the spectrum shifts towards shorter
wavelengths as the fibre length is decreased. This is a consequence of the quasi-
3-level nature of Yb, in which the spectral absorption and emission cross sections
overlap. The gain g(\) of a laser system with population concentrations of the
upper and lower laser level N, and N; and emission and absorption cross-sections
Oem(A) and o,ps(A) is given by:

g(/\) = Nugem()\) - Nlaabs()\) (53)

Hence, with different inversion (N, — N}) the gain spectral peak shifts, meaning
that changing the fibre length can lead to significant shifts in the output spectrum
as can be seen in Fig. 5.4.

1The absorption coefficient is determined by the absorption cross-section of the dopant and
the population inversion, which decreases as the fibre gets longer. However, for sufficiently high
pump powers, the change in inversion is not very high and hence, the overall absorption decreases
for shorter fibre lengths.
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Figure 5.3: Laser output power P o, incident pump power thresh-
old P,ps ¢n, optical-to-optical efficiency 7., and centre frequency A. vs.
fibre length.

The centre wavelength as calculated with Eg. 4.1 shifts from 1070 nm for the
3 m fibre, over 1050 nm for the 1.5 m fibre to 1030 nm for the 1 m fibre. The
output spectra were generally unstable and small side peaks appeared and vanished
irregularly between consecutive measurements. The spectral widths in Fig. 5.4 were
4 nm, 30 nm and 10 nm for the 3 m, 1.5 m and the 1 m long fibre, respectively.

5.3 Self-Pulsing

A common phenomenon for Yb-doped fibre lasers is that they can exhibit strong
self-pulsing. This effect is mostly undesired since the peak powers during such a
pulse can reach intensities which might damage components inside the laser cavity
or even the gain fibre itself. The origin of self-pulsing is not yet fully understood,
however, the two existing pulsing phenomena, pulses which are either produced at
the frequency of the relaxation oscillations or at the inverse of the cavity round trip
time, can both be described as interactions of the laser signal with the population
inversion [21, 22].

To investigate the temporal behaviour of the laser output, the laser beam was
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Figure 5.4: Spectra for three different fibre lengths with dielectric cav-
ity mirror. The spectra shift towards shorter wavelengths as the fibre
length decreases, since the gain peak of the laser changes with inver-
sion.

aimed at a fast photo diode (Hamamatsu, InGaAs PIN photo diode with 3 GHz cut-
off frequency) and the diode signal was measured with a digital storage oscilloscope
(Tektronik TDS 5104). The output was measured at laser threshold, at maximum
pump power and at an intermediate pump level. Three waveforms were recorded
at each pump power to show different features of the laser output. The waveforms
for the 3 m long gain fibre at 3.5 W absorbed pump power are shown in Fig. 5.5
and characteristic times for the pulse separation (71), the pulse width (72) and self
mode-locking (73) are indicated.

Self-pulsing starts already at laser threshold. There is no cw-contribution to
the laser output and all the energy is contained in the pulses. The pulse repetition
rate is 20 kHz at threshold (0.4 W) with a pulse width of approximately 3 ns. The
pulses are modulated by even smaller pulses which are separated by around 30 ns.
For a 3 m long fibre, this corresponds to the cavity round trip time, hence this fibre
laser also exhibits self mode-locking.

At higher absorbed pump powers the separation of the main pulses becomes
smaller. The repetition rate at 2.2 W is approximately 220 kHz, whereas it is
around 290 kHz at maximum absorbed power of 4.1 W. The pulse width decreases
from 0.8 pus at 0.4 W to around 0.3 ps at full pump power.

A comparison between the three different fibre lengths is shown in Fig. 5.6. It
can be seen that the pulse frequency increases with decreasing fibre length. Both
shorter fibres have a pulse repetition rate of approximately 500 kHz at full pump
power. The pulse width, however, decreases similarly for all three fibres from around
3 ps at threshold to approximately 0.5 ps at full pump power. From the recorded
waveforms, one can also determine the modulation M of the laser output. As shown
in Fig. 5.7, it is defined as the amplitude I of the modulation divided by the mean
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Figure 5.5: Temporal behaviour of the laser output with 3 m gain fibre
at 2.2 W absorbed pump power. Characteristic times for the pulse
repetition rate (1/71), pulse width (72) and self mode-locking (73) are
indicated.

of the signal I. Hence, the modulation is given by

Imax - Imin
M=——— 5.4
Imax + Imin ’ ( )

where Ihax and I, are the maximum and minimum intensity of the modulated
signal, respectively.

The modulation for the 3 m fibre is constantly 1. This means that there is no cw-
contribution in the signal and the output is purely pulsed. The behaviour improves
as the fibre length decreases. The 1 m fibre has a modulation of approximately 20 %
if it is operated at maximum pump power, approximately 3 times above threshold.
However, one should note that the output was unstable and the values were varying
throughout the measurement. E.g. for the 1.5 m fibre, the output switched from
regimes with purely pulsed output to less modulated behaviour in intervals of up
to 5-10 s. Therefore, the values for the modulation (Fig. 5.6) are only approximate
numbers. However, at low pump powers where the gain is not depleted, strong
pulsing will occur independent of the fibre length.

The spectral, temporal and power characteristics of the different fibre lengths
are summarized in Tab. 5.1.
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Table 5.1: Summary of laser characteristics for different fibre lengths.

Fibre length [m] ‘ Poitn W] Puax (W] 760 Ac [nm] M at Phpax

3 1.0 3.3 0.6 1070 1.0
1.5 1.6 2.8 0.5 1050 1.0
1 2.0 1.7 0.3 1030 0.2

5.4 Beam Quality

One possible application of the laser array is in laser writing. Hence, the beam
quality of the single laser is of high importance. This was assessed by means of the
beam’s M? factor. For this measurement, a razor blade was moved through the
beam after a focussing with a lens and the positions of the blade were measured
when it removed 16 % and 84 % of the total beam power. These positions of the
blade correspond to distances of i%w from the beam’s main propagation axis. The
points were fitted to Eq. 2.14 and the corresponding M? value was obtained.
Since the M? value was expected to depend only on the transverse dimensions of
the fibre and the output coupling, the measurement was conducted only on the 3 m
long fibre. The results can be seen in figure 5.8. The M? factor was approximately
5. This is a large value since usually, fibre lasers approach M? ~ 1 rather easily.
The high value was primarily due to higher order modes in the fibre which
give rise to a larger divergence angle of the beam. This was supported by visual
inspection of the beam profile where a non-Gaussian shape was sometimes observed.
However, the fibre’s V-number of 2.44 is very close to the single mode condition
V' < 2.405, hence, a large number of higher order modes should not be supported.
Another possibility for the high M? factor is a poorly cleaved fibre end-face.
This is supported by later experiments, where different M? factors where measured

. Measurement |
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0.41
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Figure 5.8: Measurement of the beam diameter and fit for the M2
factor of the 3 m fibre. The measurements yielded a M? factor of 5.
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for three different fibres. These fibres where all cut from the same reel, which
excludes variations in fibre geometry due to the manufacturing process.

The lenses on the output coupling side of the fibre were assumed to introduce
no significant aberrations.



Chapter 6

Single Fibre Laser with Polarized Output

For some applications, e.g. lithography, it is required to convert the laser output
to shorter wavelengths. This can only be done efficiently if the beam is linearly
polarized. Therefore, the gain fibre was chosen to be polarization maintaining,
which, together with a polarization-selective element allows to obtain a linearly
polarized laser output. The principal setup that was used can be seen in Fig. 6.1.
The polarizer inside the laser cavity (denoted P1 in Fig. 6.1) was of Glan-Taylor

Laser output

|l|

P2
Pump fibre L1 L2  Gain fibre L3 P1
D@<<> // \/ (.) <“' E
/ \ 7‘
M1 M2 M3

Figure 6.1: Principal setup with polarizer inside the cavity (P1). Po-
larizer P2 was used to measure the polarization extinction ratio.

type and was used to introduce high loss in one of its polarization directions. P2 was
a Glan-Thompson polarizer and was used to measure the polarization extinction
ratio of the output beam.

The measurement was performed by stepwise rotating the inner polarizer P1 and
for each rotation step, the minimum and maximum output power was determined
during one full revolution of the outer polarizer, P2. The polarization extinction
ratio (PER) is then defined as ten times the decimal logarithm of the ratio of the

35



36 CHAPTER 6. SINGLE FIBRE LASER WITH POLARIZED OUTPUT

minimum and maximum power, Py, and Ppax.

Pmin
PER = —10log,, (P ) (6.1)

The measurement was performed with the 1 m gain fibre using the highly reflective
dielectric mirror for feedback. The maximum output power without the external
polarizer was around 1.8 W.

The results of the measurement are shown in Fig. 6.2. The graph shows two
clear peaks. They occur when the transmission axis of the polarizer and the fast axis
of the PM fibre coincide. The best polarization extinction ratio was approximately
12 dB. This corresponds to a ratio Pyin/Pmax of around 0.06. The most stable
output was found at rotation angle 300°. Other orientations resulted in an unstable
output were the polarization direction jumped between different states. This made
the manual measurement difficult to perform which resulted in large uncertainties
for PER values below 5, as indicated by the error-bars in Fig. 6.2.
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Figure 6.2: Polarization extinction ratio vs. rotation angle of in-cavity
polarizer.

If linearly polarized light is launched into a PM fibre, its polarization direction
is maintained if the polarization direction is along either one of the birefringent axis
of the fibre. Therefore, it was expected that four peaks are visible in Fig. 6.2 which
was clearly not the case. This was believed to be because of parasitic lasing on the
cleaved end faces of the fibre. Cleaved end faces can create a sub-cavity inside the
laser without a polarization selective element. Hence, it will produce unpolarized
laser light regardless of the orientation of polarizer P1 and will thus result in a
lower PER value.

This hypothesis was supported by later experiments (chapter 8) in which the
fibre end faces were angle polished to suppress parasitic lasing. In these experi-
ments, a linearly polarized laser output was obtained even if the light was launched
into the fibre with its polarization direction along the slow axis of the fibre.
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6.1 Laser Performance

The laser performance was slightly superior to the laser without polarizer, the
maximum output power was approximately 1.8 W. This was obtained with the
transmission axis of the in-cavity polarizer being along the fast axis of the gain
fibre, which corresponds to a rotation angle of 300° in Fig. 6.2. With 40 % maximum
optical-to-optical efficiency, it outperformed the unpolarized laser by almost 30 %.
This is somewhat unexpected since the polarizer introduces additional losses due
to reflections from its calcite surface. The most probable reason for the improved
performance is poor alignment in the previous experiment. The results can be seen
in Fig. 6.3. For comparison, the power performance for the unpolarized 1 m fibre
is added to the figure.

In a Glan-Taylor polarizer, the incident beam is split up in an ordinary and
an extraordinary ray. The extraordinary ray is transmitted through the polarizer
while the ordinary ray is deflected. For assessing the laser performance, only the
laser light which was transmitted through the polarizer was taken into account.
The deflected laser light was in the order of 30 mW and was neglected. However,
both beams of the pump light were considered for calculating the absorption.
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Figure 6.3: Laser performance with 1 m gain fibre and broadband
reflector. The linearly polarized laser (blue) yielded higher output
power than the same setup without polarizer (green).

The temporal behaviour was similar to the 1 m fibre without polarized out-
put. The output was temporally unstable and regimes of purely pulsed behaviour
changed into outputs were a modulation as low as approximately 15% was mea-
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sured. Compared to the unpolarized 1 m fibre, good agreement was observed in
terms of pulse width and repetition rate.



Chapter 7

Single Fibre Laser with Volume Bragg
Grating and Polarized Output

To obtain efficient frequency conversion with nonlinear crystals such as periodically
poled potassium titanyl phosphate (PPKTP), a narrow spectral width of the laser
beam is required. Broadband reflectors are not able to provide this. Therefore, the
fibre laser was frequency-locked with a volume Bragg grating (VBG). The principal
setup was identical to that of the polarized laser in Fig. 6.1, except that the broad-
band mirror M3 was replaced by a VBG with a reflection bandwidth of 0.5 nm
(FWHM). The output from the fibre was collimated with a lens of 26.5 mm focal
length, which gives a 1/e%-spot diameter on the grating of approximately 4 mm.
The operating conditions were the same as for the previous lasers, i. e. the pump
diode temperature was 15 °C, the end faces of the gain fibre were cleaved and the
transmission axis of the in-cavity polarizer was aligned such that the polarization
direction of the transmitted light coincided with the fast axis of the PM fibre.

7.1 Laser Performance

The power performance of the 1 m gain fibre with VBG and linearly polarized
output can be seen in Fig. 7.1. It was assumed that the same amount of pump light
was deflected in the polarizer as for the laser with dielectric mirror (see chapter 6).
The maximum laser output power was approximately 1.5 W. This was around 20 %
less than the output from the equivalent laser with the dielectric reflector. The
maximum optical-to-optical efficiency was around 25 %.

The laser wavelength was locked at 1029 nm and had a spectral width (FWHM)
of approximately 0.1 nm. Small side peaks, probably due to parasitic lasing on the
cleaved intra-cavity fibre end-faces, appeared irregularly at longer wavelengths but
could be suppressed effectively by bending the fibre around a post with 50 mm
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Figure 7.1: Performance of different lasers with 1 m gain fibre length.

diameter. The spectrum is shown in Fig. 7.2, together with the spectrum of the
laser with the dielectric mirror for feedback.
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Figure 7.2: Spectrum of 1 m gain fibre with VBG and dielectric mirror
(HRM) for feedback. The FWHM of the VBG-locked spectrum is
0.1 nm and was centered around 1029 nm.

The performance in terms of linear polarization was worse than the comparable
laser with dielectric reflector. The polarization extinction ratio was only around
10 dB and the output was more unstable and the state of polarization was changing
faster and stronger. Similarly to chapter 6, this can be attributed to parasitic lasing
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on the cleaved fibre end-faces in the intra-cavity.

7.2 Self-Pulsing

Measurements were also performed to investigate self-pulsing. The laser showed
strong self-pulsing with 100 % modulation at all pump levels. This deviated from
the behaviour of the lasers with broadband mirror were a modulation of around
20 % was measured.

This was believed to be because of stimulated Brillouin scattering which acted as
the seed for the onset of self-pulsing [21, 23]. Brillouin scattering is an interaction of
the optical field with acoustic phonons via electrostriction [16]. During this process,
a periodic modulation of the refractive index is created along the waveguide, from
which the incident beam is back reflected. Thus it was expected that a spectrally
well-defined incident beam, which was locked with a VBG, would create a index
variation with high reflectivity and hence, Brillouin scattering would be increased
[24].

This was supported by following experiments with a 2 m long fibre, where a
temporally stable, purely pulsed output was observed.






Chapter 8

Fibre Laser Array

In the preceding chapters, lasers with a single gain fibre were built and their outputs
were analysed. Their behaviour is now well-known so that from here on, focus
will be put on the fibre laser array. First, several changes to the setup will be
introduced, then the performance of the system with three parallel fibre lasers will
be investigated.

As shown before, self-pulsing was observed for all fibre lengths independent of
the cavity mirror. Since it will depend on the application whether or not self-pulsing
can be tolerated, it was decided to build the array such that the power output was
maximized.

Previous measurements showed an increase in output power as the gain fibre
length was extended. The fibre laser array was therefore built with the longest
fibres available, namely three pieces, each with a length of 2 m. The principal
setup is shown in Fig. 8.1, but for clarity only with one gain fibre.

Laser output

|

Pump fibre L1 L2  Gain fibre L3 Pl 14

@

Ml M2 VBG

Figure 8.1: Setup of the fibre lasers as used in the array setup. The
configuration of the lenses L3 and L4 allows feedback from the VBG
also for the off-axis fibres.

The laser setup in the previous chapters was built such that the symmetry
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axis of the fibre and the optical axis of the collimating lens coincided. In such an
arrangement, the collimated laser beam will impinge on the cavity mirror at normal
incidence and is therefore back reflected into the core of the gain fibre.

However, this works only if the fibre axis is along the optical axis of the lens.
A lateral offset of the fibre will still give a collimated output, but the beam will no
longer propagate along the optical axis of the system. The laser beam will impinge
on the VBG at oblique incidence and the back reflected beam will not be coupled
back into the fibre core. Moreover, VBGs are sensitive to the angle of incidence,
the reflection properties will change accordingly.

The lens arrangement was therefore changed into an afocal system, where the
lenses were separated by the sum of their focal lengths. The lenses were placed such
that the front focal plane of the first lens was on the fibre end face. The image was
then formed in the back focal plane of the second lens, which is where the VBG
was placed. Such a system gives back reflection independent of the fibre offset from
the optical axis. The path of rays is illustrated in Fig. 8.2.

oom,om 4

Figure 8.2: In this optical system, the back focal plane of the first lens
and the front focal plane of the second lens coincide. Such an arrange-
ment has infinite effective focal length, hence, it is afocal. It allows
for collinear propagation of the fibre output after imaging through the
system.

If the incident light on a VBG is a plane wave, then the reflection is basically
limited by the properties of the grating, e.g. the strength of the index modulation
or the length of the grating. However, the reflection will decrease if the beam
is focussed into the VBG and the angular spread of the beam is larger than the
acceptance angle of the grating. It was shown in [25] that reasonable reflection can
still be obtained if the following condition (for normal incidence) is fulfilled:
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The quantities Ag and AX denote the Bragg wavelength and the reflectivity band-
width of the grating, wg is the beam waist and the glass has refractive index nyg.
Therefore, the lenses were chosen such that a beam waist of approximately 24 pm
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was formed inside the grating. The lenses had focal lengths of f3 = 8 mm and
f1 = 38.5 mm, respectively, yielding an A-parameter of 1.4.

The first lasers often showed parasitic lasing on the end faces of the gain fibres.
This was suppressed by angle polishing the fibre ends at the side where the VBG
was placed to 7°. The light which is guided in the core is then back reflected from
the inclined surface at an angle which is larger than the acceptance angle of the
fibre core. It is therefore coupled out into the cladding and hence, parasitic lasing
is reduced.

Fibre Alignment

Once the fibres are aligned on the setup, there is no possibility to adjust the compo-
nents for the individual lasers. Hence, alignment of the individual fibres is crucial.
A holder was therefore built, where the fibres could be positioned accurately. As
shown in Fig. 8.3, it consisted of an aluminium block onto which three V-grooves
were milled in which the fibres were placed. The separation and depth of the
grooves was specified to be 300 pm and 50 pm, respectively. Two holders where
used to position the gain fibres, one at the highly reflective cavity-end (for con-
venience referred to as the VBG-side of the fibres, right column in Fig. 8.4) and
another one at the out-coupling end (left column in Fig. 8.4). Another identical
holder was used to position the three pump fibres. Each one was used to pump
one individual gain fibre through simultaneous 1:1 imaging of their fibre end-faces
onto the gain fibres. The holders were cleaned with acetone in an ultrasonic bath,
to avoid particles in the V-grooves which would result in poor alignment and to
remove fat and other liquids through which light could be coupled out from the
uncoated cladding.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fast axis

Slow axis !

Figure 8.3: Positioning of the fibres on the holder. The stress elements
were aligned in the plane of the table.

The front face of the fibres after alignment is shown in Fig. 8.4. It can be seen
that the cleaving was not perfect, some points of rupture are visible around the edge
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of the fibre. However, the area in the vicinity of the core showed no degradation.
Blue light was coupled in from the back end of the fibre with a LED for better
visualization of the stress elements.

Lateral positioning could be achieved with fairly good accuracy, all fibres where
spaced by 310 pm, except for fibres 3 and 2 on the out-coupling side, where the
spacing was only 290 nm, as shown in Fig. 8.4. The depth of the V-grooves was
the same for all fibres and no significant deviation could be measured.

The axial placing was done by moving the fibres with a translation stage while
visually inspecting their position with a microscope. As shown in Fig. 8.4, there
is a displacement between fibres 1 and 3 on the out-coupling side, with an off-
set of approximately 30 pnm. However, the axial displacement is not expected to
cause a large drop in performance. This is because due to the numerical aperture
of the delivery fibre (NAPM™P = (0.22) and 1:1-imaging from the coupling optics,
the focussing angle of the pump beam is fairly small (NA= 0.22). Therefore, the
distance from the focus after which the pump spot diameter has significantly in-
creased, e.g. by factor v/2, is more than 130 pm. Hence, no significant coupling
losses are expected, if the misalignment is well below this distance. There is no
axial displacement on the VBG-side of the array, since all fibre ends where polished
to the exact same length simultaneously.

A device was built for adjusting the rotation angle of the fibres. The rotation
angle was monitored by coupling light from a He-Ne laser into the opposite end of
the fibre end under inspection. The illuminated front face was then imaged with
a lens of focal length 10 mm onto a wall, approximately 3 m away. This gave rise
to an image diameter of around 40 mm, which was in turn used to rotate the fibre
to the desired position. The alignment could be done with an accuracy of around
+10°. The fibres were aligned such that the stress elements, and hence, the slow
axis of the birefringent fibre, were in the plane of the table.

It should also be noted that the method which was used cannot allow for perfect
alignment. This is because due to intrinsic stress in the fibres, one of the axes of
birefringence does not necessarily coincide with the axis through the geometric
centres of the stress elements.

After moving and rotating the fibres into position, they were fixed in the grooves
with a small drop of varnish. The varnish must only be in contact with the fibre
coating since otherwise, if the the glue has a sufficiently high refractive index, light
will leak out of the fibre at the glass-varnish interface. A varnish was preferred
instead of epoxy resin, because even though it is less durable, cleaning the grooves
for realignment was easier. The outer fibres were positioned first, in order to avoid
remnants of the varnish to flow over and contaminate the neighbouring grooves.
The alignment was monitored during hardening, because the varnish contracted as
its solvent evaporated. After the varnish had dried, the fibres were clamped into
the grooves from above with a metal plate.
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Figure 8.4: Fibre ends after alignment. The images to the left show the
cleaved fibre ends, the right side shows the fibre ends which were angle
polished to 7°. The end faces were not perfectly cleaved, however, the
area around the fibre core showed no degradation.

8.1 Individual Laser Performance

The lasers have different fibre lengths compared to the previous experiments, there-
fore, the individual lasers were investigated at first. As shown in Fig. 8.5, the maxi-
mum output powers were 2.5 W, 3.3 W and 3.1 W for fibres 1, 2 and 3, respectively
(nomenclature according to Fig. 8.4). This is in between the performance of the
3 m and 1.5 m long gain fibres, as expected. The measurement was performed
without readjusting and maximizing the individual laser outputs, hence, the power
of the array scaled linearly with the number of individual lasers in the setup. All
lasers showed self-pulsing at all pump levels.
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Figure 8.5: Power output of the individual lasers in the array setup.
The lasers were operated in parallel without individual readjustment,
hence, the power of the array scaled linearly with the number of indi-
vidual lasers.
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As shown in Fig. 8.6, the wavelength of the central fibre was locked at 1029.1 nm
and the off-axis fibres were differing by not more than 0.1 nm. The spectral full
widths at half maximum were approximately 0.08 nm. This indicates that the
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Figure 8.6: Spectrum for all fibres on the array setup without individual
readjustments. The slight wavelength-shifts are believed to be mostly
due to inhomogeneities in the grating period.

grating has an inhomogeneous grating pitch over its aperture. To some smaller
extend, the temperature distribution through the grating and an oblique angle of
incidence of the beams from the outer fibres can lead to a further shift in wavelength.

The polarization extinction ratios were 23 dB, 13 dB and 15 dB for fibres 1, 2
and 3, respectively. The deviation from one fibre to the other is because all lasers
use the same polarizer as their polarization selective element. Therefore, if the fast
and slow axis of the fibres are not parallel, poor alignment will immediately result in
a lower PER for some fibres. Since parasitic lasing was reduced by angle polishing
of the end faces, good PER-values could be obtained even though the transmission
axis of the polarizer in this setup was aligned with the slow axis of the PM fibre
(compare to the measurement in chapter 6).

The M? factor of the fibres were 1.2, 2.2 and 5.2 for fibres 1, 2 and 3, respectively.
This variation is quite large and no satisfying explanation for the poor performance
of fibres 2 and 3 was found. The measurement on fibre 3 was repeated due to the
large fluctuations in output power, however, similar results were obtained.

As stated in chapter 5, the poor beam quality was believed to be due to higher
transverse modes in the fibres as indicated by visual inspection of the laser spot.
Furthermore, a poor output coupler could also degrade the beam quality, e.g. if
debris settled on the fibre end faces or if microscopic cracks were created when the
fibres were cleaved. A poor output coupler would also provide an explanation for
the breaking of two fibres at a later point, as dirt on the end face can create a
hot-spot which introduces high stress in the silica glass.
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8.2 Array Performance

To compare the performance of the array in terms of beam profile with the simu-
lation from chapter 3, the intensity distribution of the output was measured with
a scanning-slit beam profiler (DataRay Inc., BeamScope-P5).

The total power impinging on the profiler had to be lowered, therefore, the
measurement was conducted on the reflection of the beam from a glass plate as
shown in Fig. 8.7. In order for the beams to propagate collinearly, two afocal
lens arrangements had to be used, one before (lenses L2 and L5) and one after
the reflection (lenses L6 and L7). The lenses where chosen, such that the total
magnification of the imaging system was approximately 2, namely fo = 26.5 mm,
f5 = 75mm, fg = 75 mm and f; = 50 mm. Distances in the image plane are
therefore twice as large as in the object plane, angles, on the other hand are half
the size. Hence, the plane of interest is four times the distance from the image
plane compared to the simulation from chapter 3. If necessary, an aperture was
placed in the intermediate image plane to block one of the beams.
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Figure 8.7: The measurement of the beam profile was conducted on
the reflection of the beam. The fibre ends were imaged with two afocal
lens arrangements (L2+L5 and L6+L7) to yield a total magnification
of 2.

The lasers were pumped with around 6 W, since at this power the peak intensity
of all lasers was approximately the same. At full pump power, the laser output
powers were different from fibre to fibre, due to the different spectra of the pump
lasers and hence, different pump efficiencies.

Because of a broken pump diode, not all lasers could be operated at the same
time. Therefore, the outer two beams were scanned at first, and the central profile
was measured separately and added afterwards. One single scan with the beam
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profiler recorded the intensity distribution along the x— and y—direction. For
each beam, several scans were performed at different positions along z. They were
recorded over the region of z where, according to Fig. 3.1, the desired modulation
of the beam profile was expected.

Figs. 8.8(a) and 8.8(b) show the profiles of only the central beam at z = 4 mm.
Fig. 8.8(a) shows the cross-section of the profile in z-direction, whereas Fig. 8.8(b)
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Figure 8.8: Beam profile from the central fibre at z = 4 mm. The small
side-peak on the left in both images is an artefact from the measure-
ment. In this example, the peak intensity of the artefact is 30 % of the
overall maximum value.

shows a 2D profile of the same beam, which was reconstructed from the profiles in
both, x— and y—direction.

Both images show a small side peak to the left of the main peak, which was
not observed in the real laser beam. It was an artefact from the measurement with
the beam profiler. Even though the side peak amplitude was low, it did contribute
to the amplitude of the neighbouring main peak as can be seen in Fig. 8.9, e. g. at
z =8 mm.

Fig. 8.9 shows the measured total intensity distributions for different positions
along the propagation direction (blue line). The individual beams are indicated by
the red lines. It can be seen that only the beams from fibres 1 and 2 propagated
collinearly. The third beam diverged at an angle of approximately 0.5°. Hence,
the separation of the outer peaks changed from approximately 0.55 mm close to
the image plane, to around 0.7 mm after 20 mm of propagation. This can firstly
be attributed to poor cleaving of the fibre end faces and furthermore be a result of
non-parallel V-grooves on the fibre holder. The error-contribution from the lateral
misalignment of the fibres (alignment error of approx. 7%, see Fig. 8.4) is negegible.
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Figure 8.9: Measured total intensity distributions for different positions
along the propagation axis (blue). The axis ticks indicate the peak
intensities of the single beams (red) as recorded from the individual
beam scans.
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Furthermore, the output power of the lasers, in particular, the laser to the
right in Fig. 8.9, changed during the measurements. The maximum intensity of the
beams was therefore not equal for all z-positions and hence, the overall beam profile
deviates from the simulation more or less pronounced as the beam propagates along
z. An example for a good profile in Fig. 8.9 is e. g. given at z = 10 mm, whereas a
poor beam can be seen at z = 8 mm.

Considering the uneven outputs and focussing more on the left half of the
profiles, a beam with the desired line-like profile is given between approximately
z = 16 mm and z = 18 mm. When taking into account the magnification of the
imaging system, mgys ~ 2, these points correspond nicely to the points around
z =4 mm in the simulation from chapter 3.

As a suitable profile was identified, it was evaluated using the fill-factor I" and
the modulation M as introduced in chapter 3. Fig. 8.10(a) shows the measured
total intensity distribution from the array at z = 16 mm, whereas for comparison,
Fig. 8.10(b) shows the corresponding profile from the simulation.
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Figure 8.10: Comparison between the measured intensity profile and
the corresponding simulation result. Due to the poor performance
of the right fibre, the fill factor was only 55 % for the measurement,
compared to 78 % for the simulation. A threshold value of 0.81,,, was
used in both cases.

However, the single laser performance has to be taken into account when quan-
tifying the results. The fill-factor for the measured beam is 55 %, compared to 78 %
for the simulation. The low value is due to the low peak intensity of the fibre to
the right in Fig. 8.10(a), since for calulating T', the intensity profile is essentially
truncated where the intenstiy drops below the threshold value. Evidently, the in-
formative value of the fill-factor decreases as the individual lasers perform more
differently. For both distributions, a threshold of 0.81,.x was used.
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Damage and Component Lifetime

The reliability and long-term stability of the array is of great importance for any
application. A high component lifetime is therefore substantial and a major concern.
During the experiments, problems became apparent with the durability of the pump
diodes and the gain fibres.

One pump diode failed, most likely because of a voltage spike in the power
supply. The diodes were current-controlled with a laser driver (Opto Power Corpo-
ration, OPC-PS 4005), because due to their characteristic U-I-curve, even a very
small increase in driving voltage, can lead to an increase in driving current, which
is well above the damage threshold of the diode. The failure most likely occurred
when a high-voltage device was unplugged from the same power line to which the
laser driver was connected. It thereby created a high-voltage spike, which led to
current-induced thermal damage in the semiconductor crystal.

Measurements showed a drastic decrease in optical output power after the break-
down (Fig. 8.11(a), compare with Fig. 4.3), as well as a broadened and shifted out-
put spectrum (Fig. 8.11(b)). This suggests that the end-faces of the semiconductor
were broken so that no laser operation could built up anymore.
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Figure 8.11: Performance of the broken pump diode LD2. It shows a
greatly reduced output power as well as a broadened and shifted output
spectrum.

Another cause of failure could be back-coupled laser light. Once the light is
coupled back into the pump fibre, it would be guided to the semiconductor chip
and would generate additional heating on its crystal surface. To prevent this,
a low-pass filter was used (mirror M1 in Fig. 8.1) which transmits light at the
pump wavelength, whereas it is highly reflective at the laser wavelength. However,
even though the reflectivity at the laser wavelength is close to 100 %, it cannot be
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guaranteed that a fraction of the laser light during self-pulsed operation might not
cause some damage of the semiconductor.

Besides the pump diodes, two fibre ends broke during operation. The damage
for both fibres occurred on the side of the output coupler, where the fibre-ends were
cleaved. Thermal effects are more prominent on this side, since the pump and the
laser intensity is higher at the output-coupler. The broken fibre ends (damage on
fibres 1 and 2) are shown in Fig. 8.12.

Figure 8.12: Broken fibre ends (fibres 1 and 2). The damage occurred
on the output-coupling end with the cleaved end-faces.

Fibre 1 showed two perpendicular cracks through the centre of the fibre. The
damaged region extended approximately 30 pm from the front-face into the fibre,
which suggests that high stress was created in the silica glass, possibly due to
absorption in a hot-spot. Fibre 2 showed damage only on the surface of the fibre,
in the vicinity of its core. This was believed to be due to poor cleaving of the fibre
or a polluted surface. Poor cleaving was supported by the M2-measurement, which
revealed a low beam quality of fibre 2. Pollution could have come from settled
debris from the lab.

Another possible cause of damage was self-pulsing. As described in section 8.1,
all fibres had a purely pulsed output. Even though the observed pulses (peak
power of approx. 10 MW /cm?) did not reach the damage threshold of Yb-doped
silica glass of around 500 MW /cm? [26], stronger temporal instabilities are known
to cause substantial fibre damage [27].

To increase the durability of the system, measures have to be taken. Protection
from voltage spikes can for instance be obtained, by adding a low-pass filter to
the power supply. Self-pulsing, on the other hand, can be suppressed by stronger
pumping or by increasing the cavity photon lifetime, e.g. by increasing the cavity
length with a passive fibre [22, 24].
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Nonlinear Frequency Conversion

Many array-applications require light of higher frequencies e. g. visible light for dis-
plays or UV light for laser writing. An efficient conversion process requires a light
source of narrow linewidth and with linearly polarized output. This is why consid-
erable effort was put into achieving a high polarization extinction ratio (chapter 6)
and a frequency-locked spectrum using a volume Bragg grating (chapter 7).

A preliminary experiment was performed, using only fibre 2, to show that the
laser setup can be used for nonlinear frequency conversion.

9.1 Second Harmonic Generation

Light of the second harmonic at Aggg = 515 nm was generated with a crystal of
periodically poled potassium titanyl phosphate (PPKTP) in a setup according to
Fig. 9.1. The setup was placed approximately 1.5 m from the laser, which deliv-
ered approximately 3.6 W at 1030 nm. Two metallic mirrors were used to aim the
collimated beam on the crystal. The nonlinear material had a poling period of
7.99 ym and the length of the poled region was 8 mm. The effective nonlinear co-
efficient is approximately dog = 2d33/m = 10.8 pm/V [28], where a dg33-coefficient
of 16.9 pm/V (at 1064 nm) was assumed [29)].

Laser input £=35 mm f=50 mm SHG output
(1030nm) ! ? 1 (515 nm)
/—’
— == =] —
|
- PPKTP -
M2-plate BG39
IR-filter

Figure 9.1: Setup for second harmonic generation with PPKTP.
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The polarization direction of the collimated laser light was first rotated with a
A/2-plate to be along the c-direction of the nonlinear crystal. This direction utilizes
the nonlinear susceptibility coeflicient dz3 for the conversion process, which is the
highest coefficient in KTP [30].

The focussing lens was chosen for optimal conversion efficiency according to
Boyd-Kleinman theory [31], taking into account the beam’s M?2-factor. In a peri-
odically poled crystal with no walk-off, the optimal focussing parameter is &, =
1/b = 2.84, where [ and b are the crystal length and the confocal parameter, respec-
tively. For a crystal length of 8 mm, this requires a focal spot diameter inside the
nonlinear material of approximately 30 pm. Using the data from the measurement
of the M?2-factor from section 8.1, it was found that the optimal focal spot size was
obtained by focussing with a lens of 35 mm focal length.

The phase-matching conditions of the PPKTP crystal change with temperature
due the thermo-optic effect and thermal expansion. The crystal was designed to
be most efficient at 80 °C, therefore the crystal was heated up on a temperature-
controlled plate.

The output from the PPKTP crystal was collimated with a 50 mm lens and a
dichroic mirror as well as a BG39 filter was used to remove the remaining infrared
light. Using this setup, the maximum output power of the second harmonic was
measured to be approximately 190 mW. Taking into account the Fresnel losses at
both end-faces of the crystal, the internal efficiency of the second harmonic process
is given by:

Py 021W
P, 33W

NSHG = =6.4%, (9.1)

where P, and Py, are the average power of the fundamental and the second har-
monic, respectively. Both values, P, and P, denote powers inside of the crystal.

The conversion efficiency of a nonlinear process depends on the peak intensity
of the fundamental beam, rather than on its average power. Therefore, the self-
pulsed behaviour of the fibre laser was beneficial in this experiment. The duty
cycle of the output was approximately 15 %, giving an average peak power of the
fundamental beam inside the crystal of around 22 W. Using this quantity, rather
than the average power, the normalized conversion efficiency of the SHG process is
given by: 7sHG norm = 0.4 % (W cm) !, where a duty-cycle for the second harmonic
of 15% was assumed.

The experiments showed that light of reasonable power at 515 nm could be gen-
erated. The laser setup is therefore a viable source for second harmonic generation.
Considering the preliminary nature of the experiments, the conversion efficiency can
most likely further be increased, e. g. by a more accurate choice of the focussing lens
and a better control of other parameters, such as the temperature of the PPKTP
crystal.



9.2. SUM FREQUENCY GENERATION 57

9.2 Sum Frequency Generation

Light of the second harmonic, together with the remaining light of the fundamental
frequency, was in a following experiment used to produce light of the third harmonic
at Asre = 343 nm. This was achieved by sum frequency generation (SFG) using a
lithium triborate (LBO) crystal. The principal setup is shown in Fig. 9.2.

343 nm (3w)

=50 mm =35 mm 515 nm 2m)

1030 nm (1w)
Input ===l __

(1030 nm =~ = | =
4515 nm) I //
LBO
Pellin-Broca

prism

Figure 9.2: Setup for sum frequency generation with LBO.

The LBO crystal was cut for type-I phase-matching (§ = 90°, ¢ = 40.1°) and
had an effective nonlinear coefficient of degg = 0.69 pm/V. The walk-off angle was
p = 18.72 mrad, yielding a walk-off parameter of B = 8.33 for the second harmonic
wave and hence, an optimal focussing parameter of &,,, = 1.39 [31]. Accordingly, the
optimal focal spot diameter is around 40 pm, which was approximately achieved by
focussing with a lens of 50 mm focal length.

The emitted light was collimated with a fused silica lens of focal length 35 mm.
Thereafter, the three wavelengths were separated by a dispersive Pellin-Broca
prism.

All three wavelengths were aimed on a paper screen from which the fluorescence
of the UV light could clearly be seen. After the light of the fundamental and
second harmonic were filtered out by a UGl-filter (Schott), the intensity of the
third harmonic was measured to be approximately 0.05 mW, which was close to
the detection limit the the power meter.

The experiment showed that UV-light could be generated using SFG. However,
due to an unoptimized setup, the conversion efficiency was low. A more careful
selection of the focussing lens for the input beams, better control of the spatial
overlap of the fundamental and the second harmonic, as well as an optimized crystal
length would most likely increase the UV output considerably.






Chapter 10

Conclusions

I have designed and built an array of parallel, Yb-doped fibre lasers, operating at
1 pm, for use as a line-source in laser writing and display applications. For a line-
beam, parallel stacking of fibre lasers presents a very convenient way to scale the
power of the source. This particular beam profile has relaxed constraints on beam
quality in one dimension, which makes the array-approach very promising.

The array was built with free-space pumping and operating of three parallel fibre
lasers, where the same optics were used simultaneously for all fibres. This approach
ensures high flexibility in terms of replacing and adding components, while at the
same time, the number of optical elements is greatly reduced. The setup allowed
for efficient operation of three parallel fibre lasers. The optical-to-optical efficiency
of the individual lasers was between 40 % and 50 %, with optical output powers
between 2.5 W and 3.3 W, yielding a total output power of the array of 9 W.

A requirement for both laser writing and display applications, is the possibility
of nonlinear frequency conversion, to generate wavelengths in the visible and the
ultraviolet spectral regions. Therefore, the array was designed such that a linearly
polarized and spectrally narrow output was obtained. The achieved polarization
extinction ratios (PER) between two perpendicular polarization directions of the
individual output beams were between 13 dB and 23 dB. The wavelengths were
locked at 1029 nm using a volume Bragg grating and had spectral full widths at half
maximum of below 0.1 nm. This allowed for efficient frequency conversion, where
190 mW of green and approximately 0.05 mW of ultraviolet light were generated
using a single fibre laser.

A simulation programme was written to understand the behaviour of the sys-
tem and to verify the working principle of the setup. The programme simulates
the intensity distribution of the output from an array of an arbitrary number of
equally spaced, parallel fibre lasers. Measurements of the beam profile from the
array showed good agreement with the simulation. It was shown that a nearly
homogeneous intensity distribution can be generated, which can be shaped into a
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line-beam with an approximate top-hat profile.

The optical output power of the array scaled linearly with the number of fibres.
Hence, this setup provides a good means to increase the laser output for systems
in which the constraints on beam quality in one direction are relaxed.

10.1 Outlook and Future Work

The alignment of optics and fibres was achieved with sufficient accuracy for three
lasers. However, extending this setup to a larger number of fibres will at some
point be limited due to off-axis aberrations, since only single lenses were used for
imaging of all fibres. To some extend, the accuracy can be increased, e. g. by using
highly precise etched silica V-grooves for positioning of the fibres (e.g. from OZ
Optics Ltd. [32]) and closer stacking. However, when using more than 7 to 9 fibres,
alternative approaches might be preferable.

To increase the conversion efficiency of the nonlinear processes, the PER of the
individual lasers can be further increased. This could be achieved, e. g. by aligning
the fibres according to their axis of birefringence, rather than according to their
geometric structure. In-situ monitoring of the PER as the fibre is being aligned,
is one way to achieve improvement. The optical inspection method as used in this
thesis is fundamentally imperfect and lacks of high accuracy.

Component lifetime was a major concern during the thesis. Two broken pump
lasers as well as two damaged fibre ends raise the question of durability of the setup.
Longer lifetime could possibly be achieved by the suppression of self-pulsing e. g. by
increasing the pump power. Increasing the individual laser power has the additional
advantage of increasing the efficiency of the nonlinear conversion process. Moreover,
a higher surface quality of the fibre end-faces and protection against debris would
increase the damage threshold and the durability of the setup as well.

Improving the surface quality of the end-faces is also expected to lower the
M?-factor of the beams. With appropriate out-coupling optics, the setup should
approach M? ~ 1 rather easily. Bending the fibres is a means to suppress higher
order modes, which is a further requirement for a good beam quality.

Using the design approach as presented in this thesis and based on commercially
available lasers with individual output powers of 150 W [33], arrays with total
output powers of 1 to 1.5 kW are expected to be contrivable.
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