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1. Introduction

In the second half on the 20th century, scientists began to conduct scientific experi-
ments in space. For example, between 1973 and 1974 almost 300 experiments were
conducted in Skylab [I], the first United States space station. To do so, experimental
setups conceptualized for use on Earth, had to be adapted and qualified for space.
Not only did scientists have to make the experiments stable enough to survive
the harsh environmental influences (e.g. during the launch and reentry phase), but
also fulfill the so-called Size, Weight and Power budget (SWaP) of the respective
experimental setup. However, the ongoing development of miniaturized setups did
not only benefit experiments conducted in space, but also enabled a broad range of
field experiments. Recent examples for such experiments are a compact cold atom
gravimeter for field applications [2] and a compact atom-interferometer gyroscope
based on an expanding ball of atoms [3]. Many of those experiments were conducted
by collaborations involving many universities and institutes. In the modern time of
established networks and convenient connectivity, many recent questions of science
are tackled by such collaborations, to gain a broader spectrum of knowledge, skills
and manpower. Therefore, the ability to easily transport experimental setups from
one research center to another is necessary.

Regarding space experiments in physics, many of them require miniaturized laser
systems, which can produce high quality and high power beams, like the ultra-cold
quantum gases in microgravity experiments taking place on the ISS [4]. The QOQI
group at the Johannes Gutenberg University Mainz, in which this thesis was
conducted, is currently involved on the MAIUS [5] and the BECCAL [6] projects
with various German universities and research institutes. Those experiments study
ultra-cold atoms and Bose-Einstein condensates in microgravity environments,
where laser beam powers around 100-300mW are needed for cooling, guiding and
manipulating atomic clouds. These experiments need to be conducted several times
on the ground in order to test their stability, calibration, liability, etc. before being
launched. Therefore, the groups need to transport setup elements from one place to
another between the cooperation partners, testing the experimental setup using the
real system optical powers.

In this thesis, a miniaturized laser amplifier system based on a tapered amplifier chip
(TA) is presented, which can be used with any conventional low power laser source
of 780nm wavelength. This system will provide a reliable source of laser light with
power of minimum 100mW ex output fiber, equal to the real system requirements.
Furthermore, it will feature convenient portability for potential transportation to any
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project partners, using optical fibers in the input and the output of the setup. In this
thesis, enough information is provided so that any Institute or organization can build
its own modular miniaturized amplifier system.

It was decided to create a modular amplifier system, based on a tapered amplifier
chip, in order to solve the lack of power in the generally used diode lasers, like external
cavity diode lasers (ECDL) or distributed feedback lasers (DFB). A tapered amplifier
diode amplifies an input optical signal using a semiconductor gain medium in a
tapered region. Many commercial manufacturers sell these lasers with the amplifier
already placed into the laser [7]. However, there is no possibility to detach the ampli-
fier in case you only want to use the laser itself. Therefore, having a portable modular
amplifier where any laser beam of an specific wavelength can be easily guided into the
system is more practical, as one could amplify the seed beam power only when needed.

Regarding the structure of this thesis, the theoretical background of the tapered am-
plifier chip and the necessary devices, as well as the optical elements used in this
amplifier setup are described in the next section 2. Basics. First, the theory and ba-
sics of a tapered amplifier is explained, followed by the basics of an optical isolator and
the behaviour of a beam coming out of an optical fiber. The basics and theory of the
TA will help the reader to understand the characteristics of the amplified beam. Since
the TA itself is very sensitive to back-reflected light, it is necessary to understand how
a so-called optical isolator suppresses the reflected light and can be implemented into
the setup. Following the description of the isolators working principle, an introduc-
tion into gaussian beam optics, especially the evolution of diverging and converging
gaussian beams, is given. This can be later used to choose the correct parts to be used
regarding the fiber coupling of the TA output beam.

The explanation and calibration of the setup is given in 3. Experimental setup. Here,
the actual setup of the optical amplifier system will be presented, followed by explai-
ning the functions of the various setup elements. Then, the alignment process followed
in order to couple the amplified beam into the output fiber is explained.

After that, the taken measurements are presented in 4. Results. The results will be
conducted for three different setup configurations, comparing each configuration to
the results presented in the paper written by Jayampathi C. B. Kangara et al. [§],
which used a similar setup configuration. First, the so-called free beam configuration
results are shown. This configuration is compared with the results shown in [8] to
check that the TA produced the expected amplification. Then, the results using the
second configuration, version 1 (V1), are discussed, where the miniaturized setup was
mounted and calibrated using the same fiber coupler in the input and the output of
the setup [30]. Finally, the measurements taken using the third configuration, version
2 (V2), are explained, where the output fiber coupler featured the optimized lens focal
distance calculated in section 3.5 Fiber coupler[31].

Finally, the conclusions will be stated in 5. Conclusion. Here the results are compared
to the initial objective regarding output power and stability. Furthermore, thoughts
about how to improve the stability of setup are also included.
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In this chapter, the theoretical background needed to understand the optical elements
used in the setup is presented. First, a brief explanation about the functioning of a
tapered amplifier is explained and then the theory behind the amplification of the
seed beam in the gain medium is discussed in detail. Finally, the physics behind an
optical isolator is explained, followed by a discussion about gaussian optics with the
focus on the beam size evolution after an optical fiber. This will be important in later
parts parts of the thesis, where the miniaturized amplifier system will be set up.

2.1. Optical amplifiers: Tapered amplifier

An optical amplifier is a device that directly amplifies the input optical signal,
without converting it before to electrical power. There are different ways of achieving
such an optical amplification, such as using solid-state materials [9], doped fibers [10],
etc.

Specifically, in the presented miniaturized setup a tapered amplifier (TA) [29] is used,
which uses a semiconductor material in the tapered region to amplify the signal. The
main advantage of using a tapered amplifier (TA) is the great amplification power
that it has without losing much beam quality, due to the taper shape where the beam
can expand. Furthermore, due to its structure and materials, the output beam mode
is the same as the seed beam mode. Finally, to have an idea of the amplification
power that a TA can achieve, an amplification between 20 and 26 dB was obtained,
using input powers of around 1 to 10 mW.

input output

Figure 2.1.: Simplified setup of a tapered amplifier, where the dark blue region cor-
responds to the gain medium. The seed beam comes into the TA at the
waveguide region, where a high energy density is achieved, and then the
beam is amplified at the tapered region. Usually, there is also amplification
in the waveguide region.
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Regarding the shape of the TA itself two regions can be clearly distinguished, the
output and the input (See Fig.). The seed beam comes into the TA at the
waveguide region, where a great power density is achieved. Then it goes to the taper
region, where the amplification takes place. Due to its shape the beam can expand
in this region maintaining a smooth amplitude envelope, obtaining a high quality
beam in the output. Usually, there is also amplification in the waveguide region,
where electrons are pumped e.g. via a separate electrode. Finally, the polarization
of the seed beam affects the amplification in a semiconductor amplifier [14], where
generally a transverse magnetic (TM) mode seed beam obtains more amplification
than a transverse electric (TE) mode seed beam.

The typical measurement of the input aperture, width of the waveguide region, is
around 1 — 5um [§][11]. The output aperture depends on the angle of the tapered
region, but for example in the used TA the output aperture was 210um [II]. The
input aperture is, therefore, about the same size as the MFD inside a single optical
fiber [15] guiding light of 780nm wavelength. It is well-known how to couple light into
a fiber and since the TA input aperture has the same size as the input fiber MFD,
how to approach the TA coupling is known.

Further explanations about how the amplification takes place in the gain medium will
be held in the next section.

2.2. Optical amplification in a semiconductor gain medium

In this section, the stimulated emission of a photon in a two level energy system
is explained first. Then it is deduced how the population in the upper and lower
level evolves when changing the energy difference between the two levels and also
the temperature. Finally, how to get inversion of population, larger population
in the upper level than in the lower level, adding a third level is briefly explai-
ned. The main purpose of this section is to understand how stimulated emission is
produced and to connect the deduced results with the behaviour of a tapered amplifier.

First, it is considered that the gain medium has two energy-state levels, an upper
one Fo and a lower one Fj;. An important consequence of this is having output
power without an input beam, which is going to be discussed now. When the TA is
connected to the current some atoms are excited from E; to E5. The exited atoms
decay to the lower one by spontaneous or stimulated emission, emitting a photon
which energy will be the difference between the two energy-state levels (AE). Therefo-
re, it is possible to have output power without an input beam by spontaneous emission.

The main problem of not using an input beam is that the input and output photons
will not be coherent because the emission of the output photons will not be stimulated
but spontaneous. However, if seed photons are used to stimulate the decay, output
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photons will be coherent, conserving polarization, direction of propagation and
frequency of the seed photons (See Fig.[2.2]).

Before During After
emission emission emission
& E2 g h
hv hv _nv _
hv
AE = hv

El ®

Figure 2.2.: Energy diagram that shows how stimulated emission works if considering
a two energy level model. The incident photon stimulates the emission of
another photon of energy AE = hv. An atom is represented by a red dot.

To understand how the current put into the TA affects the output power, the Boltz-
mann distribution of a two energy level system is used. If no current is put into the
TA, then the atoms will behave like the following equation [12]:

%ﬁ — exp (W) (2.1)

Where Ny is the number of atoms in the upper state and N7 is the number of atoms
in the lower state. Here, the atom population of each energy level only depends on
the temperature of the system and the energy difference between the two levels.

However, when the mean energy of the medium is increased, the probability of finding
an atom in the upper level also increases. For simplicity, the reference system where
E; =0 and Ey = e is used, where 8 = 1/kT. To calculate the probability of finding an
atom in the upper or lower level, the so-called partition function is used [12], which is
the sum of the Boltzmann factor of each energy level of the system:

Z=(1+eP (2.2)

The partition function used is the one from the canonical ensemble, that is used in
statistical mechanics to describe a system in thermal equilibrium with a heat bath at
constant T. In the setup this heat bath is the copper heat sink where the TA is placed
(See Fig.). Also, we consider that the total number of atoms in the system does
not change. Furthermore, the measurements were taken at constant T, so the canoni-
cal ensemble is the one to be used here in order to explain the amplification in the TA.
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The probability of finding an atom in one of the two states can be generally written
as the Boltzmann factor of the level divided by the so-called partition function of the
System:

1 e Pe
T lqefe T 1qebe
Using a two energy level system, an inversion of population, No > Nj, cannot be
achieved. The maximum probability of finding an exited atom is 1/2, when 7' — oo
or ¢ — 0. Now, the equation (2.1)) in our reference system is:

Py (2.3)

N2 - N % P2 _ —Be

Ny NxP
Again, it can be seen in (2.4) that there is no inversion of population in a two level
energy system. Now, to understand how the current changes the probabilities of finding
the electrons on each state, the equation of the mean energy of the described two

energy level system must be discussed [12]:

(2.4)

E = N€P2 = €N2 (25)

Looking at equation one can see that if increasing the mean energy of the system
then the probability of finding an atom in the upper state also increases, as the
number of atoms and the energy level difference remain constant. When the current
applied into the TA increases, also increases the mean energy of the system and,
therefore, the number of atoms in the upper level. Having more atoms in the upper
energy level lead to more stimulated emissions, so more output power is achieved.

Finally, a three level system is briefly explained, which allows inversion of population.
The inversion of population allows more stimulated emissions than a two level energy
system as it allows Na to grow over 1/2, and therefore, more output power. The gain
medium of the used TA features many energy levels.

In a three energy level system, the inversion of population can be achieved if having
enough current (pump) and if the relaxation time (7) in the transition between E3 and
Es is smaller than between Ey and FEjp. (See Fig.). Then, when pumping atoms
into the Ej3 level from E7, these exited atoms will decay fast to Es, where this atoms
take a slower time to decay to E7, achieving inversion of population.
Using this model, the equation that describes the difference of atom population bet-
ween Ey and Eq, Ny — Ny, is [13]:

Ny — Ny o (1_6)77Wp7_7“ad_1 (2 6)

NTotal (1 + Qﬁ)anTrad +1 '

Where 3 = 132/721, W), is the transition probability between E3 and Ej, T,qq is the
radiative decay rate between from Fy to E; and n the so-called fluorescence quantum
efficiency:
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Figure 2.3.: Inversion of population in a three energy level system, where 7 represents
the relaxation time. The dark blue bars represent the number of atoms in
each level.

Now, looking at equation (2.6)), it can be seen that in order to achieve inversion of
population, 8 < 1 is needed. Therefore, the relaxation time between E3 and Ey needs
to be smaller than between Ey and Ej.

Finally, knowing how stimulated emission works and how inversion of population is
achieved, the basics of the amplification process in a tapered amplifier can be under-
stood.

2.3. Optical isolator

An optical isolator is a device that allows light to pass in one direction but eliminates
the light coming in the opposite direction. This feature is necessary in a TA based
amplifier setup like the used one, as the TA is extremely sensitive to light retrore-
flections. The TA can be damaged when the back reflected photons get amplified and
guided into the non tapered region. In the setup described in this thesis, for example,
using an optical isolator was needed to avoid light retroreflections from the output
fiber coupling.

In an optical isolator, to eliminate the light coming in the opposite direction a Faraday
rotator is used, a device that applies a magnetic field to rotate the polarization of the
beam, where the rotation angle is given by [16]:
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0 =vBd (2.8)

Where v is the Verdet constant [I7], that depends on the material used, B is the
applied magnetic field, and d is the distance that the light travels inside the Faraday
rotator.

In the setup described in this thesis a Faraday isolator is used (polarization dependent
isolator), which uses a Faraday rotator with # = 45° and two polarizers, one in the
input and the other one in the output of the rotator. A basic scheme is shown in

Fig..

POL1 POL2

FARADAY ROTATOR
FARADAY ISOLATOR

POL1 POL2

FARADAY ROTATOR
FARADAY ISOLATOR

Figure 2.4.: Basic scheme of how the Faraday isolator allows light transmission in
one direction but eliminates it in the opposite one. In the top scheme we
can see how the beam coming in the forward direction is only rotated 45
degrees, as the polarization the beam has is the same as the polarizers.
However, in the bottom scheme we see that the beam coming in the op-
posite direction is eliminated, as after the faraday rotator its polarization
is perpendicular to the polarizer

Regarding the light beam in the forward direction, it will first go through to a 0°
polarizer, then the light will be vertically polarized before going through the rotator.
In Fig. the input beam is a vertically polarized one, however, in the real setup only
that the beam is a linearly polarized one is known, therefore it will be very important
to match the incoming beam polarization with the 0° polarizer by rotating the isolator
in order to optimize the isolator transmission (See Malus’s Law ([2.9)):
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I = Iycos’a (2.9)

In this equation, Iy is the incident intensity and I the transmitted intensity after the
isolator. This equation states that when an incident light beam crosses a polarizer,
the intensity measured after the polarizer will depend on cos’a, where o is the
difference between the angle of polarization of the input beam and the input polarizer .

After the input polarizer the light beam will be vertically polarized. Then, when going
trough the rotator, the latter will rotate the polarization angle by 45°, which is
also the angle of the output polarizer (analyzer).

About the beam coming in the opposite direction, its polarization will be 45° after the
analyzer. In this case, knowing the polarization of this beam is not needed because
its intensity after the isolator is expected to be zero, so it is not necessary to know
its initial intensity. Then, when passing through the Faraday rotator, the beam will
be horizontally polarized. Finally, when this beam goes through to the input polarizer
(0°), its intensity will be zero as the polarization of the beam was perpendicular to
the polarizer (See (2.9)).

2.4. Optical fiber

In the amplifier setup optical fibers are used in order to guide the seed beam into the
amplifier and also to guide the amplified output beam. Therefore, the basics of its
operation are here explained. Optical fibers are made from drawing glass or plastic,
whereafter their width is comparable to the human hair [I8]. Its operation is based
on the total internal reflection principle, where the input light coming into the fiber
propagates inside the fiber by multiple reflections.

typical multimode typical singlemode

optical fiber optical fiber human hair
50 um 9 pm 75 um
125 pm 125 pm
cladding cladding

Figure 2.5.: Size comparison between typical multimode and singlemode fibers with a
human hair
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Regarding the typical structure of an optical fiber, they are usually composed by
three layers: core, cladding and buffer [I8]. The core is the region where the light
propagates through the fiber by total reflection, usually made by pure glass. The
cladding, which has a lower refraction index than the core, surrounds the core
favouring the propagation of light inside the optical fiber. Finally, surrounding the
cladding the buffer is found, which is usually made from plastic and protects the fiber
from damages.

It is interesting to know the angle of the beam that comes in and out of the optical
fiber, because in the used setup the lenses should be placed in the most optimal way
in order to achieve a collimated light beam or to couple the beam into the fiber. To
understand the basics, the numerical aperture (NA) of the optical fiber should be
first explained, which is the sine of the maximum angle at which the ray that can
reflect internally and, therefore, propagate inside the fiber.

cladding n2
a 6 ' @ T~

N _— core ni

Figure 2.6.: Basic scheme of the light that will reflect into the fiber core. Where «
represents the incident angle of a light beam coming into the fiber core.
In this scheme, the refraction index (n) of the cladding is lower than the
core one.

In order to deduce the equation for the NA, only applying Snell’s law [19] twice is
needed. Following the criteria used in Fig.:

sina = nysind (2.10)

Where n is the refraction index. Now it is considered the limit scenario where « is the
maximum angle at which the ray propagates inside the fiber. Then, 6/ = 90°:

n1sindl, = nasin90 = ny (2.11)

Finally, using both equations above, it is possible to determine the equation for the
NA of an optical fiber.

NA = sina n1sind, = nysin(90—0.) = nicosl., = n1\/1 — sin?@/, \/n3—n3
(2.12)

Therefore, if n1 = neore and N2 = Nejadding:

NA = /0200 = W0ding (2.13)

10
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In the setup, an optical fiber with NA = 0.12 is used, so the fiber does not permit
the reflection of light inside the fiber if the incident angle is not lower than 6.9°.
Therefore, it was needed to select the right output fiber coupler to guide as much
beam light as possible into the fiber with an angle lower than 6.9°.

Another aspect to think about is the divergence of the beam out of the fiber or
analogue a focussed converging beam to be coupled into an optical fiber. In order to
explain it, a gaussian beam inside a single mode fiber is considered. In the setup, a
TFEMyy gaussian beam was used as the seed beam, which beam profile is circular.
However, the diameter of the beam inside the fiber is not the diameter of the fiber
core itself but the Mode Field Diameter (MFD), which is usually slightly larger
than the fiber core [20]. If guiding a gaussian beam with a certain diameter into the
fiber using a lens that does not guide the beam into the fiber with the MFD, the
transportation of light into the fiber will not be as efficient as it could be because the
optical fiber only allows light to travel inside of it at the MFD. Thus, it was needed
to choose wisely the fiber coupler lens focal distance to be able to focus the beam to
the MFD of the fiber.

In order to explain how a gaussian beam evolves in the direction of propagation, it is
considered that its minimum width is on the edge of the fiber and then it evolves as
a gaussian beam in free space.

cladding

]
core y MFD

Figure 2.7.: Gaussian beam waist evolution in the direction of propagation when co-
ming out of a fiber. Inside the fiber the beam diameter is not the core
diameter but the MFD.

The beam waist evolution of a gaussian beam is given by the hyperbolic relation [22]:

11
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w(z) = woy /1 + (—)2 (2.14)
ZR
where
2
ip = % (2.15)

In these equations wp is the minimum width (radius) of the beam, therefore, in a
gaussian beam coming of out a fiber, 2wy will be equal to the MFD of the fiber. Also,
as it can be seen in , there is a quantity defined as zp (Rayleigh length), which
is the distance in the direction of propagation at which the beam waist is equal to the
minimum waist width multiplied by v/2. This quantity, zr, depends on 7, A and wp.
Here A represents the wavelength of the beam. Finally, from and one can
see that the gaussian beam width evolution is directly proportional to the wavelength
of the beam and inversely proportional to the initial width of the gaussian beam.

12



3. Experimental setup

In this chapter, the experimental setup used to create a miniaturized laser amplifier
is explained. First, an introduction to every element is given, stating the model
used and the manufacturer. Then, the placement of these devices into our setup is
discussed. Finally, it is explained the alignment process used in detail in order to
achieve the maximum efficiency possible using these components.

fiber input

fiber output

Figure 3.1.: Initial design, by Séren Boles [23], followed in order to build the tapered
amplifier system (140x100x80mm). In the final design a cylindrical lens,
which is not shown here but will be discussed, was used after the fourth
mirror in the direction of propagation. FC: Fiber coupler; M: Mirror; AL:
Aspherical lens; TA: Tapered amplifier; CL:cylindrical lens; OI: optical
isolator. The list of the components used is shown in the Annex

In order to make this setup possible, the TA and all the lenses and devices were
adjusted and aligned. The aim is to use this system to emulate laser power usually

13
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used in space experiments, however, it can also be used in any lab if more laser power
is required. Also, the reason behind building a miniaturized, resistant setup is to be
easy to transport between laboratories without putting in risk the amplifier. The
box designed by Séren Boles [23] is made from black anodized Aluminium in order
to avoid damage by possible light reflections and unwanted electrical conduction.
Finally, the inside box measurements are 140x100x80mm, therefore it was necessary
to use miniaturized custom-made mounts and devices in order to fit them all inside
the box.

The approach chosen in order to design the system was building a portable device
that could amplify the power of a laser beam of 780nm wavelength. Therefore, it
was thought to build a miniaturized box with an input and an output fiber coupler
attached to an optical fiber, to have a user friendly amplifier system.

In general, such an optical amplifier system based on a TA needs the following com-
ponents: a peltier element, a heat sink, thermistor, a laser diode controller, a tapered
amplifier, a fiber coupler, an optical isolator, mirrors, aspherical lenses, a cylindrical
lens and optional one or more waveplates. In the following, all these elements are brief-
ly discussed. First, the used seed laser is discussed, explaining the advantages of using
an ECDL in the setup. Then, the temperature control system is explained, constituted
by a peltier element, a heat sink, a thermistor and a laser diode controller. After that,
the main characteristics of the used TA are discussed. Finally, an explanation about
the optical devices used and its alignment into our system is given.

3.1. The seed laser

An External Cavity Diode Laser (ECDL) made by Toptica Photonics is used for
seeding the amplifier. Specifically the version DL pro-018064 [25], which produces a
tuneable laser beam from 765 nm to 805 nm, however, in the setup the laser is used
at 780 nm. Regarding the power of the laser, for this setup the seed laser is used at
around 10 mW maximum optical power in order not to damage the TA.

An ECDL provides a laser beam with a small linewidth and a low phase noise. The
main disadvantage is the lack of power that these type of laser diodes offer and that
they are not very frequency/intensity stable. For the designed setup, not much optical
power from the seed beam is needed, therefore it was decided to use an ECDL for
seeding the system.

3.2. Peltier element and heat sink

The TA is extremely sensitive to temperature changes, as the output power depends
directly on the temperature as seen in 2.2 Optical amplification in a semiconductor
gain medium. Thus, it is necessary to use a temperature controller system in order to

14
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control the TA. In the setup, the Peltier element RC3-6 made by Marlow Industries
Inc. [26] and a copper heat sink are used, as seen in Fig.. Furthermore, it
is also necessary to place a thermistor next to the TA inside the heat sink in or-
der to monitor the temperature (and also for the temperature controller feeback loop).

(a) (b)

Figure 3.2.: (a) Copper mount used as a heat sink. In the left side we can see the
thermistor already placed in the mount. (b) Peltier element inside the
box. The heat sink will be placed on top of the Peltier element.

While placing the thermistor inside the heat sink, it is critical not to use too much
thermally conductive heat paste. The paste should only be used to fill the microscopic
gaps between the thermistor and the heat sink. The reason is that the paste is
not ideally conductive, therefore one would lose sensitivity while measuring the
temperature. After placing the thermistor with the thermal paste, the thermistor was
glued using UHU Endfest Plus 300, as the whole system need to be solid in order to
get stable temperature measurements.

Regarding the heat sink, it is used a T-shape copper mount as seen in Fig.[3.2{a)].
Although the most important feature of the heat sink is the material used, it is also
essential to chose a shape that allows a good heat flow. The copper mount used in
this setup has a solid plate on the bottom that will be touching the Peltier element
(see Fig.[3.4]). This allows an effective heat flow as the base of the copper block
dissipates the heat due to its big size in comparison with the Peltier element device
and the upper part of the heat sink, where the TA is placed.

15
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Apart from achieving a constant temperature system, to take the measurements at
20°C was wanted in order to directly compare them with [8]. The laboratory tempe-
rature was around 25°C, therefore, the system needed to be capable of lowering the
temperature of the TA at least 5°C. As seen in the Data Sheet of the peltier element
[26], it is capable of achieving AT = 65 at 27°C between the two sides of the pel-
tier element. Therefore, this peltier element can be used in the system to achieve the
wanted temperature, 20°C at 25°C.

3.3. Laser diode controller and cable setup

To control the parameters of the laser diode, the controller LDC-3744C [27] is used.
This controller allows to control the temperature and the current put into the TA. In
order to connect this controller to the box, two specifically soldered cables are used,
one for the current and another one to control the temperature of the TA, which will
be controlled by using a Peltier element.

CC-305S Current Source CC-305S Current Source
Interconnect Cable Interconnect Cable

MALE CONNECTOR MALE CONNECTOR
(Load End) (Instrument End)
1,2 Interlock 9 1,2 Interlock 9
3 Chassis Ground 3 Chassis Ground
4 Cathode Voltage Sense 8 4 Cathode Voltage Sense 8
5 Laser Cathode 7 5 Laser Cathode 7
6 PD Cathode (+) A 6 PD Cathode (+) 6
7 PD Anode (-) 7 PD Anode (-)
8 Anode Voltage Sense 8 Anode Voltage Sense
9 Laser Anode 9 Laser Anode

CC-505S TEC Interconnect Cable

MALE CONNECTOR
(Instrument End)
1,2 TE Module (+)
3,4 TE Module (-)
5 TE Module Shield
6  Sensor Shield
7 Sensor (+)
8
9

FEMALE CONNECTOR
(Load End

1.2 TE Module (+)

3,4 TE Module (-)

N/C

N/C

Sensor (+)

Sensor (-)

N/C

Sensor (-)

Analog Ground
10 Control Signal
11 Voltage Limit
12 Current Limit
13 Temp. Limit
14 Booster Present
15 Digital Ground

© ® ~ o

©o~N» O

Figure 3.3.: Pinout diagram of the cables used in the controller [27]. On the left side
there are the two D-subs connected to the system, and in the right side,
the ones connected to the laser controller. From the left side pins, only
the ones needed to control the temperature and the current of the TA
were soldered.
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The cables used are the CC-306S and CC-501S instead of the ones in Fig.,
however, they are also valid. About the CC-306S, the Load End cables were manually
soldered only to pins 5 and 9 and also an external cable to pin 7 for the +5V (security
circuit) and another one to pin 6 for GND were soldered. Regarding the CC-5018S,
the Load End the TE+ cable was soldered to pin 1, the TE- one to pin 3 and both
pins 7 and 8 to the corresponding cables. The rest of the Load End cables are not
soldered to any pin.

In Fig. it can be seen where the TA mount is placed inside the box (the Peltier
element is just below the mount). The mount was screwed using plastic screws to
avoid undesirable electrical conduction which could damage the tapered amplifier. It
is hard to see where the cables go inside the box, but the thermistor was soldered
to the proper cable. On the top side of the figure it is seen the security circuit
used in order to avoid current peaks. The used handmade security circuit gives a
delay on the input current to suppress harmful current spikes while switching the
current on and off. Although, in Fig. the TA is still not mounted, the only
cable connection left is the cable that goes directly from the security circuit to the TA.

Figure 3.4.: The TA copper mount and the Peltier element already placed in the box
with the proper cable connections. The security circuit can be seen on the
top right side of the back plate. To give the reader an idea of the scale
the amplifier setup, a 1 cent coin (d = 16.25mm|[28]) was placed next to
the copper mount.
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3.4. Tapered amplifier

The tapered amplifier used is the 780nm 2W C-mount version from Eagleyard
Photonics [29]. This TA should have an amplification of 22 dB at the recommended
maximum forward current according to the manufacturer.

Figure 3.5.: Rendering of the C-mount TA placed inside the heat sink. At the back
side it can be seen how the mount of the aspherical lens is mounted into
the copper mount. An aspherical lens will be used at both sides of the TA
in order to get a collimated beam and to couple the input beam into the
TA waveguide.

Regarding the shape of the tapered region, one can clearly distinguish two regions,
the input and the output (See Fig.). About the input, this chip has a parallel
angle of 23° while the perpendicular one is 40° (See Fig.). The output beam
shape is similar but not the same, whereas the perpendicular angle is also 40°, the
parallel one is 18°. Due to the fact that the angle is not the same in both parallel
and perpendicular axis, it is expected to only collimate one of the axis with a single
aspherical lens. In the described setup, an aspherical lens is used to collimate the
beam in the stronger divergent perpendicular direction, therefore, using a cylindrical
lens to collimate the beam in the parallel direction after the aspherical lens of the
output is recommended in order to get a circular beam profile.
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perpendicular

parallel

Figure 3.6.: Basic scheme of the input and output beams coming in and out of the
tapered amplifier respectively. As it can be seen, the beam profile shape is
elliptical due to the fact that the divergence perpendicular angle is greater
than the horizontal one. Input: parallel angle 23°, perpendicular angle 40°.
Output: parallel angle 18°, perpendicular angle 40°.

3.5. Fiber coupler

One of the main purposes of this work was to set up a modular amplifier system. The
most convenient way to guide the seed beam and the output amplified beam was using
optical fibers. However, the light coming out of a fiber is highly divergent as explained
in 2.4 Optical fiber. Therefore, a fiber coupler is needed in order to collimate the light
coming out of the fiber and to couple the amplified beam into the output fiber. In
the initial setup (V1), the PAF2-5B fiber coupler by Thorlabs [30] was used, that has
a focal length of 4.6mm with the optical fiber PMC-780-5.1-NA012-3-APC-200-P by
Schifter + Kirchhoff GmbH. At first, this fiber coupler was used as the input and
the output coupler in the setup because two PAF2-5B fiber couplers were available
during the first weeks of the project. However, knowing the output divergence of the
beam coming out of the TA in the perpendicular direction (40°) and the focal length
of the aspherical lens AL2 used to collimate the beam coming out of the TA in the
perpendicular direction (f=4.51mm), one can calculate that the beam width will be
w = 4.51tan(40/2) = 1.64mm. Then, using (2.14)), where the MFD of the optical
fiber is used as wg, one can see that the ideal fiber coupler will have a focal length
of about 15mm. However, still a power transmission efficiency of about 20% was
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obtained through the output fiber coupler. In the upgraded version of the setup (V2),
the output fiber coupler the PAF2P-15B model by Thorlabs [31] was used, which has
a focal length of 15mm. The optical fiber P5-780PM-FC-2 by Thorlabs was used with
this coupler. Using this configuration, V2, a coupling efficiency of about 50% was
achieved. The total power transmission of each setup and also the coupling efficiency
will be discussed in the results.

These fiber couplers allow to move the lens inside the lens in the X and Y direction,
perpendicular to the direction of propagation, by only using one screw for each direc-
tion. It also allow to move the lens in the Z direction, the direction of propagation of
the beam, but this time using 3 screws, which allows to tilt the lens in three different
direction. These degrees of freedom of the fiber coupler make the coupling a lot easier,
so using a fiber coupler with the same characteristics is highly recommended.

Cutout for (96 mm Z6 Ball End Fine
Cage Rods Y Adjustment Adjustment Screw

Flat Head

X Adjustment Screw

Counterbore for Locking Screw

Attachment to
Mounting Plate

Figure 3.7.: Drawing of the fiber coupler PAF2-5B showing how to adjust the lens
inside the coupler [30]. Here are shown the three screws to adjust the lens
in the Z direction (direction of propagation), and also the position of the
X and Y direction adjustment screws (perpendicular to the direction of
propagation)

3.6. Optical isolator

To suppress the back reflected light coming into the TA output, an optical isolator
was used, which functioning was explained in 2.8 Optical isolator. This device was
used because the TA is very sensitive to back reflected light coupling into the TA
output, so it is very important to use an isolator in order not to damage the TA. In
the setup, the 4mm aperture 780nm low power optical isolator provided by Electro-
Optics Technology Inc. [32] was used.
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About the power transmitted through the optical isolator, the manufacturer stated
a transmission of >82%. However, around 80-85% power transmission efficiency was
obtained through the optical isolator. The reason behind this lower than expected effi-
ciency was that although the aperture of the optical isolator was bigger than the beam
width, there was still some visible light from the beam that did not fit into the aper-
ture of the isolator. Nevertheless, this loss is negligible if comparing our transmission
with the one the manufacturer specifies.

3.7. Optical elements and setup alighment

About optical elements, in the designed setup 4 mirrors are necessary in order to
guide the beam through the TA, CL and OI. Furthermore, two aspherical lenses are
needed, one to guide the seed beam into the TA and another one to collimate the
beam coming out of the TA in the perpendicular direction (See Fig.[3.6]). Finally,
the use of a cylindrical lens is also necessary in order to collimate the amplified beam
in the parallel direction before going through the optical isolator.

B

Figure 3.8.: TA mounted in with the two aspherical lenses calibrated at both sides.
The visible red light coming out of the TA is the ASE output beam.

Two aspherical lenses (C230TMD-B 4.51mm Thorlabs)[33], one cylindrical lens
(LJ1430L1-B Thorlabs)[34] and four mirrors were used (BK7 (dial2.7x3)mm HR >
99.5 @760-840, i45 EKSMA Optics)[35]. The 4.5mm focal length aspherical lenses
were placed first at both sides of the TA mount. These lenses should be placed at its
focal length distance from the TA, however, it is not possible to measure the distance
between the lens and the TA with any physical measurement device because the TA
is extremely sensitive. Therefore, the aspherical lenses were placed into the copper

21
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mount and adjusted until achieving a collimated beam in the input as well as in the
output of the TA. To do so, the rotary system provided by the mount of these lenses
was used, where one could rotate the lens itself in the threaded mount to move it
laterally on the direction of propagation.

To adjust these distances the TA was turned on at 600 mA and the seed laser of 780
nm at 5.1 mW, then a collimated beam in the perpendicular direction was achieved
by collimating the beam to a reference point that was around 2m from the TA.
Furthermore, images of the ASE input and output profile were taken in order to see
if the lenses were correctly aligned (Fig. and Fig.). To do so, a powermeter
(PM 100-A Thorlabs)[36], a sensor (S121C Thorlabs)[37] and a camera with a pixel
size of 5.4pum (IDS UE-1540LE-M-GL with 30 dB attenuator)[38] were used. Also, to
take the image of the beam, the beam profiler plugin of the software Micromanager
was used.

© Beam view (50%) = B (@] Profile of 1. axis = =
xCOM=512,0 yCOM=673,0 ym Angle=63 8 ecc.=15 9% D45ig1=983,1 D4Sig2=9584 um; 102

w=1755 2w=3509 sigma=2161pm overlap=0892

25

20

o

intensity

I 1 I
0 200 400 600 200 1000

| Pos., ym

@ Profile of 2. axis = =
w=366,3 2w=732,6 sigma=186,2 pm overlap=98,5
5 F T T T

intensity

Y I
0 200 400 600 800 1000 1200

Figure 3.9.: ASE input beam profile of the tapered amplifier, with the input aspherical
lens placed to obtain a colimated beam in the perpendicular direction
(wg = 948pm and wy = 1978um).
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Figure 3.10.: ASE output beam profile after placing the output aspherical lens the
same way as the input one.(w, = 2608m and w, = 1784pm)

As it can be seen in Fig., the ASE input beam profile has an elliptical shape, which
is due to the fact that the beam has been collimated in the perpendicular direction
as well has the shape of the TA as explained in 8.8 Tapered amplifier. However, in
the ASE output beam profile (Fig.[3.10]) a rectangular shape with three distinctive
intensity peaks can be seen. This intensity profile in the Y direction ASE output profile
is usual in tapered amplifier chips [24]. Nevertheless, later in this work it will be seen
that the two external and smaller peaks will almost disappear when guiding the seed
beam into the TA due to the superposition of the seed beam with the stimulated
emission light of out the TA.

Once the aspherical lenses were placed in its optimal position, two mirrors (M1 and
M2) were placed next to the input fiber coupler (FC1) as shown in Fig.[3.11] in order
to be able to guide the seed beam into the TA.
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M3/ AL TA ] M2

“ “ALl

< FC1

MA [) FC2

Figure 3.11.: Basic scheme of the final setup of the amplifier system. FC: Fiber coupler;
M: Mirror; AL: Aspherical lens; TA: Tapered amplifier; CL: Cylindrical
lens; OI: Optical isolator.

First, FC1 was calibrated as the manufacturer says in the manual [30]. The seed
beam was guided through the FC1 using an optical fiber and using an alignment grid
the beam was aligned in the X and Y direction (plane perpendicular to the direction
of propagation). Then, the beam divergence was corrected in order to obtain a
collimated beam. After that, M1 and M2 were placed in order to guide the beam into
the TA as perfectly as possible, without any angle respect to the waveguide region of
the TA. To do so, both mirrors were tilted vertically and horizontally. Finally, once
the FC1 and the mirrors M1 and M2 were adjusted , a final adjustment was made
using the powermeter PM 100-A [36] and the sensor S142C [40] to check the power
out of the TA. Finely changing the configuration of the mirrors and the fiber coupler
lens at the same time, the maximum output power for a certain input power and
TA current was achieved. Specifically, an output power of 358mW was achieved for
a seed power of 8.0mW and a TA current of 1.0A. It is also important to consider
the polarization of the seed beam, in the setup the polarization was adjusted in order
to have the maximum output power. Polarization effect on the output power will be
discussed in the results.

Once FC1, M1, M2, AL1 and AL2 were adjusted, an image of the output beam was
taken in order to compare it with the ASE output profile. This image was taken at
100mm from AL2 using the camera IDS UE-1540LE-M-GL [38] with a 30dB atte-
nuator plus another external 20dB atenuator. Furthermore, the polarization on the
seed beam was also measured by the polarization analyzer SKO10PA-700-1100nm by
Schéfter+Kirchoff [39]. The seed beam was horizontally linear polarized with a mini-
mum polarization extinction ratio (PER) = 21.1 dB. The minimum PER measures
how much beam light is confined in a principal linear polarization mode, therefore,
the higher Min. PER, the higher quantity of beam light is confined into the same
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principal linear polarization mode.
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Figure 3.12.: Image of the output beam collimated in the perpendicular direction after
AL2 at T=20.03°C, input power = 9.5mW, output power = 29.4mW and
TA current = 505mA, after passing trough two attenuators (20dB and
30dB). The beam width is w, = 3385um and w, = 1523um

In Fig. a clearly elliptical shape can be seen, because at this point the beam
was only collimated in the perpendicular axis. The X/Y width ratio is about 2.22
at 100mm from AL2, so it was considered important to use a cylindrical lens
in order to get a circular beam profile before the optical isolator. Whereas the
beam diameter in the X direction was 2w, = 6.77mm at 100mm, the aperture
of the optical isolator which was at 115mm, was only 4mm. Therefore, it was ne-
cessary to use the CL before the OI in order to get as much light as possible through it.

Before placing the cylindrical lens, M3 and M4 were placed in the positions seen
in Fig.. After that, the cylindrical lens was placed just after M4. To do so,
a custom mount was made for the cylindrical lens where one could move the lens
perpendicular to the beam direction of propagation. The lens was glued into its
custom made mount using UV curing adhesive. Regarding the election of making a
custom made mount for the cylindrical lens and glue it with UV curing adhesive,
that configuration was used because using a mount from the manufacturer would be
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too big and it would have not allowed to place CL close enough to M4, where its
ideal position is. Its ideal position was calculated knowing the focal length of the
cylindrical lens in the X direction (f=59.99mm) and the divergence on the parallel
axis of the output beam (18°), where the aim was achieving a collimated beam with
the same beam width in both axis. The focal length was selected to collimate the
beam in the parallel direction and the position was chosen to match the beam width
in the perpendicular direction.
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Figure 3.13.: Image of the beam profile after CL at T=20.03°C, input power = 9.5mW,
output power = 29.4mW and TA current = 505mA, after passing trough
two attenuators (20dB and 30dB). The beam width is w, = 1456pum and
wy = 1654pum

After placing the cylindrical lens (CL), images of the beam profile were taken in
order to see how circular the shape of the beam was. In this case, the same camera
and configuration as in the image taken after AL2 were used, but now placing the
camera after the cylindrical lens at 255mm from AL2. (See Fig.). It is also very
important to place the CL in the correct X axis position so the center of the beam
crosses the CL at its center.
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In this case a more circular alike shape than in Fig. is seen. After the CL, a
beam waist X/Y ratio of 0.88 was achieved. The beam width was then small enough
to guide the beam into the optical isolator. After placing the isolator on the position
seen in Fig., M3 and M4 were adjusted in order to guide the beam as good
as possible into the aperture of the isolator. To do so, both mirrors were placed at
45° and then tilted vertically and horizontally until aligning the centre of the beam
with the center of the OI aperture. Then a sensor [37] was placed in the output
of the isolator in order to see which configuration achieved the maximum output power.

As explained in 2.3 Optical isolator a Faraday isolator was used, which is polarization
dependent, so the isolator was rotated until getting the maximum output power. The
direction of the linearly polarized output beam was matched with the direction of the
input linear polarizer of the optical isolator.

Once this was aligned, mirrors M3 and M4 were finely tilted until getting the
maximum output power. An output power of 22.3 mW was achieved for an input
power = 9.5 mW, T = 20.03 °C and TA current = 505 mA. Directly comparing this
output power result with the one we measured after AL2, a loss of power of about
25% was seen from AL2 to after OI. However, this loss of power decreased by 10-15%
in the final calibration once everything was mounted and adjusted. Apart from that,
an image of the beam profile out of the optical isolator was taken in order to compare
it with the beam profile just after the CL.

In Fig. it can be seen that the beam profile is more circular than it was before
the OI. However, it can also be seen here that the beam width in the Y axis decreased
after passing through the isolator. Even though the beam width before the isolator
(See Fig.) was smaller than the aperture of the isolator (d=4mm), some light
on the Y border of the beam was lost due to reflections near the aperture. However,
the power loss experienced due to those reflections was only of about 2-5% as stated
in 3.6 Optical isolator.
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Figure 3.14.: Image of the beam profile after the OI at T=20.03°C, input power
= 9.5mW, output power = 22.3mW and TA current = 505mA, after
passing trough two attenuators (20dB and 30dB). The beam width is
wz = 1467pm and w, = 1596um

Finally, another adjustment of the FC2 and also M3 and M4 was needed again in
order to obtain the maximum power out of the output fiber. To adjust the FC2, the
adjustment process done on FC1 was first followed. Guiding the seed beam through the
fiber, the outcoming beam was aligned in the X and Y direction (plane perpendicular to
direction of propagation) and also was collimated. However, in this case the adjustment
was not as good as in FC1 because as calculated in 8.6 Fiber coupler a 15mm fiber
port was needed instead of a 4.6mm one. Therefore, when shooting the beam coming
out of the optical isolator into FC2, to adjust it was needed in order to obtain the
maximum power, but still some power was lost because shooting the beam into the
fiber at beam width equal to the MFD of the fiber is not possible in this case. Also
it is important to consider the loss due to the fact that the beam coming out of the
OI was not perfectly gaussian (See Fig.[3.14]). Finally, once the FC2 was adjusted,
after the output fiber it was obtained an output power of 5.1mW for a seed power
= 9.5 mW, T = 20.03 °C and TA current = 505 mA. Using the same configuration,
22.3mW of optical power where measured after the OI and 29.4mW after FC1. Finally,
the same output coupler adjustment process was followed in order to place the 15mm
fiber coupler into the setup.
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In this chapter, the measurements taken for the described setup are compared with
the results presented in the Jayampathi C. B. Kangara et al. paper [8]. In this paper,
a similar setup configuration was used, therefore, it was decided to take the same
measurements in order to be able to compare the setup described in this thesis with
the one described in the paper. The measurements taken were: seed power vs. output
power, TA current vs. output power and input beam polarization angle vs. output
power. First, the measurements taken using the free beam (FB) configuration (See
Fig are presented. Then, the results obtained using the version V1 are discussed,
using fiber couplers with the same coupling lens focal distance in the input and the
output. Finally, the measurements taken on the improved version of the setup, V2,
are explained, using a fiber coupler with a coupling lens focal distance of 15mm as the
output fiber coupler, FC2.

Regarding the errors, for the polarization angle and the current measurements, the
display accuracy was considered and in the power measurement, the error given by
the manufacturer was considered because it is bigger than the fluctuations seen while
taking these measurements. For the output and input power measurement an error
of £3% [36] was considered, for the polarization angle the error was +1° and for the
TA current an error of 0.1mA. Finally, it was decided not to show the errors in the
respective graphs as they were not comfortably visible.

4.1. Free beam configuration results

Regarding the results of the free beam configuration, the obtained results were directly
compared with the ones in [8] as a similar configuration was used. Measurements using
a free beam configuration were taken to evaluate the behaviour of the collimated beam
out of the TA before mounting the whole system, especially the output power achieved.

To measure the output power, the power sensor S142C [40] and the powermeter
PM 100-A [36] were used. Furthermore, a half-wave plate and two external mirrors
to guide the beam into the TA were used. To adjust the mirrors the same steps as
the steps explained in 3.7 Optical elements and setup alignment were followed. In
this setup an optical isolator was not used because the power sensor integrates an
Ulbritch sphere, which does not have any reflective surface. Therefore, there is no
risk of damaging the TA.
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TA

M1*

AL2 ALl

A

PS

M2* HWP

Figure 4.1.: Basic scheme of the free beam configuration used in order check the be-
haviour of collimated beam coming out of the TA. No optical isolator was
used in this setup, since the S142C [40] power sensor uses an Ulbricht
sphere, which does not feature reflective surfaces. M1* and M2* are not
the same mirrors used in the final setup, HWP: half-wave plate, PS: Power
sensor; AL: Aspherical lens, TA: Tapered amplifier

In Fig.[4.2)(a)] a maximum amplification of 25.6 dB is seen, apart from the fact that
the amplification was reduced when using more seed power. This data is directly
extracted from the one in Fig.[4.2(b)]. In the latter, the curve gets flat when increasing
the input power. This happens when, for a constant TA current (constant number
of electrons that can decay by stimulated emission), there are so many seed photons
that the probability of stimulating a photon emission is significantly reduced. In
Fig.(c)], the output power in dependency on the TA current is shown. At lower
TA currents the behaviour is not linear. The reason behind this behaviour is that the
population inversion is not effective enough at these currents with the seed power
used. A simplified explanation of this is effect is found in 2.2 Optical amplification
m a semiconductor gain medium. In Fig.(d)}7 the polarization dependency of
the TA output beam power is shown. The system is very sensitive to polarization
changes, whereas at 0° the output power is 800 mW, at 90° is only around 200
mW. The TA wused in this setup produces the maximum amplification power when
the seed photon E field is perpendicular to the junction plane of the TA, TM mode.[29].
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Figure 4.2.: Graphs of the free beam configuration. (a) Amplification achieved depen-
ding on the input power, using constant temperature and current. (b)
Results of input versus output power, with both constant temperature
and TA current. (c) Output power generated by the TA using different
currents, keeping constant the seed beam power and temperature. (d)
This figure shows the dependency of the TA output power with the seed

beam polarization angle.

4.2. V1 configuration results

Regarding the results of the V1 configuration setup, the same measurements as in
the free beam configuration were taken, except the polarization dependency. The
optical isolator input polarizer was aligned to the seed beam polarization, producing
the most output power after the isolator, so there were no expected changes in
polarization dependency compared with the free beam configuration. In the V1 setup
configuration the measurements were taken in three different points: after AL2, after
OI and after the output optical fiber (See Fig.). The data measured after AL2 is
represented by ’e’, the measurements after OI by 'o’ and the data measured coupled
into the output fiber by ’A’.

31



4. Results

28— 400 —
F221 T=20.00°C ; I=1A| | £350; .« o
5 207 ° e 1 | ° ° o o o
~ ° 8 | S 300 ° o °©
c 184 g ) = o o
o 16} 8 s 8¢ 0©250r °* o
= A 8 ; I}
8 14+ R 1 ©200¢ T=20.00°C; I=1A
=127 A 1 8'150 F
=107 Yo 1 2
£ gl T | 2100} ]
< 6} A 1 3 50f . a4 s A a s aa
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Seed power (mW) Seed power (mW)
(a) (b)
500 1
S | |T=20.00°C . |
5400 Seed power=9.5mwW * o
o L ® o
2 300
o e o
220071 o o
> e O
2100} s ° f
> A A
© 2 i A A A 4 4 a st

0 L L L L
500 600 700 800 900 1000 110
TA current (mA)

(c)

Figure 4.3.: Graphs of the V1 configuration. (a) Amplification achieved depending
on the input power, using constant temperature and current, at three
different points in the setup (e = after AL2, o = after OI, A = after output
fiber). (b) Results of input versus output power at those same points, with
both constant temperature and TA current. (¢) Output power generated
by the TA using different currents at the same three different points, here
using constant input power and temperature.

In Fig.[4.3(a)] the main loss of power is due to the coupling of the amplified beam
into the output fiber. The average transmission efficiency through the optical isolator
is around 85%, and around 20% coupling efficiency in the FC2. The mean power
transmission efficiency through the setup was 18%. Regarding the amplification on
each stage of the setup a maximum of 23.0 dB is seen just after AL2 and 15.4 dB after
the output fiber. Directly comparing this results with the ones in [8], the measured
amplification after the optical isolator in the V1 setup is significantly bigger than
theirs after the CL using 2/3 of the TA current they used (both experiments runned
at the same temperature). About Fig.(c)] the output power increases, at every
measured point, almost linearly when increasing TA current at constant seed beam
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power. However, the linear approximation works worse here than in Fig.(c)]. In
Fig.[4.3|c)], also a quadratic behaviour is seen at lower TA current.

In conclusion, the mean coupling efficiency is 21% while the mean power transmission
across the whole setup is 18%, which is not enough to couple more than 100mW in
the output fiber, one o the main requirements the TA system was designed for.

Finally, apart from the data extracted from the measurements, is also important to
remark some behaviours seen while setting up the system and taking measurements.
For example, the system was stable while taking measurements, but it was not when
adjusting the output fiber coupler lens. In general, the coupling efficiency is measured
comparing the optical power before the coupling and after the fiber, where one would
get a coupling efficiency dependency with the position of the fiber coupler lens in the
direction of propagation. In the V1 setup, this coupling efficiency vs position of the
lens presented a narrow maximum peak, therefore when slightly adjusting the output
fiber coupler lens from the most optimal position, the output power would drastically
decrease. This happened because a 4.6mm fiber port was used instead of a 15mm one,
which would be more suitable as explained in 3.5 Fiber coupler. The other devices did
not reproduce the same problems as the fiber couplers.

4.3. V2 configuration results

About the results of the V2 configuration setup, the same measurements as in the
previous section were taken. However, in the seed power vs output power measure-
ments, it was not possible to measure the output power after AL2. Once the setup
was mounted, it was not possible measure the power after AL2 with the sensor S142C
[40], as done before in the V1 setup, where the box back plate was not mounted,
because it was not possible to bring it close enough to the beam or even into the
housing of the setup. Therefore, the sensor S121C [37] had to be used, for which back
reflections into the TA were observed while measuring the beam power. For security
reasons it was decided not to measure the output power in that position. Regarding
the graphs in Fig. ,the data measured after AL2 is represented by ’e’, the measure-
ments after the OI by ’o’ and the power measured coupled into the output fiber by "A’.

Directly comparing these results with the ones in the previous section, less power loss
across the whole system is seen. For example, if comparing Fig. [4.4|(a)] with Fig.[4.3|(a)]
it can be seen that the maximum amplification was 1.5dB larger in the V2 configura-
tion. Also, in the V2 configuration more than 100mW of output power were achieved
inside the output fiber (See Fig.(a)), which was the main motivation of building
this amplifier. This can also be seen in Fig.[4.4|c)], where more than 100mW of output
power was achieved when using more than 800mA TA current at 7' = 20.00°C and
9.5mW of seed beam power.
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Figure 4.4.: Graphs of the V2 configuration. (a) Amplification achieved depending on
the input power, using constant temperature and current, at two different
points in the setup (o = after OI, A = after output fiber). In this case no
measurement was taken after AL2 for security reasons, further explanation
is given in the text below. (b) Results of input versus output power at
those same points, with both constant temperature and TA current. (c)
Output power generated by the TA using different currents at the same
three different points as in the V1 configuration (e = after AL2), here
using constant input power and temperature.

Using this configuration a mean, coupling efficiency of 53% and a mean power
transmission of 42% across the whole setup were achieved. Therefore, using the
15mm fiber coupler increased the mean power transmission of the setup by 24%
and the coupling efficiency by 32% resulting in more than a doubled overall power
transmission, as well as coupling efficiency. Furthermore, the maximum coupling
efficiency measured was 59%, which is significantly larger than the one measured in
published papers that use a similar configuration[8][41]. Regarding the output power
achieved after the output optical fiber, the measured maximum 200mW was achieved
only using one fourth of the possible current the TA can be used with. Therefore,
higher output optical powers can be achieved in this system. Measurements of those
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higher power regimes were not taken due to the optical power limit of the available
power sensors and to not damage the output optical fiber.

To measure the stability, the system was moved horizontally and vertically with both
hands. Losses of about 10% were seen while slowly moving the system, however, these
losses were corrected automatically when the movement stopped. When the system
was moved more aggressively, the losses were about the same magnitude but were not
automatically corrected upon stopping the motion. Nevertheless, it was possible to
adjust the system again in a few minutes. Finally, hits were delivered on the lateral
plates of the box and losses of about 95% were seen. In this case it was also possible
to reproduce the initial output power after a couple of minutes of readjustment.
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5. Conclusion

The main purpose of this project was building a stable miniaturized laser amplifier
system that could deliver output optical powers of at least 100mW. In this chapter,
the building process that was followed and the results of the built setup are analyzed,
comparing them with the original design and expected results, respectively. Finally,
it will be explained how the setup can be improved for better results in the future.

Comparing the initial design with the V2 one (Fig.[3.11]), only one modification
was done, the initial output fiber coupler was replaced by the optimal one. After
adjusting the output aspherical lens AL2, one could already calculate that the ideal
output fiber coupler would be a 15mm focal length one, as it was shown in 3.5
Fiber coupler. Therefore, replacing the original FC2 was necessary. Furthermore,
after placing the 15mm focal length FC2 in the setup, not only more optical output
power was achieved, but also the adjusting time was reduced. Regarding the custom
made mount for the cylindrical lens, it fitted into the setup without the need of
rebuilding the original aluminium box. Finally, in the aluminum box there was
space for a waveplate. Although it was not introduced in the setup, it is necessary
to include a waveplate to control the polarization of the beam coming out of the
output fiber. In the taken measurements only the power was measured, therefore,
the inclusion of a waveplate would not have any effect on the presented measurements.

As to the portability, the setup is small enough to be carried using only one hand,
specific measurements can be found in the Appendix C. When it comes to the
stability of the setup, the system was hit and moved horizontally and vertically. The
setup was stable against movements but not to lateral soft hits. The reason behind
this is that the setup box is made of six plates which makes it less resilient when it
comes to lateral hits. This problem could be solved by cutting the box out of one
block and only using one attachable wall for adjustment reasons.

Regarding the results, the initial free beam configuration measurements were quite
promising compared to the Jayampathi C. B. Kangara et al. paper [8], where they
used a similar setup. The results from the V1 configuration, however, were not as
good as desired, where the optical powers coupled into the fiber did not achieve the
objective of having minimum 100mW output power measured after the output fiber
at any measurement taken. Nevertheless, as it can be seen in the section 4.3 V2
configuration results, a mean coupling efficiency of 53% was achieved under the V2
configuration, with a maximum of 60% coupling efficiency. This coupling is actually
comparable to general free space coupling efficiencies of diode lasers. Moreover,
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this coupling efficiency was larger than the efficiency presented in published paper
measurements that used a similar configuration [§][41]. The measured output powers
also fulfill the power requirement stated in the introduction. Therefore, the built
setup can be used to test space experiment setups.

In conclusion, only one element was changed in order to improve the setup, which did
not had an impact in the box design. Furthermore, there is space to place a waveplate
to control the polarization of the beam coming out of the fiber. However, to solve
stability problems, the box itself should be redesigned in order to be resilient against
lateral hits. Apart from that, the setup achieved the desired power coupled into the
output fiber, 100mW, obtaining a maximum coupling efficiency superior to published
papers that used a similar setup.
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B. List of the components used

Device Model Manufacturer
ECDL DL_pro-018064 Toptica Photonics
Controller LDC-3744C ILX Lightwave
Peltier element RC3-6 Marlow Industries Inc.

Tapered amplifier
Aspherical lens
Mirror
Powermeter
Power sensor
Camera
Polarization analyzer
Power sensor
Optical fiber FB conf.
Optical fiber V1
Fiber coupler V1
Output fiber coupler V2
Output optical fiber V2
Optical isolator

780nm 2W C-mount
C230TMD-B 4.51mm
BK7 dia(12.7x3)mm HR>99.5% 760-840, i45
PM 100-A
S121C
UE-1540LE-M-GL
SK010PA-700-1100nm
S142C 350-1100nm Pmax 5W
60FC-4-A7.5-02
PMC-780-5.1-NA021-3-APC-200-P
PAF2-5B
PAF2P-15B
P5-780PM-FC-2
TORNOS Low Power Optical Isolator - 780nm

Eagleyard Photonics
Thorlabs
EKSMA Optics
Thorlabs
Thorlabs
IDS
Schafter+Kirchoff
Thorlabs
Schafter+Kirchoff
Schafter+Kirchoff
Thorlabs
Thorlabs
Thorlabs
Electro Optics Technology Inc.
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