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Abstract

Pulsed lasers enable a number of technologies including LiDAR (Light Imaging Detection and Ranging). Among
significant remote sensing LiDAR applications are tracing of atmospheric gases, which is important for climate
change research, and range finding, which is of great relevance for the development autonomous vehicles. The
2 —2.5 um spectral atmospheric window is considered to be the ideal window for remote sensing, when taking
atmospheric transmittance, scattering, state-of-the-art detector technology and eye safety into account. Promising
LiDAR laser sources emitting within this window are fiber lasers and semiconductor laser diodes (LDs) as they are
electrically controlled, tunable, robust and light-weight. The output power of master oscillators, such as fiber lasers
and LDs, can be scaled by fiber amplifiers. Such combinations are examples of master oscillator power amplifiers
(MOPAs).

For this thesis a light-weight, compact, all-diode-pumped single-mode polarization-maintaining holmium-doped
all-fiber amplifier providing amplification in the 2 — 2.1 um spectral region has been developed. The amplifier
successfully provided a maximal 18 dB gain for a 0.5 mW average power signal from a mode-locked holmium-doped
fiber laser emitting pulses of picosecond duration at a repetition rate of 3.81 MHz and at 2089 nm wavelength.
The amplifier operated with a slope efficiency of 10 %, and an optical-to-optical efficiency of 5.3 % at maximum
amplification. A complementary numerical model describing the behavior of the amplifier has been developed
and was improved using experimental data.

A MOPA, integrating the mode-locked fiber laser and the amplifier, has been demonstrated as the laser source in a
proof of principle range-finding LiDAR. While operating this MOPA to emit pulses of 3.5 ps duration at 2088.8 nm
wavelength at a repetition frequency of 3.81 MHz and 8 mW average power, the LiDAR could successfully measure
distance to a reflective target. The LiDAR range resolution was 6.1 mm. The LiDAR maximal range of 39 m is limited
by the repetition rate of the mode-locked laser.

Additionally, a gain-switched discrete-mode LD has been considered as a potential LiDAR laser source. The LD was
seen to be tunable in the wavelength range between 2051 and 2053 nm with a laser linewidth less than 0.05 nm,
and could be driven to emit pulses of 1 ns duration with peak power of 6 mW, and at repetition rate set between
10-100 kHz. The improved amplifier numerical model predicts an amplification of the LD peak power to 0.8 W.
Range-finding LiDAR parameters have been estimated for a LiDAR where the laser source is a MOPA, consisting of
the amplifier and the LD, nd referred to as the LD-MOPA, emitting pulses with peak power of 0.8 W and 1 ns pulse
duration at a 10 kHz repetition rate. This LD-MOPA based LiDAR would allow range finding to a reflective target
up to a peak power-limited maximal distance of 1.6 km, and with a range resolution of 15 cm. If power were scaled,
the 10 kHz repetition rate limited maximal range for the same LiDAR is 15 km.

To allow further amplification of the LD-MOPA output, a 2"¢ stage holmium-doped power amplifier has been
planned, and a complementary time-dependent numerical model developed. The 2" stage power amplifier model,
estimates amplification of LD-MOPA peak power to megawatt level, and shortening of LD-MOPA pulse width from
1 ns to 200 ps duration. Calculations show that this will be sufficient to range allow range finding up to 15 km, and
will improve range resolution to 3.5 cm.

Finally, the possibility of using the wavelength-tunable LD as the single laser source in a DIAL (differential absorp-
tion LiDAR) for sensing of atmospheric CO, concentrations has been discussed.
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Sammendrag

Pulsede lasere muliggjor flere teknologier som inkluderer LiDAR (Light Imaging Detection and Ranging). Blandt be-
tydningsfulle fjernanalyse LiDAR anvendelser er overvidkning av atmosfeeriske gasser, som er viktig for forskning in-
nen klimaendringer, og avstandsmaéling, som er relevant for utvikling av selvkjorende kjoretay. Det 2—2.5 um spek-
trale atmosfeaeriske vinduet er ansett som det ideelle vinduet for fjernanalyse, nér en tar atmosfeerisk transmisjon,
spredning, nyeste detektor teknologi og eyesikkerhet i betraktning. Lovende LiDAR-laserkilder som utstréler i dette
vinduet, er fiberlasere og halvleder laserdioder (LDer), da de er elektrisk styrbare, bolgelengdejusterbare, robuste
og lette. Intensiteten til masteroscillatorer, som fiberlasere og LD-er, kan forsterkes av fiberforsterkere. Slike kom-
binasjoner er eksempler p& master oscillator power amplifiers (MOPAer).

Til denne oppgaven er det utviklet en lett, kompakt, ren-diode-pumpet singel-mode polariserings-vedlikeholdende
holmiumdopet bare-fiber forsterker som forsterker i 2—2.1 um spektralomradet. Forsterkeren ga vellykket en mak-
simal forsterkning pd 18 dB for et signal med 0.5 mW gjennomsnittlig intensitet fra en mode-last holmiumdopet
fiber-laser som sender ut pulser med pikosekundvarighet ved en repetisjonsfrekvens pé 3.81 MHz og ved 2089 nm
belgelengde. Forsterkeren opererte med en stigningsvirkningsgrad pa 10% og en optisk-til-optisk virkningsgrad pa
5,3% ved maksimal forsterkning. En komplementaer numerisk modell som beskriver oppferselen til forsterkeren er
blitt utviklet og ble forbedret ved hjelp av eksperimentelle data.

En MOPA, som integrerer den mode-laste fiberlaseren og forsterkeren, har blitt demonstrert som laserkilde i en
bevis-pa-prinsipp avstandsmalende LiDAR. Ved at denne MOPA-en sender ut pulser med 3.5 ps varighet ved 2088.8
nm belgelengde med en repetisjonsfrekvens pa 3.81 MHz og 8 mW gjennomsnittlig intensitet, kunne LiDARen
vellykket male avstanden til et reflekterende mal. LiDAR-opplesningen var 6.1 mm. LiDARens rekkevidde pa 39 m
er begrenset av repeteringsfrekvensen til den mode-laste laseren.

Itillegg er en forsterknings-variert, diskret mode LD blitt vurdert som en potensiell LIDAR laserkilde. LDen viste seg
justerbar i bolgelengdeomrédet mellom 2051 og 2053 nm med en laserlinjebredde mindre enn 0.05 nm, og kunne
bli drevet til & sende ut pulser med 1 ns varighet, med en toppintensitet pa 6 mW og ved repetisjonsfreknvens satt
mellom 10 - 100 kHz. Den forbedrede forsterkerens numeriske modell anslar en forsterkning av LD-toppintensitetn
til 0.8 W. Avstandsmaélende LiDAR-parametere er estimert for en LiDAR hvor laserkilden er en MOPA, som bestéar
av forsterkeren og LDen, heretter referert til som LD-MOPAen, som sender ut pulser med toppintensitet p& 0.8 W
og 1 ns pulsvarighet med en 10 kHz repetisjonfrekvens. Denne LD-MOPA-baserte LiDARen vil tillate en avstand til
et reflekterende mal pa opptil en toppintensitetsbegrenset rekkevidde pé 1.6 km, og med en opplosning pa 15 cm.
Hvis intensiteten ble skalert, er den 10 kHz repitisjonsfrekvensbegrensede rekkevidden for samme LiDAR 15 km.

For 4 tillate ytterligere forsterkning av LD-MOPA-intensiteten, har en 2.-trinns holmiumdopet forsterker blitt plan-
lagt, og en komplementeer tidsavhengig numerisk modell blitt utviklet. Den 2.-trinns forsterkermodellen anslar
forsterkning av LD-MOPA-toppintensiteten til megawattniva, og forkortelse av LD-MOPA pulsbredden fra 1 ns til
200 ps varighet. Beregninger viser at dette vil veere tilstrekkelig til at avstandsmaéling opptil en rekkevidde pa 15 km
er mulig, og vil forbedre opplesningen til 3.5 cm.

Til slutt er muligheten for & bruke den belgelengdejusterbare LDen som eneste laserkilde i en DIAL (differential
absorption LiDAR) for & finne atmosfeeriske CO;-konsentrasjoner blitt diskutert.

iii



Abbreviations

ASE = Amplified Spontaneous Emission
BW = Band Width

CwW = Continuous Wave

DIAL = Differential Absorption LIDAR
DM = Discrete Mode

FBG = Fiber Bragg Grating

FH = Fiber Holder

FOV = Field Of View

FWHM = Full Width Half Maximum

IR = Infrared

LASER = Light Amplification by Stimulated Emission of Radiation
LiDAR = LightImaging Detection and Ranging
LD = Laser Diode

LMA = Large Mode Area

MOPA = Master Oscillator Power Amplifier
MQW = Multiple Quantum Well

NA = Numerical Aperture

NEP = Noise Equivalent Power

PM = Polarization-Maintaining

radar = RAdio Detection And Ranging
SNR = Signal to Noise Ratio

SOA = Semiconductor Optical Amplifier
TEC = Thermoelectric Cooler

TOF = Time Of Flight

uv = Ultraviolet

WDM = Wavelength Division Multiplexer
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List of Symbols

Ader

Nclad

Ncore

Paug

Pnoise
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detector area

LiDAR receiver aperture

illuminated by LiDAR beam cross sectional target area
speed of light in a given medium

fiber cladding diameter

fiber core diameter

fiber core diameter

LiDAR receiver aperture diameter

target diameter

lower energy level in a two level scheme

upper energy level in a two level scheme

pulse energy

repetition frequency

total Gain

Planck’s constant (= 6.63 x 1073* Js)

light intensity

current

detector dark current

on current periodically injected into pulsed laser diode
pump light intensity

signal light intensity

current injected into laser diode threshold for lasing
thermistor current

Relevant Holmium energy level, with level index x
Boltzmann’s constant (= 1.38 x 10723 JK™ 1)
waveguide length

total fiber amplifier length

total mode-locked fiber laser length

spatial mode number in a fiber

M? number

fiber cladding refractive index
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fractional population of the lower laser level
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overlap function

average power

noise power
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P, = pump power
Py = pump input power
= pump input power threshold for lasing

Jth
Pf = LiDAR return power
P.min = minimal detectable LiDAR return power
Py = signal power
pin = signal input power
P; = transmitted LiDAR power
q = heatloss due to the quantum defect
q = atmospheric scatterer radius
7 = Photodetector responsivity
R = range between target and LiDAR
Rmax = maximal coverage range between target and transmitter/receiver or maximal range of LiDAR
Riperm = thermistor resistance
t = time
g = atmospheric transmittance
tret = LiDAR return time
foffsee = LiDAR offset time
trise = rise time
x = photodetector responsivity
T = temperature
Trep = repetition period
Vv = V parameter of fiber
Viherm = thermistor voltage
Virig = are electrical trigger pulse voltage amplitude
w = Gaussian beam waist radius
Wi = rate of transition between energy levels i and j
X = distance into the fiber




B = backscatter coefficient

Apr = LiDAR detector response wavelength interval
Av = light frequency width

AR = range resolution

AR* = LiDAR transverse resolution

At = pulse duration

Atyrig =  electrical trigger pulse duration

€ = Average energy difference between two manifolds of energy sublevels
n = optical-to-optical efficiency

Ns = slope efficiency

Nsys = LiDAR system optics efficiency

Mg = quantum defect limited efficiency

Y = gain

A = light wavelength

Aon = DIAL on wavelength

Aogr = DIAL off wavelength

As = signal wavelength

Ap = pump wavelength

v = light frequency

Vp = frequency of pump light

Vs = frequency of signal light

Qr = solid angle into which the target reflects
Qrov,y = LiDARreceiver solid angle field of view

P = target reflectance

o = cross section

Oa = atmospheric absorber cross section

O abs = absorption cross section

Og = atmospheric scatterer geometric cross section
Oeff = effective cross section

Oem = emission cross section

Os = atmospheric scatterer cross section

T = lifetime of an upper level

Tor = non radiative lifetime of an upper level

Tr = radiative lifetime of an upper energy level

0 = Gaussian beam angle of divergence upon exiting the waveguide
0. = Nongaussian beam angle of divergence upon exiting the waveguide
Om = angle of spatial mode m in a fiber

0, = LiDAR transmitter angle of divergence
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Chapter 1

Introduction

Laser light is special because it is coherent. Coherence allows lasers to produce highly collimated beams of short
pulses or continuous monochromatic light. Such properties make lasers valuable to various applications such
as optical atomic clock standards [1], medicine [2] and for remote sensing LiDAR (Light Imaging Detection and
Ranging) including range finding [3] and sensing of gas concentrations in the atmosphere [4]. The term "LiDAR"
has come to be used for both the technique and the device performing remote sensing [5].

LiDARs for remote sensing, utilizing the time of flight (TOF) principle transmit pulses, which are either reflected or
scattered back by a target. Keeping track of the pulse return time, the distance or range R may be calculated [6]. TOF
LiDARs operate at laser wavelengths where the atmosphere is transparent [7]. Figure 1.1 shows how transmittance
(black curve) of the atmosphere modulated by scattering (red curve) varies with wavelength. Spectral regions where
the transmittance is high are recognized as atmospheric windows. Although generally considered as transparent,
windows may also contain fingerprint absorption lines of specific gases [8, pp. 216-217]. Gas tracing TOF LiDARs
tune the laser wavelength first to an absorption line of the gas to be traced, and then to a wavelength at which
the atmosphere is transparent. Comparing the power level of the backscattered pulses, the gas density may be
calculated. Such a LiDAR is called a differential absorption LiDAR (DIAL) [9].
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Figure 1.1: The black curve shows the spectral atmospheric transmittance due to absorption modulated by scattering (red
curve). The spectral regions considered as ultraviolet (UV), visible and infrared (IR) are also marked. Appended from [10]

Today, commercial range finding LiDARS for autonomous vehicles operate at 905 nm and 1550 nm [3]. However,
the 2 - 2.5 ym window is considered to be the ideal window for remote sensing applications [7] for a number of
reasons. First, eye safe pulse energy increases into the infrared (IR) compared to the visible [11]. Secondly, scat-
tering due to fog, aerosols and molecules in the air, decreases with wavelength [12] towards the microwaves where
traditional radar operates. Radar is however being reinvented by LiDAR in the IR due to the demand for higher
resolution offered at shorter wavelengths [3]. Thirdly, state-of-the-art photodetectors needed to detect the return
signal, are more sensitive in this window compared to the far IR [7]. Also, background noise due to solar radiation
is significantly lower at 2 — 2.5 ym than in the visible [13, p. 56]. Finally, several important green house gases have
absorption lines and can be monitored within this window, as seen from Figure 1.2b. Specifically, tracing of COy is
considered favorable at 2.05 pum [14]. Figure 1.2a shows the atmospheric transmittance due to absorption in the
2 —2.5 ym window in more detail.
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Figure 1.2: (a) Spectral atmospheric transmittance due to absorption through a vertical column of the atmosphere. CO, ab-
sorption line at 2.05 pm (red arrow). Transparency at 2.09 um (green arrow). Generated with data from [15]. (b) Absorption
lines of atmospheric gases within the 2 — 2.5 yum window. Appended from [16].

In addition to demands on the laser signal wavelength A, LiDAR applications require laser sources to be robust,
light weight, non-complex, operatable at room temperature and to provide pulses tailored to the specific LIDAR
task. Tailoring a pulse implies specifying the pulse parameter which directly determines the abilities of the LiDAR.
The pulse duration Ar governs resolution of range AR [17, p. 241]. The repetition rate f;.p, or the frequency at
which a pulses are transmitted sets an upper limit to maximal measurable range R4« [18]. The energy of the pulse
determines how close to R, the LiDAR can reach [3].Laser sources which are tunable, and easily controllable in
these parameters are advantageous [5] as they may serve several LiDAR applications.

Laser systems combining doped optical fibers and semiconductor laser diodes (LDs) meet the above listed de-
mands on laser sources for LIDAR within the 2-2.5 pm atmospheric windows on for several reasons. Optical fibers
are robust, light weight and self-containing waveguides [12]. When doped with ions, optical fibers can act as fiber
lasers or amplifiers within the wavelength range of positive dopant ion gain [19]. Driven by telecommunication
industry, Erbium-doped fiber lasers and amplifiers are well developed around 1.5 pm [20]. Thulium-doped fiber
lasers have attracted a lot of attention in the last decade [21], and have provided milliJoule nanosecond pulses at
2.05 pm [22]. Holmium-doped fiber amplifiers and have been demonstrated between 2 —2.1 um|[23]. LDs are com-
pact, lightweight and available up until 2.7 um [24]. Electronically controlled, they allow directly setting pulse peak
power, pulse duration down to 86 ps [25] as well as tune wavelength in a certain range [26]. LDs below 1600 nm are
powerful enough to pump fiber lasers or fiber amplifiers [23]. However, in the spectral range above 1.9 uym they
do not surpass 15 mW peak power [27]. However, LD power can be boosted by a fiber amplifier. Such a configura-
tion is an example of a master oscillator power amplifier (MOPA), where the master oscillator is the LD, but could
just as well be a fiber laser [7]. MOPA configurations have also been reported on to show pulse shortening during
amplification [28].

The aim of this thesis is to develop a light-weight, compact, pulsed laser source based on Holmium-doped fiber and
semiconductor LDs, and to show the the possibilty of such a laser source to be used for LiDAR applications within
the 2 - 2.5 ym atmospheric window. The laser operated at 2.09 um (green arrow in Figure 1.2a) could be promising
for ranging applications and at 2.05 ym (red arrow in Figure 1.2a), for sensing of CO2 or ranging applications.
Specifically, this aim will be achieved by completing four goals:

1. Charactere the optical output properties of a semiconductor LD tunable in wavelength around 2.05 ym.

2. Build an all-diode-pumped, holmium-doped fiber power amplifier, capable of amplifying laser sources in the
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2-2.1 pym range, and develop a complementary numerical model of the amplifier.

3. Demonstrate the power amplifier by integrating it in a MOPA system with the LD as master oscillator, and
also in a MOPA with an available mode-locked holmium-doped fiber laser emitting at 2.09 pm as master
oscillator.

4. Carry out a proof of principle range-finding experiment with a LiDAR setup where an above named MOPA is
the laser source.

This thesis is structured in the following manner: Chapter 2 gives background theory on lasing in fibers and LDs
as well as principles of range finding. Chapter 3 presents the experimental setup of the MOPA and LiDAR systems.
Chapter 4, 5 and 6 deal with the MOPA systems, where Chapter 4 presents MOPA laser component characteristics.
Chapter 5 describes the designing of the power amplifier, and the complementary numerical model. Chapter
6 provides the experimental results and discussion on the demonstration of the power amplifier. Chapter 7 and
8 deal with the LiDAR system, where Chapter 7 describes the implementation of the LiDAR setup, and Chapter
8 gives the experimental results and discussion of a range-finding LiDAR experiment. In Chapter 9 conclusions
are drawn. Finally, two appendices are included, where Appendix A presents the design and results of a time-
dependent numerical model for a planned 2" stage power amplifier, and Appendix B shows how the LD could be
implemented as the laser source of a CO, monitoring DIAL at 2.05 pum.




Chapter 2

Theoretical background

This chapter addresses relevant theory useful for understanding how a fiber lasers and amplifiers as well as LDs
operate, and how laser properties are utilized in remote sensing. The theory chapter does not aim at being a com-
prehensive study of the field. Examples are chosen which are relevant for this thesis.

First general properties of laser light are introduced, next follows a short introduction to optical fibers. Then am-
plification of light in a medium is considered, first in fibers and then in the case of semiconductor diodes. Lastly
general principles of remote sensing with emphasis on range finding are introduced.

2.1 Laser and properties of laser light

The core principle behind laser technology, is stimulated emission of photons. Under stimulated emission, pho-
tons are "cloned", producing coherent monochromatic light. Light is coherent when the photons are all in phase.
Light is monochromatic when the photons all have the same wavelength or frequency [29, p. 2].

There are several sources of incoherent radiation, for example sunlight or thermal radiation. The novelty of lasers
lies in their ability to produce highly coherent light, allowing them to tailor collimated beams of short pulses or
continuous monochromatic light.

This section defines lasers and lasers amolifers and lookes at laser properties such as pulse

2.1.1 Definition of LASER

A LASER (Light Amplification by Stimulated Emission of Radiation) is an acronym for the process of creating highly
coherent monochromatic light. Laser is also used for the devices creating laser light (laser oscillator) or amplifying
laser light (laser amplifier) [30].

Figure 2.1 illustrates the three main aspects of a laser oscillator [29, p. viii]:
¢ an active medium
¢ a pumping source of energy

¢ an optical resonator

output
beam
E | laser crystal } |:.
highly reflecting output
mitror coupler
pump light

Figure 2.1: The main components of a laser oscillator generating laser light (output beam) consist of an active medium(crystal),
pump energy source (pump light) and a resonance chamber (between the highly reflecting mirror and the partially transmitting
output coupler). Appended from [30].
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Firstly, the active medium is a system which may exist in different quantum energy states. For example a crystal
containing ions which may be exited to higher quantum energy states (or levels), or a semiconductor heterostruc-
ture with electrons and holes which occupying states in the conduction and valence energy bands.

Secondly, a pump energy source must excite the system to a higher state and thereby store energy in the system.
Continuing with the examples, the ions in the crystal may absorb photons and be excited (pumped) to a higher
level. In the semiconductor, an electric current injects electrons into the conduction band and holes into the va-
lence band. The stored energy is released through stimulated emission of photons, where an incident photon with
lasing frequency v corresponding to the energy difference between the upper and lower laser level, respectively
stimulates the ions in the crystal to deexcite, or an electron-hole-pair in the semiconductor to recombine. In both
examples two photons, identical to the incident photon, are emitted.

Thirdly, a resonance chamber or cavity, typically a set of mirrors placed on either side of the crystal in a conven-
tional solid-state laser, or the polished facets of the semiconductor providing optical feedback. Such photons travel
forth and back several times between the mirrors, increasing in number by every passing of the gain medium. One
mirror is partially transmitting, and coherent monochromatic laser light may be outputted.

Laser amplifiers and laser oscillators are similar in that they channel energy from a pump source into amplifying a
signal by way of stimulated emission. They differ, because amplifiers enhance an already existing signal provided as
input, whereas the laser oscillator must itself be the source the signal. A Master Oscillator Power Amplifier (MOPA)
is a system combining the laser oscillator and amplifier. A master oscillator provides the signal, and the power
amplifier strengthens it [31].

2.1.2 Spectral linewidth and pulse duration

Due to interactions in the system, the upper and lower energy levels split into several sublevels [32, p. 341]. Thus,
photons within a frequency width Av around the main lasing frequency v may all be amplified. Even though this
produces a spectrally broad train of photons, the term light at frequency v is still being used [32, p. 286].

Pulsed lasers are designed to emit pulsed optical signals with pulse duration Az. Av and At are respectively the
full width half maximum (FWHM) of the spectral or temporal intensity profiles of the pulse [33, p. 9]. Following
Heisenberg uncertainty relation [33, p. 10]

AvAt = constant, (2.1)

the spectral width Av will fundamentally limit how short in duration A¢ the signal can be, and vice versa. The
constant of Equation 2.1 depends on the temporal intensity profile of the pulse [33, p. 10]. Therefore, light is only
truly monochromatic (Av — 0) if it is continuous in time implying that At — co. Continuous wave (CW) laser
systems, can be viewed as emitting pulses of very long At, and have a close to monochromatic emission. The
shorter in time the pulse is, the wider must the frequency spectrum be, although the spectrum can still peak at the
main lasing frequency.

The optical spectrum can alternatively be described by wavelength 1. A is related to frequency v by the speed of
light ¢ in a medium [32, p. 7],
c=Av. (2.2)

The spectrum of a pulse (centered at wavelength 1), will then have a width AA (linewidth) [34],

AL
Av = Cﬁ . (2.3)

Thus, inserting Equation 2.3 in Equation 2.1, the pulse duration-linewidth product (or time-bandwidth product) of
a pulse centered at wavelength A is transform limited by [34]

AL
c? At = constant. (2.4)
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2.1.3 Divergence of laser beams

Coherent light exiting a cavity or waveguide will be subject to diffraction due to uncertainty in momentum and
position. How wide the beam spreads out (diverges) depends upon the geometry of the exit, but also the beam
quality of the light [32, pp. 286-287]. Beams with a Gaussian spatial intensity profile, are the least divergent [32,
p- 3071, diverge at an angle [32, p. 309]
A

~ wD/2’
where D is diameter of the waveguide exit. Gaussian beams may to a good approximation be obtained in single-
mode fibers [35].

(2.5)

2.2 Aspects concerning optical fibers

Optical glass fibers are widely used in telecommunications. They act as waveguides, and if doped, also act as an
active media for a laser activity [36].

This section introduces general aspects on fibers by first considering them as waveguides. Then relevant fiber types
are presents, and finally doped fibers introduced.

2.2.1 Fiber structure

A basic fiber structure may be seen in Figure 2.2a. It has a cylindrical symmetry with a silica glass (SiO,) core and
cladding of respective diameters d;or. and d.;,44, and refractive index n.yr. and n.;44. Glasses differ from crystals
in that they are amorphous [36], whereas crystals are periodic. Crystal SiO; is better known as quartz. The fiber is
finally protected by a polymer coating. The refractive index profile is shown in Figure 2.2b. The step-index enables
the fiber to act as a waveguide. The fiber cylindrical geometry, provides a high surface to volume ratio allowing for
easy dissipation of heat compared to rod shaped solid state crystal lasers [37].

Index Profile Fiber Build and Ray Paths

3| ili‘|

| :j]:: E}::::::::__::__::::_
™\

Single-mode step=index fiber

|
Buffer coating |

g
d
B
Multimode step-index fiber
(a) The structure of a single clad fiber, showing the inner (b) Two step refractive index fibers. Depending on the diameter of the
core, cladding and polymer coating. The notation for re- core, the fiber is either single-mode supporting one spatial mode, or
fractive indices used is 1] = ncore and np = ngyu4. Ap- multi-mode supporting several spatial modes. The notation for refrac-
pended from [38]. tive indices used is 11 = ncore and np = n;1qq- Appended from [38].

Figure 2.2
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2.2.2 Fiber optical modes and modal dispersion

The fiber as a waveguide may support several spatial modes of a ray with given wavelength A. A spatial mode m
is characterized by the angle 8, at which the beam propagating in the core is incident on the boundary between
the core and the cladding [32, p. 50]. According to Snell’s law, the beam will experience the total internal reflection
effect if this angle is greater than arcsin( C’“d) [32, p. 11]. Because no power escapes into the cladding, one can say
that the fiber maintains this mode, by lettlng all the power continue down the fiber. In a cylindrical geometry the
number of maintained modes for a given wavelength A and core diameter d,,,. depend on the V parameter of the
fiber defined as [39]

2
= —dcoreNA, (2.6)
A
where the numerical aperture (NA) [40]

— 2 2
NA= n_O Necore — nclad @7

is the parameter typically provided by the fiber producer. Here nj is the refractive index of the medium surrounding
the fiber.

Single-mode fibers

When
V <2.405 (2.8)

the fiber core only maintains a single transverse mode, namely the one propagating straight down the fiber, always
parallel to the walls [32, p.49]. Thus the fiber is said to me single-mode. For larger V, several transverse modes
are supported by the fiber, and the fiber is called multi-mode. As seen from Equation 2.6, the single mode may
be obtained by narrowing the diameter of the core d.,re. A single mode is favourable because it offers no modal
dispersion, in the sense that all photons of the same wavelength will travel the same distance and arrive in phase
at the end of the fiber [20]. Wave packets are also subject to chromatic dispersion, which will be discussed later.

Polarization maintaining (PM) fibers

Additional structuring in the cladding of a single-mode fiber introduces a birefringent axis in the plane normal to
the propagation axis, making the fiber polarization-maintaining (PM) [41]. Linear polarized light with polarization
aligned with the birefringent axis will maintain its polarization, even if the fiber is bent or experiences other forms
of stress. PM fibers are examplewise useful for constructing interferometers.

2.2.3 Doped fibers

A pure silica fiber (passive fiber) only acts as a waveguide. Introducing dopant ions in the host material (silica)
makes the fiber an active fiber; a gain medium with the ability to amplify signals. Dopant ions are chosen by con-
sidering the energy levels, revealing possible energy transitions, and hence which wavelengths may be amplified
[19]. Energy spectra of typical rare earth ions, with that silica fibers may be doped with, are shown in Figure 2.3.

Next, holmium-doped silica fiber and its properties will be considered as a relevant example.
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Figure 2.3: Energy levels of rare earth ions. Appended from [42].

Energy levels and absorption spectrum of holmium-doped silica fiber

The lower energy levels of holmium Ho®" -ions in glass fiber as seen in Figure 2.3 are labelled °I;, where x is the level
indexes. Possible transitions between these levels become apparent in an absorption spectra shown in Figure 2.4.
Holmium absorbs both in the visible at 550 nm and 650 nm, and in the infrared around 1150 nm and between 1800
nm and 2200 nm.
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Figure 2.4: Absorption at different wavelengths of holmium-doped silica fiber. The corresponding energy levels ° I are marked.
Appended from [23].
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2.3 Optical fiber power amplifiers

So far, general trademarks of laser oscillator devices and the possibilities of doped optical fibers as a gain medium
have been introduced.

This section deals with how active fibers act as optical amplifiers by accommodating the transfer of energy from
a pump energy source into the signal to be amplified. It gives a short introduction to how light interacts with
matter. Rate equations coupling the intensity of the signal with the population of energy levels are outlined. It
then considers which frequencies may be amplified by the gain medium, and how this gain depends on the pump
and signal input powers and the doping concentration. Quasi-three-level schemes are discussed. It closes with
efficiency, total gain and limitations on the fiber amplifier.

2.3.1 Optical interaction with matter

Consider a gain medium of N ions, which may occupy one of two energy levels labeled 1 and 2 with respective
energies E; and E,. Let N; and N, be the number of ions in each energy state. Photons of energy hv = E, — Ej,
where £ is Planck’s constant, may interact with the gain medium by being absorbed, emitted spontaneously or
emitted through stimulated emission. The rate at which the population of the upper level changes is closely linked
to the rate at which the flux of photons changes. The three processes are shown in Figure 2.5, and will be considered
separately based on [29, pp. 1-3].

Eo E2 E2

hy ho -/W A
SAVAVA = NN\ - hv=E-E,
v VAVA .
hp

1 1 1
Eq Eq Eq

(@) (b) (c)

Figure 2.5: Transitions (a) spontaneous emission (b) stimulated emission (c) absorption between two energy levels E; and E»
of a system through interaction with photons of energy hv = E» — Ej. Appended from [29, p. 2].

Spontaneous Emission

An ion in the excited state will after a certain time 75, spontaneously relax into the ground state, releasing the
energy as a photon with a random phase and spatial direction, and changing the upper level population N, at a
rate

e 2.9
ar 2 (2.9)

( dN, ) 1
sp Tpr
where 7, is the radiative (spontaneous) lifetime of the upper level.
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Stimulated emission and absorption

When the relaxation from the upper state into the ground state is induced by an incoming photon(spontaneous
emission), the upper level population changes according to

(LR

=—-Whr1 Ny, 2.10
a1 )st 21 N2 (2.10)

where W5, is the rate at which this process occurs. Stimulated emission is amplification, because it turns one pho-
ton into two identical photons. Similarly, an ion in the ground state may be elevated to the excited level, changing
the upper state population at a rate

dN,
&
where Wi is the rate at which this process occurs. Absorption of the pump power is storing energy in the system.
Absorption of the signal power may be seen as a loss.

) = W2y, 2.11)
a

Following Fermi’s Golden Rule [32, p. 353], the rate of transitions W; j»where ij =12 or i j =21, will be proportional

to the number of incident photons hTI,] with the frequency v;; corresponding to the transition, in a beam of light

with intensity I, and given by
oij)I(vij)

Wij=Wijloij, D) = v,

(2.12)
Where o; is the proportionality constant for the transition i j, and will later will be introduced as the cross section
of this transition.Fermi’s golden rule couples the flux of photons, with frequency corresponding to the transition
ij, to the level populations.

Non-radiative transitions

It should also be mentioned that excited ions can interact with phonons (lattice vibrations) and non-radiative tran-
sitions from higher to lower levels may take place at a rate #, where 1, is the non-radiative lifetime of the upper
level. The energy released contributes to heating in the fiber.

( dN, 1

- N, 2.13
= e 219

describes the corresponding change in upper level population Nj.

2.3.2 The cross section o

Equation 2.12 defines the the cross section as the proportionality constant between gain and population inversion
[32, p. 351]. The cross section may be interpreted as the area seen by an incoming photon in which it will be affected
by the potential of the ion.

Due to Stark splitting [32, pp. 340-342], the cross sections for absorption and emission at a particular wavelength are
different. When placed in an environment (for example glass fiber), the ions are affected by the surrounding crystal
field, and every degenerate level splits into a multiplet or manifold of sublevels. For Holmium in silica fiber, ° I, are
such manifolds, where x indexes the level. A possible splitting may be imagined as shown in Figure 2.6. Here, the
energy difference between the lowest states in the two manifolds is €. One can define the absorption cross section
0 4ps(v) as the cross section of absorption of a photon with frequency v from all sublevels of the ground level 1 to
all sublevels of the exited level 2. And likewise for the emission cross section o, (V).

Ions will tend to relax to the lowest possible sublevel of the manifold they occupy. Photons of smaller energies
(longer wavelengths) are required to stimulate emission from the lowest upper level to the highest lower level. And

10
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absorption

emission
El |
A\ 4

Figure 2.6: Due to the environment(for example fiber glass), the energy levels E7 and E> each split into a manifold of sublevels
with an average energy difference €. Shorter wavelength photons are more likely to be absorbed by ions in the lower level. In
the upper level, ions relax to the bottom of the level. Reproduced from [32, p. 341].

conversely photons of larger energies (shorter wavelengths) must be absorbed to excite ions from the lowest ground
state level to the upper level. o ,;; will be larger at shorter wavelengths and o, larger at longer wavelengths. The
McCumber relation relates the spectral shift between the the two cross sections [32, p. 341]

hv-e¢

Oabs(V) = Tem(V)e T, (2.14)
where kg is Boltzmann’s constant, and T is the temperature.
The cross section spectra in a particular crystal or glass fiber environment may be found in the literature [43],

and were plotted in Figure 2.7 for Ho®" ions in silica glass fiber. The Stokes shift is recognized in the plot of the
absorption o 455 and emission o ,y, cross sections as the distance between the two peaks [32, p. 438].
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Figure 2.7: Absorption (blue) and emission(orange) cross sections of Ho3* in silica. Plotted after data from [43].
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2.3.3 Quasi-Three-Level systems

The two lasing levels so far introduce the lower laser level. Generally, lasing cannot be achieved in the two-level
system, because the sufficient population inversion may not be obtained [29, p. 6]. In lasers additional levels,
between which absorption of pump photons happen, are used. One possible system, the quasi-three-level laser, is
relevant for lasing action between the three lower energy levels of holmium in silica fiber [42] which are shown in
Figure 2.8. The levels °Ig, °I; and ° I are given extra labels 1, 2 and 3.

-
N I() Y 3
Non radiative
- transition
5]
I- o
Ap =1150 nm
Ag =2051 nm
SI 4 1
8

Figure 2.8: The three lower energy levels of holmium in silica fiber relevant for lasing action. Here shown with a pump source at
1150 nm and a signal to be amplified at 2051 nm.

The quasi-three-level model makes some assumptions, as presented in [42]. The ground level multiplet °Ig or 1, of
population Nj, contains both the lower lasing level and the ground state. The lower lasing level is already thermally
populated at room temperature. Ions may be pumped from the ground state to an upper pump level ° I or 3 of
population N3, by absorbing a photon from the pump source of wavelength 1,. Although the levels 3 and 20517)
are separate, it is assumed that the non-radiative lifetime 7,, of level 3 is much shorter than the time before a
spontaneous relaxation or stimulated emission back into the ground state. Hence, the population N3 of level 3 is
assumed to be zero, and any absorption of pump photons by ground state ions contribute to the population N,
of the upper laser level manifold 2. The energy released in the non-radiative transition between level 3 and 2 is
dissipated as heat in the medium. Allowed interactions between level 2 and 1 are assumed to be spontaneous and
stimulated emission of photons with the signal wavelength A;.

Under these assumptions, keeping in mind Fermi’s golden rule (Equation 2.12), upper laser level population changes
with contributions from Equation 2.9 for transitions 2 — 1, Equation 2.10 for transitions 3 — 1 and 2 — 1, and Equa-
tion 2.11 for transitions 1 — 3 and 1 — 2, according to

(sz) 1 N Jem()LS)ISN _ TemAp)Ip Ny + O aps(As) I N+ Oaps(Ap)Ip

= N; 2.15
dt 2 I i I, 1 (2.15)

Tt Y hAg

where I and I, are the intensity of signal and pump light. Where 72, is the radiative lifetime of the 2 — 1 transition.
Finally, number of upper and lower state ions must be conserved and equal the total doping ions N according to,

N=N; +N>. (2.16)
Equation 2.15 is a simplification, as it only includes a limited number of transitions, but is relevant for a certain

range of parameters. It is illustrative in seeing how signal and pump photon fluxes are coupled with level popula-
tions.

12
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2.3.4 Gain and Amplification

So far, changes in level populations in interaction with light have been looked at. Switching point of view, changes
in light intensity in interaction with a gain material is considered, and are outlined in this section assuming the
quasi-three-level model, and following [32, pp. 337-340].

At a point x in the fiber the change in upper and lower populations A(N, — N;) will emit a flux of photons with
energy hv dN,. Propagating down the fiber at a speed c, this will correspond to a change in light intensity dI of

dl =c hvd(N, — Ny). (2.17)

In a time d¢, the light will travel a distance
dx=cdt (2.18)
along the fiber. Dividing Equation 2.17 by Equation 2.18 one obtains
dI dn.
— h 2

& . 2.19
ar Var (2.19)

Applying Equation 2.10 and Equation 2.11, assuming the contribution of spontaneous emission to be much weaker
than the stimulated emission, together with Fermi’s golden rule (Equation 2.12), one obtains

drI
— =I(N20 em — N10 gps), (2.20)
dx

valid at time ¢ and point x in the fiber for signals of wavelength A. Equation 2.20 defines the gain y as
YA, x, ) = Na(X, )T em(A) = N1(x, )0 gps(A), (2.21)

which in words is the fraction with which light intensity changes per distance propagated in the fiber. Here the
properties of the single dopant ion are contained in the cross sections o, and o 45 Wwhereas the information about
the population densities is contained in N, and N;.

N>0 ¢, (A) accounts for stimulated emission and amplification of the light, whereas Ny o ;5,5(A) is due to absorption
and thus attenuation of light intensity. If there is net amplification, then

YA, x,¢t) >0, (2.22)

and the flux increases. This is the amplification criterion, which is desirable for signal wavelengths 1. Conversely,
gain fulfilling the absorption criterion
YA, x,£) <0 (2.23)

leads to an decreases in flux, and is mostly desirable for pump light wavelengths A, but can be relevant for signal
wavelengths as well.

Equation 2.20 and Equation 2.15 form a coupled set of equations, which may be solved numerically [32, p. 477].

Effective cross sections

At a given wavelength A, cross sections are constant and tabulated. Therefore, N, in comparison with Ny, related
through Equation 2.16 determine if gain is positive or negative a this A. To see which upper state populations are
needed for positive gain, it is useful to define the effective cross section o.fr as

Oeff = % =m0 em(A) — (1 = n2)0 gps(A), (2.24)

13
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where the fractional populations of the upper 7, and lower n; manifolds have been defined as

n n. .
N !

Now, o.rr may be plotted for for different values of n,. Curves showing o.¢¢ > 0 indicate where a certain upper
level population fraction n, provides positive gain. Such o,y curves are plotted in Figure 2.9 for holmium in silica
fiber using the o, and 0,5 from Figure 2.7. Since, having n, requires a certain pump power, the intersection of
the curves with g,y = 0 indirectly defines the threshold pump intensity or also power P,thh for every wavelength
A.
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Figure 2.9: Effective cross section of holmium (Ho3*) in silica fiber plotted for different upper laser levels populations 5.
Plotted after data from [43].

Notable is, firstly, that the fractional population of the entire upper manifold 7, varies with position x in the fiber,
and in short-pulsed regimes with time ¢, and so the relevant curve in Figure 2.9 for a signal of wavelength A is also
time dependent, and varies along entire fiber. Secondly, n, smaller than 0.5 (not population inversion between the
upper and lower manifolds), nevertheless provides positive gain. This is not a contradiction to the requirement of
population inversion, because all sublevels spaced hv apart within the manifolds obtain population inversion.

2.3.5 A steady-state solution or time independent gain

Consider a doped fiber, continuously pumped by an energy source causing ions to be excited and installing a pop-
ulation inversion. Then, at a certain point in time, a pulsed signal enters the fiber, and propagates down it while
deexciting the ions and gradually getting more intensive. This would be a situation where the pulse was a distur-
bance to the equilibrium, and gain y would be dependent on time.

Conversely, if the signal is continuously fed into the fiber, a new equilibrium in population densities at every point
in the fiber is established (Equation 2.15 = 0). Then gain is independent of time, and a steady state may be assumed
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Chapter 2. Theoretical background 2.3 Optical fiber power amplifiers

to take place. The steady-state solution simplifies the calculations of pump intensity and signal intensity in the
fiber.

According to [44], the steady-state solution may as an approximation also be applied to a pulsed signal, under the
following conditions:

1. The pulse energy must be under the saturation energy E,; of the amplifier. E;,; corresponds to where the
gain of the amplifier reduces with 1/e and is given [45]

hvg

Esar=A (2.26)
Tem(Vs) + 0 qps(Vs)

where A is the mode area of the pulse. Conversely, in very intensive pulses where the energy of the front
exceeds Egq;, the front deexcites enough ions, such that the end of the pulse will see very different level
populations, and thus experience a different gain, which may lead to pulses shortening in duration [28].

2. The wavelength bandwidth of the pulse must be narrow enough, so that all wavelength components consti-
tuting the pulse approximately have the same gain.

3. The optical spectrum of the pulse must also not broaden significantly during amplification.

So far, the pump and signal intensities have been considered. However, for measurement purposes signal and
pump power may be the useful quantity. In fibers which are long cylinders, power P relates to intensity I [32,
p. 427

nd?
= %1, 2.27)

p

wd? .
where —greis the core area.

The power of the pulsed signal when modelled as a continuous signal will be its average power Pgyg,

At
Pal/g = PpeukT_; (2.28)
rep
where
Epuise = PpeaxAt (2.29)

is defined to be the pulse energy Ej ;5 of a pulse with peak power of P and pulse duration Az. T;.p, is the time
period between two successive pulses enter the fiber, but also the time between a pulse is emitted fromthe fiber.
The period T;¢ is related to the repetition rate frp, via,

1

Srep= (2.30)

Trep )

2.3.6 Optical-to-optical efficiency, slope efficiency and total gain

Having solved the coupled Equation 2.20 and Equation 2.15 by applying a steady-state or time-dependent approach
for given input pump power P, and input signal power P¢", one generally looks at the output pump power P;’”

and output signal power P2"!. A probable relationship between P?"! varying P;,”, for a given Pi" is included in Fig-
ure 2.10. The laser outputs signal above a threshold input pump power P; ", already introduced in subsection 2.3.4.

To evaluate performance of an optical amplifier, the parameters optical-to-optical efficiency 7, slope efficiency 75
and total gain G based on P}, P", Pz’” and P2 are defined.
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Figure 2.10: Typical shape of output power to pump power curve. The curve slope is the slope efficiency. Appended from [46].

Total gain G and slope efficiency 1

The total gain G [32, p. 477] of the amplifier defined as

Pout
= Psm , (2.31)
N
When convenient, G may be expressed in decibel dB
out
— N
G =10log( oI ) dB. (2.32)
N

The slope efficiency n; [32, p. 373] indicates the incremental increase in signal power produced by an additional
increment in pump power, and is defined as

dpout
Ns= F‘m. (2.33)
p

By observing Figure 2.10 the maximum slope efficiency(and therefore maximum profit in gain by paying more input
power) is found in the linear regime right after threshold.

Due to the finite number of doping ions in the fiber, the fiber will after a certain pump power be transparent to
the pump light. This effect is called absorption saturation. At such pump powers, all the ions are excited out of
the ground state. This will be reflected in a flattening out of the signal output intensity and a decrease in slope
efficiency as seen in Figure 2.10. Flattening of signal output intensity also implies flattening of total gain as seen
from Equation 2.31, assuming the input signal intensity remained unchanged.

Optical-to-optical efficiency 1 and the quantum defect

The optical-to-optical efficiency indicates what fraction of the total pump energy provided is converted into signal
energy, and is here defined as

Pout _ pin
_ts s

- (2.34)
Pir

n

As seen in Figure 2.10, lowering the P;”t , increases 1), because the curve shifts to the left. Upon passing the thresh-
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old, n increases with increasing pump power, but falls off approaching absorption saturation. Operating in the
linear regime with a steep slope (i.e. a high 1) leads to high optical-to-optical efficiency.

The remaining fraction (1 —7) of total absorbed pump power corresponds to losses of pump energy, in the form
of dissipated heat in the fiber (or in the isolators P;’”), splicers, impurities in the fiber structure [46]. Even when
having perfect loss-less couplers, every ion excited by a pump photon undergoes a non-radiative transition from
level 3 to level 2 [46], as exemplified in Figure 2.8 loosing an energy ¢ to heat in the fiber, which may be written [47]

hvg
hvy

q=hvp—hvg=hv,(1- ) (2.35)

Where 1 - Z;’; is the fraction of the pump power which is always lost. This is know as the quantum defect and sets
the upper limit 774 to the optical-to-optical efficiency of the system,

_ hvg
- hvp

N=Tgq (2.36)
This is the the best optical-to-optical efficiency you can hope to attain in a system. Because the pumping photons

always are higher in energy than the signal photons, ZX; < 1. Choosing pumping wavelengths closer to the signal

wavelengths, thus increased 7.

2.3.7 Limitations

Three factors limiting both the total amplification of the signal (gain) and thus the efficiency of the amplifier are
Amplified Spontaneous Emission (ASE), reabsorption of signal power, and passive losses.

Amplified Spontaneous Emission (ASE)

Ions in the upper laser level relax to the lower laser level manifold according to Equation 2.9, and emit photons of
wavelengths A not in general equal to the signal wavelength A;. A laser amplifier has the natural disadvantage of
also amplifying such parasitic signals fitting within the gain of the amplifier readable from Figure 2.9. This is the
ASE effect [48], and lays claim on available pump power. Thus, ASE will be a loss of pump power with regard to
amplifying the signal, and effectively lowers the optical-to-optical efficiency n of the amplifier and the total gain
G of the signal. ASE is noise, which broadens the outputted optical spectrum of the amplifier. Such noise can be
filtered out by placing optical filters at the end of the fiber.

Reabsorption

Absorption of signal photons by lower state ions, Ny (x)o ;5(As), is termed reabsorption, and contributes negatively
to the gain y as seen from Equation 2.21. Reabsorption is generally avoided by choosing the signal wavelength A
should where 0, (1) is high compared to o 45s(1s) [32, p. 439].

Passive losses

Both signal and pump power attenuates due to scattering off of impurities in the fiber, and due to absorption by
the host material (silica glass) [32, po. 55-57]. These source of loss are passive losses.
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Chapter 2. Theoretical background 2.4 Mode-locked fiber lasers

2.4 Mode-locked fiber lasers

This sections includes some main principles on how mode-locked fiber lasers operate. The section is meant to
support and enable a discussion on how mode-locked laser performs as master oscillator in a MOPA compared to
other laser types. A more thorough introduction to mode-locked laser may be found in [29, p. 339-367].

A fiber amplifier distinguishes itself from a fiber laser in that it takes a laser signal and amplifies it to a stronger
output, whereas the fiber laser is an oscillator, and generates the laser signal itself.

A mode-locked fiber laser operates according to the principles described in subsection 2.1.1, and consists of the
three necessary laser components listed in subsection 2.1.1. Following [32, p. 425], the fiber is the waveguide cavity,
bounded at either end by a fully reflecting and a partly transmitting component. These can be mirrors. The active
medium is obtained by doping the fiber as explained in subsection 2.2.3. Holmium-doped fiber lasers would have
the energy level structure shown in Figure 2.8. Finally, a pump energy source is coupled to the fiber.

Light in the holmium-doped fiber laser generally interacts with matter as described for holmium-doped fiber am-
plifiers in section 2.3. In the fiber laser however, the signal is initially generated by spontaneous emission from
level 2 to level 1 in Figure 2.8, and the signal does not propagate through the fiber just once, as is the case for the
amplifier, but oscillates forth and back between the mirrors, and is thus gradually amplified.

e mode spacing
Cavity longitudinal
(3 modes wee
>
Vg v
(b)  Gain spectrum Jj/’\i
Vg v
(© Laser output > \.é Av
spectrum /
,»rl‘l] r[‘r)\- . S
A v

Figure 2.11: (a) The CW longitudinal modes supported by the geometry of the cavity. (b) Gain of the active medium. (c) The
laser output spectrum of frequency linewidth Av. Appended from [49].

The cavity length L determines which longitudinal single-frequency CW modes fit inside the cavity [32, p. 410].
These modes are shown in Figure 2.11a, and have a phase difference locked in time, hence a mode-locked laser.
Furthermore, the gain material only supports the single-frequency modes, for which gain is positive and Equa-
tion 2.22 is fulfilled [32, p. 431]. The medium gain curve of frequency bandwidth Av [32, pp. 403-404] is drawn in
Figure 2.11b. As gain is proportional to the effective cross section via Equation 2.24, the gain curve corresponds
to the effective cross section curves shown in Figure 2.9 in the case of holmium-doped silica fiber. The modes,
that fulfill both the cavity and gain medium requirements, are the lasing modes shown in Figure 2.11c. The lasing
modes build a pulse circulating the cavity with frequency linewidth Av centered at the main lasing frequency v
labelled in Figure 2.11. Av is recalculatable to the AA via Equation 2.2, and the pulse duration At is then found by
Equation 2.1.

The period between when two consecutive pulses of light are emitted by the fiber cavity at the partly reflecting

mirror is [32, p. 407]

2L
Trop=""" (2.37)

T;ep can be interpreted as the time it takes the circulating pulse to complete a round trip in the cavity, and be partly
transmitted at the partly reflecting mirror [32, p. 407]. The corresponding repetition rate f;, of the mode-locked
laser is given by Equation 2.30.

Thus, the longer the cavity length L, the lower the repetition rate fe, [32, p. 407]. The broader the gain medium
bandwidth AA or Av, and the shorter the pulse duration At [32, p. 406].
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The discussion on optical-to-optical efficiency, slope efficiency and threshold pump power for optical amplifiers
in subsection 2.3.6 also apply to mode-locked lasers.

2.5 Semiconductor Laser Diodes

This section briefly elaborates on the laser diode (LD) introduced in subsection 2.1.1. Various methods of achieving
wavelength selection are described. Finally how LDs allow control and monitoring of LD temperature is discussed.

2.5.1 LasinginalLD

The LD is an electrically pumped laser oscillator. An example of a semiconductor LD may be seen in Figure 2.12,
and is based on a semiconductor pin-junction in the z direction and a optical waveguide cavity confinement in the
x and y directions. In the pin-junction, the p-doped and n-doped layers are often of the same semiconductor type,
whereas the undoped intrinsic i-layer is a semiconductor of smaller band gap. This three layered heterostructure
forms a quantum well. In the z direction the electrons and holes are confined in the i-layer between the n-end
p-layers, but are free to move in the x and y direction, making them two dimensional.

I Mirror produced
by cleaving

Roughened I
surfaces

. . — . Output
Cladding region —> | ptype & ! light
Active region —> [ RS - A
Cladding region —> n-type

- z y

f——
Optically flat and polished
parallel faces X

Figure 2.12: A simple semiconductor LD, an intrinsic semiconductor forms an active region by being sandwiched in the z
direction between an n- and p-type of a semiconductor of larger band gap. A pumping current I injects holes and electrons into
the active region, where they recombine. Mirrors at the end of the diode of length L in the x direction provide feedback, and
selects the allowed wavelengths. Above the threshold current I, the recombination is stimulated, and amplified light of the
specified wavelengths is emitted at one of the mirrors. Appended from [50, p. 246].

The conduction band is the equivalent of the upper laser level and the valence band the lower laser level. Forward
biasing the diode injects electrons from the n-type side and holes from the p-type side into the quantum well. In
the quantum well also called the active region, the holes and electrons may only take certain energy values. They
will recombine and emit a photon with wavelength corresponding to the difference of these energy layers plus the
energy gap of the i-layer semiconductor. Thus, the quantum confinement allows photons of longer wavelength
than the band gap being emitted.

Let the x direction be the waveguide of length L, and set two mirrors at the ends. Such a waveguide is called a Fabry
Perot chamber, and will only support wavelengths fitting in the length L [50, p. 245]. Spontaneously emitted pho-
tons of such wavelengths will start oscillating forth and back in the chamber. Further stimulating recombination of
the electron and holes being injected into the active region. Thus the emitted spectrum of the LD is centered at the
lasing wavelength A determined by the quantum well and band gap structure, as well as the modes supported by
the cavity length L.

Net amplification, or positive gain is obtained when the number of stimulated emitted photons exceed the ones
lost by absorption in the walls of the cavity or escape through the end mirrors [50, p. 247]. This happens at a certain
level of the pumping current termed the threshold current I;; of the LD. After this, the outputted light power at one
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mirror end will increase linearly [32, p. 195] with the pump current. The light output may be coupled into a passive
fiber. Fiber-coupled LDs can than easily be integrated in fiber laser or amplifier systems [51].

The two dimensionality introduced by the pin-junction increases the density of states at the band edges compared
with the three-dimensional pn-junction, increasing the gain of the LD [32, p. 206]. It also reduces the reabsorption
[32, p. 192]. Layering several quantum wells in the z direction creates a multiple quantum well (MQW) structure.
The MQW diode provides higher gain than the single quantum well diode, at the cost of a higher threshold current,
simply because more electrons and holes are demanded injected into the quantum wells [32, p. 206].

2.5.2 Creating short pulses by gain-switching

Creating short pulses may be done by gain-switching. A LD driver may periodically (with repetition frequency fr.p)
direct current into the LD for a short duration Az, ;¢. The diode will then produce laser pulses at repetiton rate fr.p
with duration of At. The average output power of the pulse is then described by Equation 2.28.

2.5.3 Finer selection of wavelength

To allow for more specific wavelength selection different improvements to the Fabry Perot chamber may be taken.

Discrete Mode (DM)

A discrete-mode (DM) LD features a grated structure on the top of the waveguide, causing a correspondingly pe-
riodic change in refractive index, which provides additional reflection of one Fabry Perot mode. Thus, this mode
is additionally amplified, the others are suppressed, which effectively narrows the output spectrum, the linewidth
AA, of the diode.

The grating also allows for wavelength tunability of the diode. Varying the temperature, the refractive indices in the
grating will change, and correspondingly change the lasing wavelength A, [26].

Fiber Bragg Grating (FBG)- stabilization

Fiber Bragg Grating (FBG) stabilization is a method for enhancing one of the Fabry Perot modes, thus obtaining
single-mode operation of the LD. Adding a periodic grating of the refractive index in the fiber into which the diode
outputs, provides a certain reflection of a single wavelength, which is fed back into the diode, stimulating an extra
amplification of this wavelength, and thereby stabilizing the output signal of the diode around this wavelength [52].

2.6 Remote sensing

Remote sensing is gathering information from a distance [53, p. 1]. Laser sources such as mode-locked lasers and
LDs combined with fiber amplifiers facilitate remote sensing.

This section shows how laser parameters introduced in the previous sections enable LiDAR, while focusing on
pulsed range finding. First, it introduces the LiDAR equation which models the return power to the LiDAR sys-
tem. LiDAR parameters such as maximal range and resolution are provided. Finally atmospheric effects on pulse
propagation is discussed.
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2.6.1 Range finding with the pulsed time of flight (TOF) technique

Range finding can be achieved with the pulsed time of flight (TOF) method [6]. As illustrated in Figure 2.13a, the
distance or range R between a LiDAR system, consisting of a transmitter and a receiver, and a target is found by
measuring the return time ., of a reflected (or backscattered) pulsed signal. The distance R to the target will then
be half the distance the pulse has travelled during #,.; [54, p. 9]

1
R= P trer C. (2.38)

Due to beam divergence, as illustrated in Figure 2.13b, the pulse spreads out in a cone and a single pulse may hit
and reflect back from several points on one object, at different ranges R. Then, the return pulse will be seen as
multiple returning pulses, or alternatively as one return pulse spread out in time. Such applications are 3D imaging
[55] where the shape in depth of one object is determined, or LiDAR scanning of forest profiles [56]. Thus, power
received at times ¢, corresponds to backscattering or reflection from range R [55],

R=R(1) = % tc. (2.39)

Although, time ¢ is the variable the LiDAR systems keeps track of, the equations given or derived here will be func-
tions of R, as this is the parameter of interest, while keeping in mind that R is really a function of time [54, p. 9].

Target
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Figure 2.13: (a) Return time #;.; determines range. (b) LIDAR beam spreads out in a cone and returns from several targets.

The return pulse is detected at the receiver by a photodetector. A photodetectors may be pin-junction semicon-
dictors similar LDs, where the reverse process to light generation described for LDs in section 2.5 where incident
photons are absorbed, and an electron hole pair is generated, inducing an electrical current which is portional to
the incident optical power [57]. As detectors have a smallest possible detectable power, the power of the return
signal from range R is an important quantity given by the LiDAR equation which will be derived next.

2.6.2 The range finding LiDAR equation - return power

Generally, the the range finding LIDAR equation models the power received at the detector P, from a target at range
R. Specifically when the target is a reflecting surface of reflectance p, the power received P, at time ¢ (corresponding
to arange R via Equation 2.39) of a signal at wavelength A is given by [58]

_Ar A
m(w(R))? R2Qr
——

Target fill factor  receiver fill factor

P,(R,A) =P, o Nsys T (R,A) (2.40)

where,
¢ P, is the initially transmitted power
¢ Ar is the cross sectional area of the target illuminated by the beam

¢ w(R) is the beam radius w at range R, and 7t(w(R))2 the area of the beam at range R when the beam is
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transmitted from a circular opening.
e A, is the aperture of the receiver
* pis the reflectance of the target
¢ Qr is the solid angle into which the target reflects

* 7)sys is the efficiency of the transmitter and receiver optics.

* 9 is the atmospheric transmittance, and describes the attenuation of the LiDAR signal due to scattering and
absorption of the signal. 9~ will be a number between 0 and 1, depending on the wavelength of the signal A,
and on the range R, and is to be considered in subsection 2.6.4.

:UV

Figure 2.14: A perfectly reflecting circular target of diameter D is located at a distance from the LiDAR along the axis of range
R. The LiDAR emits pulses in a beam diverging at an angle 8, with a range-dependent beam spot diameter of 2w(R). The beam
reflects off of the target at angle 6 and is received at the LiDAR, which has a receiver aperture diameter Dy.

Equation 2.40 can be rewritten as will be discussed in the following. Figure 2.14 is included to illustrate important
parameters.

The target fill factor of the Equation 2.40, is understood as the fraction of the power emitted by the transmitter
that is incident on the target, and equals the ratio of the illuminated area of the target Ar, to the the beam spot

area n(w(R)]2 at R. If the beam is Gaussian, it diverges at the transmitter angle 0, [54, p. 11]. In the far field
approximation the spot size radius w at a distance R from the transmitter will be [32, p. 309]

w(R)=RO;. (2.41)

and the beam spot area
n(w(R)? = n(ROH? . (2.42)

If the target of diameter D7 is circular, having a cross sectional area n(Dr/ 2)2 as seen from the receiver, then the
illuminated area of the target A will be

a(Dr/2)? if 2w(R)>Dr
Ap = (2.43)
(RO t)z otherwise .

Thus, the target fill factor is = 1 if the target diameter Dr is larger than the beam spot diameter (2w(R)) at R, and
< 1 if the beam illuminates more than the target at range R.

The receiver fill factor of the Equation 2.40, is understood as the fraction of beam power reflected at the target that
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is incident on the receiver, and equals the ratio of the receiver aperture A,, to the full area R>Qr illuminated by the
reflector back at the receiver. If the target is a perfect reflector, then light reflects at the same angle 6, it was incident
[17, p. 25], and

R*Qr =m(RO). (2.44)

If the receiver has a circular aperture of diameter D, is the diameter, then

Dr )2 . (2.45)

Ar=n{

Inserting Equation 2.42, Equation 2.43, Equation 2.44 and Equation 2.45 into the LiDAR Equation 2.40, one obtains
a LiDAR equation for perfectly reflecting targets, when the target is either located at a range where it reflects the
whole beam (2w(R) < D7), or only a fraction of it Qw(R) > D7),

P Dp/4 | Dy J(R,A) if 2w®>D
R , 1
t (Rgt)z p (RHt)Z T’S)/S w T
Pr(RA) = (2.46)
P D?/4
P rogz T

s T (R,A) otherwise

The effect of the detector rise time ¢, ;5. on the LIDAR equation

The detector will take a time ¢, ¢, (rise time or response time) to respond to an incident pulse, by raising the current
from 10% to 90% [32, p. 261] of the current corresponding to the optical power of the incident pulse. ¢,;s. depends
on the detector bandwidth (BW). There are several definitions of rise time [59], however, here [32, p. 261]

0.35
lrise = ———. 2.47
rise = Bw ( )

will be used.

P, of Equation 2.40 and Equation 2.46 is the instantaneous power incident on the receiver. From the point of view
of the receiver, with a detector of finite response time #; s, the pulse energy Pp.qrAt (from Equation 2.29), of a
pulse of duration At and peak power P4, is spread across an effective pulse width (#;5 +At) [60], and it sees the
transmitted power P; as

At

—_— (2.48)
At+ trise

P, = Ppeak
under the condition that %C(At+ trise) << R[17, p. 241].

The modification of the LIDAR Equation 2.46 with Equation 2.48 can be understood better by looking at the limiting
cases of At to ty;se. If the response time is much shorter than the pulse width #;5, << At, then Py — Pjoqk and the
detecting of the pulse can be seen as a real time process. If the pulse width is much shorter than the sampling speed
At << tyjse, then P; — Ppeuk%, and the energy of the pulse received P, At is averaged over the rise time ;.

2.6.3 Range finding LiDAR parameters

A LiDAR may be described by its system parameters range resolution AR and maximal range R,,;x. How they
depend on parameters of the transmitter and receiver will be discussed here.

23



Chapter 2. Theoretical background 2.6 Remote sensing

Resolution of range AR and transverse resolution AR*

From the detector point of view, the atmosphere can be thought of as divided into discrete boxes. From every box,
the LiDAR can then remotely sense information such as gas concentration or the presence of a solid target [5]. The
resolution of the LIDAR measurements is then the size of the boxes.In the radial direction (along the beam drawn
in Figure 2.14) AR is the range resolution. Perpendicular to the beam, AR is the transverse resolution.

If the detector responded instantaneously (#;5. — 0) to an incident pulse, the smallest measurable change in range
R, the range resolution AR, is the product of speed of light ¢ and half the pulse width A¢, or half the distance
travelled during the pulse width At. However, the finite response time or rise time #,;,. of the detector also sets
limitations on the resolution [17, p. 241]

1
AR = 56(At+ trise). (2.49)

The beam spreads out in a cone, covering an area n(w(R))z, where w was the beam radius given in Equation 2.41.
Since ranging often is done from airplanes towards the ground, the cone area is called the beam footprint [53,
p. 180]. The transverse range resolution AR, the diameter of the spot [53, p. 179],

ARY(R) =2w(R) = 2RO, (2.50)
may be understood as the closest distance two targets can be located and still be distinguishable.

Whereas the range resolution AR is seen to remain constant with range R, the transverse resolution deteriorates
with R. According to Equation 2.5. Thus fundamentally, resolution in travel direction is At dependent and in the
transverse direction, A dependent.

Maximal range R, of the LiDAR system limited by noise power level P,,;s. and repetition rate f;.,

A criterion of the TOF method, is that the return pulse is powerful enough for the sensor in the receiver to distin-
guish it from the noise power level. The signal-to-noise ratio (SNR), defined as
P,
SNR = , (2.51)

noise

is a figure comparing the LiDAR return power P, to the total power of all sources of noise Pjy;se,

B
Phoise = PnoGise +PZ§§5@’ (2.52)
where PfoGl.se is external background noise, and Prdlgitse is internal noise in the detector [17, p. 223].
ng. s includes black body radiation from sources such as the sun and the earth. Direct solar radiation peaks in the

visible and is plotted in Figure 2.15a. Also the earth radiates mid-IR wavelengths (8 — 14 um centred around 10 pm
[17, pp. 2-3]. The daytime diffusive components of solar and earth radiation under clear sky conditions at sea level
are plotted in Figure 2.15b. Other sources of black body background radiation is thermal radiation from target itself
[61] and from the moon and stars at nighttime [5, p. 11].
Pffgse can be estimated for a LiDAR system with receiver aperture area A, receiver optics field of view (FOV) solid
angle Qrov,r and detector response wavelength interval A, ., via [13, p. 47]
BG  _
p =f(A) Ar Qrov,r Ao r (2.53)

noise

where f (1), evaluated at the center wavelength of Ay ,, is the background radiance in units Wem ™ 2sr7! ,um’1 (watts
per square centimeter of detector aperture, per receiver optics FOV solid angle Qrgy,, per pm of A, , interval).
Figure 2.15b can be used to estimate f(A).
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Figure 2.15: (a) Spectral direct solar irradiance. Appended from [62]. (b) Spectral diffusive solar and earth background radiance
at sea level. Appended from [63].

The other component to P,,;se, is internal noise in the detector P,’fl‘;if se [17, p- 223]. In the absence of radiation

shining on the detector, thermally generated charge carriers still produce a current, termed the dark current I,k
[17, p. 223], which accounts for a noise level [20, p. 324],

I
pdet _ Zdark (2.54)

noise — R ’

where Z is the detector responsivity, or its ability to convert optical power to electrical current, and has units AW~
Both # and I;,, depend on temperature [20, p. 329]. Thermal noise is random, and averaged, does not depend on

the range R [64]. P% fse is thus interpreted as the optical signal inducing a current comparable to the dark current.

Alternatively if the spectral noise equivalent power (NEP), and BW of the detector is known, PZS; s, may be expressed
via,
pdel = NEP x vVBW. (2.55)

noise

NEP of the detector is the optical power which must be incident on a detector of 1 Hz bandwidth to produce a
1

current equal to the current due to all sources of noise in the detector [65]. NEP, in units WHz™2 (depends on

wavelength and) increases with detector area Ag,; [66, p. 217].

To avoid mistakeingly taking noise to be a return signal, SNR is required to be greater than a creditable [17] SNR;;,,
the smallest detectable optical signal P, ,,;,, will consequently be

Prmin =SNRpin x Ppoise- (2.56)

Letting the left side of Equation 2.40 be Py, i, the maximal range R,y is given implicitly by

1
Nsys fy—(Rmax,A,))él if ZRmaxet >Dr

( p, D34 D4
Py min H% P 9%
(2.57)

Rmax =

P D?/4
: p r2 - Nsys T Rmax, ) otherwise
Pr,min 9:

and can be solved for numerically, or by making assumptions on 9 (Rj;4x,1). Allowing smaller return signals, by
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Chapter 2. Theoretical background 2.6 Remote sensing

relaxing the restrictions on SNR;;;,, the LiDAR device can see further, however the chance of falsely detecting a
return signal increases.

Rpax of a LIDAR based on the TOF method is also limited by the repetition rate f;., at which pulses are transmitted
[18]. To distinguish two successive pulses, and hence the information they carry, the return time #,.; of the pulse

must be shorter than the time period T}ep = ﬁ between two successive pulses [18]. Thus,

R <1 1 c
max 2frgp y

where the right side is half the distance the pulse can travel during T;.p. There is a trade off between having high
rates of acquisition fp, and sensing at further distances Ry qx.

(2.58)

Thus, the longest measurable distance R,y can be increased by optimizing the parameters of Equation 2.57, but
must be kept below the threshold of Equation 2.58 to avoid ambiguities in range.

2.6.4 Atmospheric transmittance 9~

Rigorous calculations of atmospheric transmittance 9 is beyond the scope of this thesis. The intention of this sec-
tion however, is explaining how 9~ depends on the signal wavelength A, so that an educated choice of wavelength
can be made for every LiDAR application.

Deriving an expression for I

The laser signal transmitted by the LiDAR system is attenuated due to photons in the beam being absorbed by
molecules, and Rayleigh or Mie scattered out of the beam by molecules, particles, aeorosols, fog, haze, rain and
snow in the atmosphere. Thus, the information about the atmosphere, carried by the LiDAR Equation 2.40, is
contained in the transmittance coefficient I [5, p. 6].

The attenuation of signal power dP propagated a distance dx through the atmosphere, can be modelled analo-
gously to how photons are absorbed by dopant ions in the fiber, by rewriting Equation 2.20 [13, p. 28],

dp

5o —( ;Ns(x)as(/l) + ; N, (x)04(A) )dx, (2.59)

where it is summed over contributions from all species of absorbers a and scatterers s. The densities of the at-
mospheric scatterers N and absorbers N, will be unevenly distributed along the path of propagation, and thus
depend on the location x. The cross sections o ,(A) (absorption) and o5(1) (scattering) carry the spectral informa-
tion on the strength of attenuation by scatterers or absorbers. To be precise, molecules may act as both absorbers
and scatterers [5, p. 11].

Integrating both sides of Equation 2.59 along the path x = 0 (transmitter) to the target at range x = R, and back to
the transmitter, one obtains the transmittance coefficient I [5],

R R
T (R, ) = exp| -2 f Y Ni(x)o,(dx) x exp-2 f Y Na(x)o 4 (Ddx (2.60)
0 s 0 “
Scattering Moleculart\bsorption

9 (R, A) is a decreasing function in R, and will always approach 0 as R — oo, because o, and o s never truly are 0, as
there always are molecules present in the atmosphere. Full transmittance 9~ =1 is only achieved in vacuum. Here
follows a closer look at the strength of absorption and scattering processes given contained in the cross section.
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Chapter 2. Theoretical background 2.6 Remote sensing

Atmospheric molecular absorption

The absorbers may be atmospheric gases CO2, O, or NO,. Each gaseous molecule has its own fingerprint en-
ergy spectrum, where the main electronic energy levels split into manifolds due to vibrational energy states of the
molecule, and further split into a finer spectrum due to rotational energy states [67, pp. 64-65].

The absorption per meter o,(1) N,(x) spectrum corresponds to all possible energy level transitions a molecule
a may undertake by absorbing a photon of wavelength A [8, p. 216]. Figure 1.2b showed the absorption lines of
various gases a within the IR 2 — 2.5 ym atmospheric window. Transitions between electronic energy levels require
absorption of UV and visible photons, whereas IR photons excite vibrational and rotational transitions [8, p. 216].
Whereas the gas concentration N,(x) strengthens the absorption line, the absorption cross section o ,4(1) contains
all information on where (at what wavelengths) in the spectrum absorption lines are found. Photons absorbed
by the gas molecules are either reemitted at a later time, or dissipation as heat within the gases due to ion-ion
transitions, and can be taken as removed from the beam.
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Figure 2.16: The contribution from various gases to spectral atmospheric transmittance due to absorption and neglecting scat-
tering. The lower graph is the combined contribution to transmittance from all gases. Appended from [68].

The lowest graph of Figure 2.16 shows transmittance 9~ only limited by absorption, while neglecting scattering, of
signals at 1 between 1 — 15 um across R, where R is an entire vertical column of the atmosphere. In contrast, the
upper graphs show the contribution to 9~ from individual gases. How the lowest graph relates to the other graphs
is nicely shown mathematically, by factorizing the transmittance due to absorption in Equation 2.60. Assuming
independent molecules, the exponential of a sum of exponents can be rewritten into a of product of exponentials,

R
exp -2 f Y Nawo,Wdx) =] exp| f No(o,(dx) . 2.61)
G a
transmittance due to absorption of all gases transmittance due to absorption of gas a

The left side of Equation 2.61 corresponds to the lower graph of Figure 2.16, while each factor of the right side of
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Chapter 2. Theoretical background 2.6 Remote sensing

Equation 2.61 corresponds to the transmittance spectrum due to each individual gas in Figure 2.16.

Figure 1.2a showed the transmittance due to absorption by all gases in the 2 —2.5 um atmospheric window in more
detail.

The transmittance spectrum due to absorption in Figure 2.16 is further modified by scattering, as will be seen next.

Atmospheric Rayleigh and Mie scattering

A simple picture of scattering is the interaction of photons with the scatterer (a molecule, aeorsol, small particles
or water droplets), causing the photon to change direction [54, p. 15]. Scattering of photons out of the beam is
modelled as extinction in Equation 2.60, because the photons are no longer part of the signal [54, p. 15]. The
scattering cross section o s symbolizes the area of the beam removed due to scattering, and varies with the scatterer
radius g to photon wavelength A ratio % (8, p. 213]. In Figure 2.17, o normalized by the geometric cross section
Og= nq® of the scatterer is plotted against %.
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Figure 2.17: Scattering cross section o normalized by the geometric cross section g, plotted against the ratio of scatterer
radius g to wavelength 1. Rayleigh (g << 1) and Mie (g = A1) scattering regimes are indicated. Appended by [69].

Rayleigh scattering describes the regime where the size of the scatterer (molecule or atoms) is much smaller than
the signal wavelength (g << 1) [67, p. 186]. The incident photon raises the molecule to a virtual energy level [17,
p- 206] from which it immediately [54, p. 195] relaxes and emits a photon of the same wavelength. The scattering
cross section in the Rayleigh regime is proportional to [70]
7 q
0s(g<<A) x B X 1% (2.62)

Mie scattering describes the regime where the size of the scatterer is comparable to or larger than wavelength
(g =z A) (67, p. 53]. Mie scattering involves more complex solution of Maxwell equations around a sphere involving
Bessel functions and spherical harmonics [8, p. 291]. Here, it is sufficient to say that the Mie scattering cross section
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will be on the order of the geometric cross section, as seen in Figure 2.17 and,

os(gz 1) x og. (2.63)

It is clear from Figure 2.17 that when fixing concentration N; and radius g by specifying the scatterer species, the
scattering cross section seen by the incoming signal increases when the signal wavelength decreases. Thus, signals
of wavelength 1 >> g will Rayleigh scatter and attenuate much less than a signals of wavelength A < g which will
Mie scatter.

The lower graph of Figure 2.16 showed atmospheric transmittance 9~ only due to absorption. Absorption gov-
erns at which wavelengths windows in the atmospheric transmittance spectrum windows can be found. Scatter-
ing modulates the numerical value of 9. Since the constituents of the atmosphere are fixed for all wavelengths,
the atmospheric windows become more and more transparent with increasing wavelength.Figure 1.1 showed the
combined effect of absorption and scattering on 9, where the part of the transmittance due to absorption was
modulated by the scattering (red line) to produce the full transmittance 9~ (bold line) as given in Equation 2.60.

Choosing LiDAR wavelength based on 9~

Transmittance 9 depends the direction and length of range R, and is then technically only valid for that specific
path. Still, the transmittance of the entire atmosphere is included as an important example. When Figure 1.1 shows
that signals at certain A can in fact transverse the entire height of the atmosphere with 5 > 0.7. Such A could also
be expected to be transparent at other ranges R in other directions although the exact numerical value of 9~ would
of course generally be different.

Thus, to make an educated choice of LiDAR wavelength, figures such as Figure 1.2a showing transmittance due
to absorption in the IR window at 2-2.5 um, or Figure 1.1 can be consulted to make an educated choice of LiDAR
signal wavelength. This approach to choosing LiDAR wavelength was adopted by [13, pp. 55-56].

As a final remark, and to allude to appendix B, it can be said that to truly predict the atmospheric transmittance
9 the concentrations of all N, and N would have had to be known. these concentrations change in time with
winds, an in space with for example local pollution. Determining N, and Nj is a main task of LiDAR systems called
Differential Absorption LiDARs (DIALSs) [54, pp. 124-127].
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Chapter 3

Experimental setup

This chapter gives a brief overview of the MOPA system setups, as well as the range-finding LiDAR system setup.

3.1 Master Oscillator Power Amplifier (MOPA) Setup

The MOPA systems shown in Figure 3.1 consist of a master oscillator (a laser generating an optical signal) and
a power amplifier shown in Figure 3.2. Two possible MOPA configurations were considered with either the laser
diode (LD) or mode-locked holmium-doped fiber laser as master oscillator. For convenience, these are respectively
referred to as the LD-MOPA shown in Figure 3.1a and the mode-locked-MOPA shown in Figure 3.1b.
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L 1 ] . 1 1
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Il ax=0.05nm 1 1 I} A,=2089nm 1 I

I At=1ns Power Amp“fier —_— I} M=1.62nm 1 . 1
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Figure 3.1: The setup of two MOPA configurations, with either a (a) laser diode (LD) or (b) mode-locked holmium-doped fiber
laser as master oscillator. The power amplifier is shown in Figure 3.2.
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Figure 3.2: The power amplifier from either MOPA configuration shown in Figure 3.1. Triangles represent semiconductor pump
LDs, rectangles with arrows are isolators, and plain rectangles represent polarization maintaining (PM) wavelength division
multiplexers (WDMs). Optical fibers are drawn as bold lines. The holmium-doped active fiber is coloured green to distinguish
it from the passive fiber.
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Chapter 3. Experimental setup 3.1 Master Oscillator Power Amplifier (MOPA) Setup

3.1.1 Master Oscillators

The output characteristics of the signal produced by each master oscillator are summarized below and in Fig-
ure 3.1a and Figure 3.1b respectively.

Master Oscillator: Laser Diode

The gain-switched DM MQW semiconductor LD (Eblana Photonics) emits at wavelength A tunable between 2051 —
2053 nm, with spectral line width A1 < 0.05 nm. In pulsed mode, the diode is driven to emit pulses with nanosec-
ond pulse duration At and peak power P, 0of 6 mW at a repetition rate fr.p tunable between 10 — 100 kHz, cor-
responding to average power Pgyg 0f 0.06 — 0.6 W

Master Oscillator: Mode-locked The Holmium-doped Fiber Laser

A mode-locked holmium-doped fiber-laser emits at A; = 2088.90 nm with a line width of AA = 1.62 nm. The laser
emits pulses at about 3 ps pulse duration Az, at repetition rate f;.p, of 3.81 MHz, and average power P;yg = 0.5 mW,
corresponding to a peak power Ppqqi of 40 W.

3.1.2 Power Amplifier

The power amplifier in Figure 3.2 is a device on its own, which takes an input signal, amplifies it and transmits
further. The amplifier output is also the MOPA output.

Pump Diodes

The two identical pump diodes are FBG-stabilized single-mode fiber-coupled MQW CW semiconductor LDs (In-
nolume). The diodes emit at pump wavelength A, = 1150 nm with maximal output of P,g of 300 mW.

Active Fiber

The active fiber is a commercially available single-mode PM Ho*"-doped silica fiber (iXblue IXF-HDF-PM-8-125).
The fiber has a 8 um core diameter d.,, and 126.5 um cladding diameter d,;,4. The Ho®* doping concentration
Ny, is 6 x10%° m~3. The fiber length Lis 1.4 m.

Wavelength Division Multiplexers (WDMs) and Isolators

The input and output of the power amplifier as well as the output of the respective pump LDs were coupled to the
active fiber via PM-fiber-based 1150/2090 Wavelength Division Multiplexers (WDM). These WDMs are specially
designed to couple and divide signals at wavelengths of 1150 nm and 2090 nm.

Isolators (Innolume) placed according to Figure 3.2, are unidirectional and made to withstand 500 mW average
power. They prevent unwanted feedback to the components.
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Chapter 3. Experimental setup 3.2 LiDAR setup

3.2 LiDAR setup

The LiDAR setup is shown in Figure 3.3. It consists of a transmitter and a receiver. The transmitter outputs a pulse
(the LiDAR output), while the returning pulse (the LiDAR input) is received by the receiver.

Transmitter
Tap coupler (3/97) Collimator

1
1
|
i MoPA [ ]
|
1
1
1

LiDAR output

| Receiver

Detector ¢ [

LiDAR input
Tap coupler (10/90) T ||l e

Figure 3.3: Range-finding LiDAR setup. The transmitter consist of a laser source (either MOPA from Figure 3.1), a (3/97) tap
coupler, and a collimator transmitting the LiDAR output signal. The LiDAR receiver consists of a telescope receiving the LiDAR
input signal, a lens, a fiber holder (FH) and a (10/90) tap coupler. Passive fibers are drawn in bold lines, whereas the free space
beams are drawn with dotted lines. Signal propagation direction is indicated with arrows. Range R between the LiDAR and a
target is measured from the telescope input.

3.2.1 Transmitter

The pulsed transmitter laser source MOPA can be either the LD-MOPA in Figure 3.1a or the mode-locked-MOPA in
Figure 3.1b.

The MOPA output power is split by a (3/97) tap coupler (Gooch & Housego). Tap couplers are bidirectional with,
and have four ports, two at each side. The power of a signal entering a port, will be split between the two ports on
the other end by a coupling ratio specified for the particular port of entrance.

97% of the signal power is guided through a collimator (Thorlabs TCO6FC-2000) of divergence angle 8, = 1.04 mrad.
The pulsed free space output of the collimator is also the LiDAR output.

3% of the MOPA output signal power is guided directly towards the receiver to serve as a reference pulse for subse-
quent delay time measurements.
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3.2.2 Receiver

The pulsed LiDAR input signal is received by a telescope (Thorlabs BE15M) of aperture diameter D, = 48 mm.

The telescope output is focused by a Thorlabs lens of 25 mm focal length into the passive fiber via a fiber holder
(FH), it is then guided through the 90 % port of a (10/90) tap coupler (Gooch & Housego), where it meets the signal
coming directly from the transmitter at the 10% port of a (10/90) tap coupler.

Both pulsed signals are guided to the fiber-coupled detector (Newport 818-BB-51). The detector has a rise time
trise = 28 ps, spectral response between 830 nm - 2150 nm, dark current I;,,+ = 1 yA and responsivity £ = 0.7
AW L

The delay time between the pulsed signals relate to a range R. The zero-range line R = 0 is defined at the telescope
entrance.
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Characterization of the MOPA laser
components

The MOPAs in Figure 3.1 incorporate a total of four different laser oscillators. They are the two possible master
oscillators, as well as the pump LDs of the power amplifier. Experimentally characterizing the optical properties
(optical spectrum, temporal behaviour and output power) of all laser sources, was important for several reasons.
First, the optical output of the master oscillators point out which LiDAR applications they are suited for. Especially,
the dependence of tunable parameters on control parameters is of interest. Secondly, to build and optimize a power
amplifier, the characteristics of the master oscillators to be amplified, as well as the pump LDs are necessary.

In this chapter, every individual laser component of the MOPA setup will be considered separately. First, details
about the setup and operation are given. Then the results from optical characteristics are presented.

4.1 Master Oscillator Laser Diode

The first master oscillator is an electrically controlled, gain-switched DM, MQW, semiconductor LD (Eblana Pho-
tonics) emitting around 2.05 pm.

4.1.1 Setup and operation

Being an InGaAs/InP layered MQW semiconductor LD, the LD outputs an optical signal as described in subsec-
tion 2.5.1 when given a current .

Gain-switched, the LD can be driven in pulsed mode by a pulsed laser diode driver (Highland Technology T160).
The driver generates a constant on current I,,. Logic within the driver directs the I, to the LD when the driver is
triggered periodically by an external triggering voltage source (Hewlett Packard 8116A Pulse/Function). The voltage
source generates electrical voltage trigger pulses, at repetition rate f;p, with amplitude V;; ;¢ and duration Az, g,
which may all be set at the voltage source, and are related to the optical output of the LD.

The LD can also be driven in CW mode, by letting a current source (Thorlabs LDC200C) continuosly direct a current
I,y to the LD.

The LD features a built in semiconductor optical amplifier (SOA) which provides additional amplification of the LD
output power, and is driven by a CW driver (Wavelength Electronics LDTC2/2).

To monitor the LD temperature T, the LD has a built in 10 kQ thermistor with a temperature dependent resistance
Riherm(T). The thermistor is driven by the CW driver. The CW driver directs a constant current ;e = 100 uA
through the thermistor. Measuring the voltage drop Vijerm Renerm (1) is calculated according to

Vin
Rinerm(T) = =<2 @.1)

Itherm

The dependence of R¢jerm (T) on T is modelled by the Steinhart-Hart equation and can be found in tables [71].

To regulate the LD temperature, the LD has an integrated thermoelectric cooler (TEC), which is driven by the CW
driver. The LD temperature is regulated by varying the current directed to the TEC by the CW driver. The TEC
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current is controlled mechanically by turning a screw on the CW driver. The LD is mounted on a heat sink with a
fan transporting excess heat away. Being DM, the LD output laser wavelength A, changes with LD temperature T
as described in section 2.5.3.

4.1.2 Optical output characteristics

The master oscillator LD has the following optical output characteristics.

Pulse Duration A7 and repetition rate f;)

Figure 4.1 shows the optical pulses emitted by the semiconductor LD with pulse widths A¢ from left to right of
1.2 ns, 6.2 ns and 15 ns. The pulses were obtained by triggering the driver with electrical pulses from the triggering
voltage source according to parameters given in Table 4.1. Shorter electrical pulse widths At,;¢ produce shorter
optical pulse widths A¢. Aty ;g of 8 ns producing an optical pulse with Az of 1.2 ns was the shortest producible by
the triggering voltage source. The electrical pulses are generated as square pulses. Longer Af;, ;¢ reproduces square
optical pulse shapes. Short At ;¢ produce peaked optical pulses.

Itwas observed that the repetition rate f., at which the LD emits pulses coincided with which the triggering source
triggered the pulsed driver between 10 and 100 kHz.

0.07
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=)
> 0.05
g
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> 004
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=
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g
g 0.02 ' Atl‘rig Vtrig frep At
£ ‘ ns \Y% kHz ns
001 | | 8 1.42 100 1.2
\
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Table 4.1: Electrical trigger pulse duration Aty ;g and
Figure 4.1: Optical pulses emitted by the LD with Az of 1.2, voltage amplitude V;, ;¢ at repetition frequency frep pro-
6.2 and 15 ns obtained by varying the triggering conditions ducing LD optical output pulses of duration At also at
tabulated in Table 4.1. repetition frequency frep plotted in Figure 4.1.

Temperature dependent optical spectrum

While run in CW mode, the spectral output of the LD could be analyzed at an optical spectrum analyzer.

Figure 4.2a shows the measured optical spectrum of the LD with a well defined laser wavelength A at 2051.81 nm
and a laser linewidth A2 of 0.05 nm when the LD temperature was 24 °C.

Varying the current directed to the TEC, the measured thermistor resistance R, plotted against the center wave-
length A of the LD spectrum is plotted in Figure 4.2b. The lowest measured resistance of 7 kQ corresponds to a LD

35



Chapter 4. Characterization of the MOPA laser components

4.1 Master Oscillator Laser Diode
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Figure 4.2: (a) Optical spectrum of the master oscillator LD at A5 = 2051.81 nm, linewidth AA = 0.05 nm at LD temperature
Trp =24°C. (b) Varying T; p (monitored by the thermistor resistance R, 5,) by setting the TEC current, the signal wavelength
As may be chosen with a precision § 1 limited by the resolution of the optical spectrum analyzer.

temperature of 30°C and the highest measured resistance 14 kQ corresponds to a 17°C LD temperature, which is
within the operating temperature of the LD suggested by the LD manufacturer [72].

On average, the linewidth AA of the output was 0.056 nm. According to Heisenberg uncertainty principle of Equa-
tion 2.4, and assuming a Gaussian temporal profile of the pulse, the constant of Equation 2.4 0.441 [33, p. 10], pulses
centered at A = 2052 nm will not be transform limited by the linewidth AA of 0.05 nm until the pulse duration At
is shorter than 280 ps. Consequently, the linewidth AA of 0.05 nm found while operating the LD in CW regime is
assumed not to broaden when the LD is run in a nanosecond pulsed regime.

Power-current curve

With a SOA current of 100 mA, the output power of the LD when varying the I, controlled at the pulsed laser diode
driver up to 200 mA, is shown in Figure 4.3. When driven in CW mode, Figure 4.3 shows the average power of the LD

emission. Driving the LD in pulsed mode, Figure 4.3 shows the peak power of the emitted pulses. The LD current
threshold is 21 mA [72].
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Figure 4.3: LD Power output (peak power in pulsed mode, and average power in CW mode) versus LD input current Iy, (LD
Bias current), with an SOA current of 100 mA. Appended from [72].

4.2 Master Oscillator Mode-Locked Holmium-doped Fiber Laser

The second master oscillator is an available mode-locked holmium-doped fiber laser emitting around 2090 nm.

4.2.1 Setup and operation

The full description of the mode-locked laser setup is beyond the scope of this thesis. An interested reader can find
the details in [73]. The laser will therefore be treated as a "black box" with one set of optical output parameters, and
started by a CW laser diode driver (Altechna, Tiny LDD Laser Diode Driver).

4.2.2 Optical output characteristics

The mode-locked laser emits at A = 2088.90 nm with a line width of AA = 1.62 nm a seen in Figure 4.4.

The average output power was measured to be just above the minimal measurable power of the used power meter,
and was found to be P,y = 0.5 mW. Corresponding to a measurement uncertainty of 20 %.

The around 3 ps pulse duration is too short to be measured by any available photodetector. An alternative mea-
surement method is an autocorrolation technique, requiring a certain minimal power, which is higher than the
mode-locked laser average power. However, at 12 dB amplification, the pulse duration was found to be At = 3.2 ps.
As the spectrum had not changed noticeably (narrowed to 1.41 nm), the pulse duration is assumed to have re-
mained the same. Thus the mode-locked laser is characterized with a 3 ps pulse duration.

The laser emits pulses at a repetition rate of f., = 3.81 MHz.
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Figure 4.4: Optical spectrum of the mode-locked holmium-doped fiber laser at A5 = 2088.90 nm, linewidth AA = 1.62 nm.

4.3 Power Amplifier Pump Laser Diodes

The power amplifier pump LDs are CW FBG-stabilized LDs (Innolume) emitting at 1150 nm.

4.3.1 Setup and operation

Directing a continuous current to either pump LD, the pump LD emits continuously as described in subsection 2.5.1.

Each pump LD is driven by a CW laser diode driver (Altechna, Tiny LDD Laser Diode Driver). The LD currents are
monitored on a display screen on the drivers.

To prevent heating, the drivers also control the built in TEC of each pump LDs. The pump LDs are each mounted
on a fan transporting the excess heat away.

4.3.2 Optical output characteristics

The pump LDs have the following optical output characteristics.

Power-current curves

have linear power current curves shown in Figure 4.5.

The minimal possible LD current the driver can provide is 400 mA, which is already above the lasing threshold of
the pump LDs. Each LD should not be provided with a current higher than 1200 mA. For this current range, the LDs

Optical Spectra

The optical spectra of the two pump LDs provided by the producer are shown in Figure 4.6a and 4.6b. The diodes
both emit at wavelength A, of 1150 nm.
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4.3 Power Amplifier Pump Laser Diodes
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Figure 4.5: Optical output power of the pump LD 1 (blue) and 2 (orange) for input LD currents provided by the LD driver.
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Figure 4.6: (a) Optical spectrum of pump LD 1. Appended from [74].(b) Optical spectrum of pump LD 2. Appended from [75]
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Chapter 5

Modelling the Power Amplifier

Simulating the performance of the MOPA systems shown in Figure 3.1 was done in the software RP Fiber Power V5.0.
This was also the main tool for designing the power amplifier shown in Figure 3.2. The parameters of the power
amplifier were chosen in order to maximize the total gain of the signal from the LD master oscillator characterized
in section 4.1.

This chapter gives a short introduction to RP Fiber Power V5.0, and the assumptions it is based on. It then goes
on to describe the process of designing the power amplifier. Lastly the results from the simulations of the power
amplifier when integrated in the two MOPAs are presented and discussed.

5.1 A note about RP Fiber Power V5.0

A more concise introduction to RP Fiber Power V5.0 one can get by consulting the manual [76].

The software divides a fiber with length L into steps Ax. Furthermore, the fiber type is specified by doping con-
centration N, geometrical properties like core and cladding diameters d.,re and d.;,q4, as well as fiber numerical
aperture NA. Spectroscopic properties such as the doping ion absorption and emission cross sections o, and
Oem, as well as upper to lower laser level radiative lifetime 7.

Initial parameters of the signal to be amplified, hereafter referred to as the signal with parameter subscript s, as well
as initial values of the pump energy source of parameters subscripted p, are specified. Parameter include signal and
pump average input powers P.” and Plf,", wavelengths A; and A, as well as passive losses discussed in section 2.3.7.
Also the end at which the signal or pump source enters the fiber is indicated by a forwards or backwards direction.
The V number at the signal and pump wavelengths are calculated using Equation 2.6 is also considered and initial
parameter. Finally, also spectral properties of ASE may be defined.

Taking the initial parameters, functionality allows the user to define channels for both CW or pulsed pump and
signal sources, as well as channels for ASE. A steady-state or time-dependent model for the pulses must be adopted
depending on the pulse energy as discussed in subsection 2.3.5. In the case of a steady-state solution, the coupled
rate Equation 2.21 and gain Equation 2.15 are solved iteratively throughout the fiber, until the steady state solution
is found. The signal, pump and ASE output powers can than be retrieved, and plotted. The user can calculate
and plot gain G (Equation 2.21) and efficiency n (Equation 2.34). The effect on output parameters varying initial
conditions such as fiber length L or by adding pump channels (forwards or backwards) different scenarios are
modelled and studied. The user is free to define pulse parameters such as peak power Pk, pulse duration At
and repetition rate fr.p and calculate an average power via Equation 2.28 to be used as PI", to look at effects of
changing pulse properties.

Generally simulations can serve as a help when designing a fiber laser system. Since any model is an approximation
and simplification of the physical process, the results of the simulations should be considered with a certain degree
of skepticism. Also every model has a domain of input signal characteristics across which it is valid, a relevant
example being a steady state model of amplification of pulses. Models aim at replicating the real-life behaviour of
the fiber laser systems, and should always be verifying and improved using experimental data.
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5.2 Designing the Power Amplifier

The finalized design of the the power amplifier was presented in Figure 3.2. It was chosen after carefully considering
several alternative setups. This process is described here.

5.2.1 Possible amplifier components and parameters to be optimized

The power amplifier integrated in the LD-MOPA setup is shown in Figure 3.1a. Table 5.1 summarizes the LD pa-
rameters from section 4.1, when run in pulsed and CW mode which were considered when designing the power
amplifier.

As AL P;‘V‘twg P;,r;)eak At frep
nm nm mW ns kHz
LD in pulsed mode 2051 0.05 0.6 uW 6 1 100

LD in CW mode 2051 0.05 6mW - - -

Table 5.1: Signal parameters for which the fiber type and number of pump diodes were chosen.

Whether to apply a time-dependent or steady-state model of pulse amplification in the amplifier, the requirements
of subsection 2.3.5 were considered. First, looking at Figure 2.9, the effective cross section does not vary signif-
icantly across the 0.05 nm linewidth AA of the LD. Secondly, the LD pulse energy calculated with the values of
Table 5.1 using Equation 2.29, was 6 pJ. The saturation energy of the amplifier at 2051 nm was calculated with Equa-
tion 2.26 to be 13 uJ, where the cross sections were taken from Figure 2.7 at 2050 nm to be o, = 2.8 x 1072 m?
and o 455 = 0.85 x 1072° m?. v, was calculated using Equation 2.2 at vacuum speed of light. The mode area was
taken as the fiber core area wd?,,,/4 = 5 x 10~ m?. The pulse energy being four orders of magnitude lower than
the saturation energy, the steady-state solution was chosen.

The parameters of the amplifier to be optimized were:

1. Pump power P,"D”, using one or two pump LDs, each emitting continuously provides an input power up to
300 mW, which is within the limits of the pump LDs (Figure 4.5). This gives a total pump input power up
to 600 mW in the case of two pump diodes. Pump diodes may pump the active fiber in the forwards (in the
same direction as the signal), or backwards (in the opposite direction to the signal) direction. The pump LDs
emit at 1150 nm where holmium was seen to absorb in Figure 2.4.

2. Active fiber type, or essentially the holmium doping concentration Ny,. Three different fiber types provided
by iXblue (IXF-HDF-PM-8-125), Nufern(SM-HDEF-10-130), CorActive (custom made), differing primarily in
doping concentration, which may be viewed in Table 5.2 were considered.

Nio deore  delaa  NA T passiveloss;  passive loss,
10m=3  um pm ms dBm™! dBm™!
iXblue 6 (5) 8 125  0.16 0.7 (0.55) 0.01 0.001 (0.01)
Nufern 5.36 10 130 0.15 0.6 0.1 0.1
Coractive 1.93 9 - 0.15 0.6 0.1 0.2

Table 5.2: Doping concentration Ny, numerical aperture NA, core and cladding diameters d¢ore and d.;,4, and passive losses
of signal s pump p power announced by the manufacturers of the three fibers available. Values in parentheses are tuned after
testing of amplifier.
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3. Fiber length L

Additionally, spectroscopic parameters of the fiber such as upper laser level lifetime and pump and signal passive
losses, provided by the fiber manufacturers, may be improved, so that the model fits experimental data better.

5.2.2 Determining number of pump diodes (pump power) and active fiber type and length

To be determined is which active fiber to choose for the amplifier, as well as whether to pump the active fiber with
one pump LD (P;," =300 mW) or two pump LDs (P;',” =600 mW). For every possible fiber type / number of pump
LDs combination, the amplification of the master oscillator LD emitting in pulsed mode (Pﬁ” = 0.6 uW average
power) or CW mode (P;'” = 6 mW average power). Table 5.3 shows the simulated results for every such fiber type/
pump power/ signal power combination. L is the fiber length providing highest total gain G of the signals.

P =300 mW, P =6 mW P} =600 mW, P{" =6 mW
iXblue Nufern CorActive iXblue Nufern CorActive
L (m) .65 45 1.4 75 75 2.3
G (dB) 7.9 4.4 5.1 14 11 11
n (%) 10 3.5 4.5 24 12 12
PL* =300 mW, P = 0.6 uW P} =600 mW, Pi" = 0.6 uW
iXblue Nufern CorActive iXblue Nufern CorActive
L (m) 75 45 1.5 1.3 .85 2.8
G (dB) 12 5.2 6.3 29 16 18
0 (%) 3x107%  0.4x107% 0.6x1073 8x1073 4x107%  6x1073

Table 5.3: Simulated results for the three different fibers iXblue, Nufern, CorActive amplification of a signal of 0.6 uW and 6 mW
average power at 2051 nm, when pumping with 300 mW (one pump diode) or 600 mW (two pump diodes). Optimal fiber length
L, total gain G and residual pump power Pl‘;”t are shown.

When doubling pump power from 300 mW to 600 mW, total signal gain G increased with more than 6 dB for all com-
binations. Absorption saturation discussed in Figure 2.3.6 does not seem to have taken place in any of signal/fiber
type combinations. Thus, pumping with two pump diodes is beneficial.

The iXblue active fiber outperformed the other fiber types in terms of total signal gain G and efficiency 7 for all
signal power/ pump power combination.

Choosing the iXblue fiber, pumped by two pump diodes continuously providing a total of 600 mW pump power
P,’;”, Figure 5.1 shows how the signal output power (blue curve) of the pulsed LD varies when varying the total fiber
length L between 0 and 2 m. Residual pump power to be absorbed by the isolators shown in Figure 3.2 (red curve)
is also shown. P2 peaks to 480 W corresponding to a gain of 29 dB with total fiber length L = 1.25 m.
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Figure 5.1: The signal output power P?%! (blue curve) and residual pump power Pg”’ (red curve) depending on total fiber
length L, in the case of 2 pump diodes, each emitting 300 mW at 1150 nm, for input signal of 0.6 yW at 2051 nm.

5.2.3 Final design of the power amplifer

The power amplifier was built was built using the length of L = 1.4 m of the iXblue active fiber, and two pump diodes
emitting 300 mW at 1150 nm, as seen in Figure 3.2.

Figure 3.2 emphasizes that the power amplifier is a stand alone device that takes an input signal and provides an
amplified output as long as the laser signal input wavelength overlaps with the gain of holmium.

5.3 Modelled behaviour of the Power Amplifier

The finalized amplifier was tested, as will be discussed in chapter 6. Using experimentsl results, the model could be
improved, and can then be a practical tool in understanding the advantages and limitations of the amplifier, and to
predict MOPA configuration outputs.

This section first summarizes the changes done to the model after initial experimental tests. Then it compares the
simulated behaviour of the LD-MOPA and the mode-locked-MOPA, by looking at signal, pump and ASE output
power as well as population inversion ratios at full amplification. Then total gain when varying pump power for
different signal input powers is considered. The effect of varying the LD tunable parameters on the LD-MOPA
output is simulated. Finally residual pump power in the case where either master oscillator should fail is simulated.

5.3.1 Tuning of the power amplifier model

Due to some technical problmes with the LD, the power amplifier was tested in the mode-locked-MOPA configu-
ration shown in Figure 3.1b. To improve the numerical model, the results from experiments shown in Figure 6.1a
(signal amplification) and Figure 6.1b (residual pump power) were considered. The numerical model input doping
concentration Ny, lifetime 7 and passive losses tabulated in Table 5.2 were adjusted to the values in parenthesis
in order to fit the simulated (purple) curves, to the experimental (blue) curves. chapter 6 will also argue that the
steady-state numerical model is valid for describing for amplification of the mode-locked oscillator output.
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5.3.2 Pump and signal and Amplified Spontaneous Emission (ASE)

Predicted total gain G efficiency 1 for the 0.6 uW average power pulsed LD signal at 2051 nm and the 0.5 mW average
power pulsed mode-locked signal at 2085 nm are provided in Table 5.4. The 0.6 yW signal has higher gain and lower
efficiency than the the 0.5 mW signal.

Master Oscillator A, P, P2, G P Pyt g
nm dB mwW mw %

LD 2051 0.6uW 80 uyW 21 600 30 0.01

mode-locked 2089 05mW 30 mW 18 600 24 5

Table 5.4: Amplifier performance parameters gain G and efficiency 7 for the two master oscillator sources: a pulsed LD signal
at A5 of 2051 nm and a pulsed mode-locked signal at A5 of 2089 nm.

Figure 5.2 shows pump and signal power, and also integrated ASE power, as discussed in subsection 2.3.7, at differ-
ent positions x along the fiber for the (a) 0.6 yW signal at 2051 nm and (b) 0.5 mW signal at 2089 nm.
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Figure 5.2: Pump, signal and ASE power a distance x into the fiber of total length 1.4 m, for the case of 2 pump diodes, each
emitting 300 mW at 1150 nm, for input signal (a) of 0.6 yW at 2051 nm and (b) of 0.5 mW at 2089 nm.

The ASE power level is the integrated contributions from ASE at all wavelengths within the gain range of holmium.
The 0.6 uW signal at 2051 nm (Figure 5.2a) is small in comparison with the ASE noise. The 0.5 mW signal at 2089
nm signal (Figure 5.2b) is always stronger than the ASE.

Theses considerations indicate that amplifying signals of sub yW average power would not be efficient/feasible/advisable.
Already at 0.6 uW signal strength, noise in the form of ASE is draining the energy which more idealy should be am-
plifying the signal. If further amplification should be required, an optical filter at the end of the fiber should be
added to filter out ASE noise, before the potential second stage amplifier.

5.3.3 Level populations

The fractional population, as defined in Equation 2.25, of the upper n, and lower n, laser levels a distance x into
the fiber is shown in Figure 5.3. Two pump diodes pumping from each side of the fiber, excite ions in the active
fiber out of the ground state to the upper laser level. At the center of the fiber total pump power is too weak to
maintain a total population inversion of the two levels, and n, < n;. Equation 2.25 shows n, > 0.5 can be expected
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5.3 Modelled behaviour of the Power Amplifier

in holmium-doped fiber pumped at 1, = 1150 nm, [23] attributes this to the relatively fast relaxation time between
the °Is and % I; levels depicted in Figure 2.8 of holmium in silica fiber.
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Figure 5.3: Fractional population (given in %) of the upper ny and lower n; laser levels a distance x into the fiber of length
L =1.4m, for the case of 2 pump diodes, each emitting 300 mW at 1150 nm, for input signal (a) of 0.6 yW at 2051 nm and (b) of
0.5 mW at 2089 nm.

The amplification of the master oscillator LD of Pﬁ” = 0.6 uW average power is merely a disturbance to the much
stronger 300 mW pump power, and does not change the symmetry as seen in Figure 5.3a. The mode-locked laser
signal of P/ = 0.5 mW entering the active fiber from the left. From the center of the fiber and on, the signal power
exceeds half the total pump power as seen in Figure 5.2b. This accounts for the asymmetry of the population
inversion at the start and end of the fiber.

Together with the effective cross section curves drawn for n, in Figure 2.9, Figure 5.3 reveals if at any point x in
the fiber the signal is being amplified or attenuates. Figure 2.9 shows that at 2051 nm n, = 0.3, and at 2085 nm
np = 0.2 is necessary for having positive gain. Figure 5.3a predicts n, at 2051 nm to always be greater than 0.4
(40%), and Figure 5.3a shows that at 2085 nm n, stays above 0.2 (20%) throughout the whole length of the fiber.
Hence, there are no points in the fiber where either signal attenuates. This is reflected in Figure 5.2 where both
signals are monotonously increasing with distance into the fiber.

5.3.4 Variation of total gain with pump power

Figure 5.4 shows the dependence of the total gain G (in dB) on the pump power for the master oscillator LD of
P! = 0.6 uW signal at 2051 nm (blue curve) and the mode-locked laser of P} = 0.5 mW at 2089 nm (green curve).

Gain for the 0.5 mW signal is also less sensitive to pump power, than the 0.6 uW signal. Flattening of the gain curve,
as well as the asymmetry in the upper state population of Figure 5.3b shows that there will be an upper limit in
signal input power for which the limited pump power can provide gain.

Pump power threshold for positive gain is wavelength dependent. The effective cross section curves drawn for n,
in Figure 2.9 show that smaller upper level populations n, are needed for longer wavelengths to obtain positive
gain. Indeed, Figure 5.4 shows that the shorter wavelength (2051 nm) master oscillator LD has a higher threshold
power at 250 mW than the longer wavelength (2089 nm) mode-locked laser which has positive gain at input powers
above 175 mW.
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Figure 5.4: Total gain G (in dB) depending on total pump power in a fiber of total length 1.4 m, for the case of 2 pump diodes,
each emitting at 1150 nm, for input signal (blue) of 0.6 yW at 2051 nm and (green) of 0.5 mW at 2089 nm.

5.3.5 Peak power when varying LD repetition rate and wavelength

The characterizations of the master oscillator LD of section 4.1 showed that the LD is easily tunable in repetition
rate fr.p between 10 and 100kHz. And in signal wavelength A between 2051 nm and 2053 nm.

Figure 5.5 shows the simulated dependence on output peak power P, on repetition rate fr., under full ampli-
fication P,i," = 600 mW, when operated at A5 at 2051 nm (blue curve), 2052 nm (green curve) and 2053 nm (red
curve). frep cannot directly be varied in the steady-state model adopted, as the model only takes the average signal
power P as input. However, P;" was inputted according to Equation 2.28, when f;, was varied between 10 and

100 kHz. Similarly, the peak power plotted in Figure 5.5 is recalculated using Equation 2.28 from the average power
outputted by the model.

signal output peak power (W)

h_s=2051nm
—— h_s=2052 nm
0FF ——— h_s=2053nm

-71!! 1‘6 2‘!! 2‘6 3‘0 3‘6 4‘!! 4‘6 E‘U 5‘6 Eb EIE T‘U 7‘6 BIU B‘S SIU 9‘6 100
signal repetition frequency (kHz)
Figure 5.5: Amplified peak power P4 depending on the input repetition frequency of the signal in a fiber of total length 1.4 m,

for the case of 2 pump diodes, each emitting at 1150 nm, for input signal (blue) of 0.6 W at 2051 nm and (green) of 0.5 mW at
2089 nm.

Within this range of f.p, at all considered A, the amplification of peak power varied less than 0.2%, and can be
considered constant. This implies that the energy of each pulse is amplified equally independently of how many
pulses are being amplified per second within this range of f;.p.
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5.3.6 Residual pump power

It is also of importance to simulate how much residual pump power must be absorbed by the upper right and
lower left isolators in Figure 3.2 in the case that the master oscillator should fail, and input no signal to the power
amplifier. Residual pump power above the damage threshold of the isolators may lead to a breakthrough at the
isolators, causing feedback of pump power into the pump diodes which may be harmful to them.

Two pump diodes, each emitting 300 mW, L = 1.4 m are simulated to produce 11.1 mW output power at either
isolator in the absence of a signal. The isolators in question are made to withstand 500 mW [74, 75].

5.4 Summary of the main results from the numerical model

This chapter designed a power amplifier. The amplifier is tested as discussed in the following chapter 6, and the
numerical model could be fitted to the experimental data. The improved model has provided several valuable
insights on the behaviour on the amplifier, where the two most important are:

Firstly, the range of signals with respect to their average power, for which the amplifier is suited could be suggested.
Bellow pyW average power ASE drains the pump energy as seen in Figure 5.3a. With increasing average input signal
power, the total gain curves plotted in Figure 5.4 with respect to pump power tend to flatten. Thus, a range of yW
to a few mW average input power seems to be the feasible range of amplification.

Secondly, expected optical output of the MOPA system consisting of a master oscillator LD and the power amplifier
was modelled and plotted in Figure 5.5. These parameters will be used to estimate LiDAR parameters in chapter 7.

Next up is the experimental results and discussion of the testing of the amplifier.
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Chapter 6

Testing the Power Amplifier

Due to some technical difficulties experienced with the LD, the LD-MOPA shown in Figure 3.1a could not be
demonstrated for this thesis. However, the power amplifier was implemented as part of the mode-locked-MOPA
shown in Figure 3.1b. This chapter provides the experimental method, results and discussion of tests done with the
mode-locked-MOPA system.

6.1 Experimental method

The mode-locked-MOPA as shown in Figure 3.1b was tested in the configuration where the master oscillator was
a mode-locked holmium-doped fiber laser as characterized in section 4.2. The laser emitted pulses at about 3
picosecond pulse duration at a repetition rate of 3.81 MHz. The emission was centered at at 15 = 2088.90 nm
with a line width of AA = 1.62 nm. The signal had an average power of 0.5 mW. Calculated pulse energy using
Equation 2.28 and Equation 2.29 is then 0.13 nJ.

Two experiments were carried out. First, gradually increasing the pump power from 215 mW to 610 mW, the mode-
locked-MOPA output was characterized in terms of average power, optical spectrum and temporal profile. Sec-
ondly, the master oscillator and one pump LD were disconnected, and residual pump power Pg“t from the other
pump LD was detected. In both experiments, the amplifier pump power was controlled by setting the pump LD
current, using the CW LD drivers, as explained in section 4.3. Total pump input power P,"j” was taken as the sum of
the contributions from both pump LDs, as plotted in the power-to-current curve in Figure 4.5.

The amplifier signal output was characterized as follows. The average output power was measured by a power
meter. The error of the power meter is about 1%, or 0.1 mW at the lowest. The optical spectrum was monitored
using an optical spectrum analyzer. The temporal output was measured by an in-house built autocorrelator, as the
picosecond pulse duration of the mode-locked laser is too fast to be measured with any available photodetector.

6.2 Results

This section presents the amplified output power of the mode-locked-MOPA and residual pump power. Temporal
and spectral properties are provided at medium and full amplification.

6.2.1 Output power

The mode-locked-MOPA average output power from the first experiment was plotted against applied pump power
P;," as shown in Figure 6.1a (blue curve). In the second experiment, the residual pump power PZL” from one pump

LD was plotted against P,f,” as shown in Figure 6.1b (blue curve).

Figure 6.1a shows that the amplifier operated with a slope efficiency 1, of 10% from the onset of linear output
regime starting at about 450 mW applied pump power. At maximum amplification of 610 mW applied pump power,
the optical-to-optical efficiency 1 was 5.3%. Figure 6.1b shows that if the amplifier should run at full amplification,
and there should be no input signal, the residual pump power to be absorbed at either isolator in Figure 3.2 would
not exceed 3.5 mW which is well below the 500 mW the isolators can withstand [74, 75], and there would be no
damaging feedback into the pump LDs.
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6.2 Results
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6.2.2 Medium amplification

At 340 mW applied pump power, the mode-locked-MOPA emitted 8 mW average output power corresponding to
12 dB total gain. The optical spectrum centered at A; = 2088.8 nm with a linewidth of A1 = 1.41 nm is shown in
Figure 6.2a. In this regime, the output power was sufficient to successfully measured the pulse to have a duration

At of 3.2 ps as seen from Figure 6.2b. According to Equation 2.28, the calculated pulse peak power P4 is 690 W,
and according to Equation 2.29 the pulse energy is 2 nJ.

The time-bandwidth product (left side of Equation 2.4)of the pulse from the mode-locked-MOPA is equal to 0.31.

For pulses of sech? profile, the constant ofEquation 2.4 is 0.315 for[33, p. 10], which is reasonably close to 0.31. This
shows that the pulse from the oscillator is almost transform limited.
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Figure 6.2: Mode-locked-MOPA signal output of 8 mW average power at pump power of 340 mW. The (a) optical spectrum is
centered around As = 2088.8 nm with a line width of A1 = 1.41 nm and (b) autocorreolation trace with pulse widh A¢ = 3.2 ps.
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6.2.3 Full amplification

Further increasing THE pump power, the linewidth broadened noticeably up to 2.97 nm at 510 mW applied pump

power, marking the end of a single peak spectral regime. When applying pump power beyond this point, the spec-
trum gradually split in two distinct peaks.

At full amplification, when pumping with 610 mW, the 33 mW average output power corresponding to a gain of
18 dB was obtained. The optical spectrum centered at 2089 nm seen in Figure 6.3a, had split into two peaks. The
linewidth AA = 6.6 nm was taken as the full width of both peaks at half maximum value of the tallest peak. Tem-

porally, the pulse split into a group of several pulses as seen in Figure 6.3b, with a duration of the pulse group
estimated to be < 10 ps.
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Figure 6.3: Mode-locked-MOPA average power output of 33 mW at 610 mW applied pump power: (a) optical spectrum centered
around 2089 nm with a linewidth AA = 6.6 nm. (b) Autocorreolation trace showing the pulse splitting. The duration of the pulse
group as a whole is estimated to be < 10 ps

6.3 Discussion

The holmium-doped fiber amplifier was successfully demonstrated. Amplification to 12 dB without spectral and
temporal broadening was achieved from the mode-locked holmium-doped fiber laser picosecond pulsed input
signal at 2089 nm, of 0.5 mW average power. At full amplification, 18 dB gain was obtained for the same input
signal, however the pulse had then split up into a train of pulses, and the spectrum broadened to 6.6 nm.

Here follows a discussion the efficiency, the validity of the amplifier numerical model for this mode-locked-MOPA
configuration, and finally the main advantages of the power amplifier itself.

6.3.1 Efficiency

The optical-to-optical efficiency 1 and slope efficiency 1 depend not only on the fiber amplifier configuration, but
also on the input signal parameters. The quantum defect limited efficiency 1, of the mode-locked MOPA operating
at signal wavelengths 1; =2089 nm and pump wavelength 1, = 1150 nm is 55% according to Equation 2.36, using
Equation 2.2 and assuming that the speed of light in the fiber is equal at both A; and 1,. The optical-to-optical
efficiency n observed at full amplification was 5.3%, which is still one order of magnitude lower than n4. Also the
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slope efficiency 7, of 10% is five times lower than 1,. The remaining power is dissipated as heat in the fiber or in
the isolators. Cooling of the fiber was not necessary due to the fiber geometry discussed in subsection 2.2.1.

Pumping at a wavelength A, in an absorption band centered at 1950 nm and closer to A; as seen in Figure 2.4
would reduce the quantum defect discussed in Equation 2.3.6 and increase optical-to-optical efficiency 1. 14
would increase to 93 %. State-of-the-art commercially available LDs operating within this absorption band de-
liver around 15 mW average power [27]. Simulated threshold pump power for the mode-locked laser of this mode-
locked-MOPA, as well as the LD-MOPA were simulated to 175 mW and 250 mW respectively as seen in Figure 5.4,
indicating that state-of-the-art LDs can not directly be used as pump LDs in the 1950 nm absorption band for the
amplification of pW-mW signals.

6.3.2 Comments on the validity of the amplifier numerical model

The complementary amplifier numerical model is a practical tool in predicting amplification of inputted signals.
Fitting the model to experimental data increases its trustworthiness. As the experiments showed a tendency of
spectral broadening, a discussion on the validity on the numerical model in describing the amplification of the
mode-locked laser is included. Specifically, the three requirements for adopting a CW model for pulsed amplifica-
tion given in subsection 2.3.5 are looked at.

First, the saturation pulse energy E,; at As = 2089 nm is 17 pJ according to Equation 2.26. Cross sections are
plotted in Figure 2.7, and the mode area A is taken to be the core area nd?,,,/4. The input pulse energies were seen
in section 6.1 to be 0.13 nJ and the pulse energy at maximum amplification 2 nJ. The pulse energies are well below

Esat, and assumption number one is fulfilled.

Secondly, gain is proportional to the effective cross section plotted in Figure 2.9, which can be said to be constant
across the input linewidth AA = 1.41 nm of the mode-locked laser found in section 4.2. Thus, requirement number
two is satisfied.

The third assumption considers broadening of amplifier output during amplification. While amplifying with up to
610 mW pump power, the the laser spectrum remained centered around A; = 2089 nm. The linewidth AA broad-
ened four times from the mode-locked laser initial output of 1.62 nm to full amplification mode-locked-MOPA
output of 6.6 nm. Around 2089 nm, the effective cross section can be considered constant also across a 6.6 nm
linewidth. The considered curves in Figure 2.9 were the n, = 0.4, ny = 0.5 and n, = 0.6 curves, accroding to the
simulated level populations at full amplification shown in Figure 5.3b. Therefore, the observed broadening does
not violate assumption number three.

Thus, the model can still be seen as valid for the entire range/stretch of amplification for this particular mode-
locked-MOPA system. The numerical model of the amplifier was improved as discussed in subsection 5.3.1, us-
ing experimental data from amplification, as well as the residual pump characterization. The simulated output
power/amplification (purple curve in Figure 6.1a), and residual pump power (purple curve in Figure 6.1b) nicely
match the experimental results. Important results on the behaviour of the amplifier were also found with the im-
proved numerical model, and could be presented in chapter 5.

Developing a complementary pulsed numerical model for amplification of master oscillators where the CW model
should not be valid would be an important further step in this work.

6.3.3 Advantages of the amplifier

The demonstrated power amplifier has a number of advantages. Being single-mode diode-pumped and having all-
fiber design, it is potentially very compact, and can easily be integrated into a more complex system. It has received
its own packaging measuring 2 cm x 14 cm x 25 cm.

51



Chapter 6. Testing the Power Amplifier 6.4 Outlook and End note

Due to the broad gain bandwidth of Holmium, it can be used for amplification of any signal between 2000 nm and
2150 nm, where the region above 2050 nm is of most interest due to limited gain of Thulium in that spectral range
[23, 77]. An additional advantage is that it was assembled using only PM fiber components, and can therefore be
combined with polarized input laser sources [41].

Stable in operation, it has proven to be a stand alone, practical device within the lab. The development resulted in
a conference paper [73].

6.4 Outlook and End note

Providing positive gain within the beginning of the 2-2.5 um atmospheric window, the power amplifier, when inte-
grated in a MOPA system, has the potential of being the laser source of a LiDAR. This chapter ends by stating the
regime of operation considered for the mode-locked-MOPA and the LD-MOPA as LiDAR laser sources.

The mode-locked-MOPA operated at both medium and full amplification could be chosen as operation regimes for
the LiDAR application. For the following reasons the regime at medium amplification as been selected. At medium
amplification the pulses were shorter, the spectrum narrower, but the average power lower than at full amplifi-
cation, where the output also split into a train of pulses. The following chapter will estimate LiDAR parameters
considering the interplay of noise power and detector rise time with the output of a MOPA assumed to posses a
well defined peak power and pulse duration. The regime at medium amplification provides such output. However,
if it should become apparent that more average power is beneficial, the mode-locked-MOPA could be operated at
full amplification, where the group of pulses would be seen as one pulse of effective width of < 10 ps.

The amplifier numerical model aligned nicely with experimental results from the testing with the mode-locked
laser. This justifies estimating potential range finding LiDAR parameters with the LD-MOPA using parameters
from the simulations in chapter 5. The LD is tuneable in wavelength A, and repetition rate f;.p,, which is generally
interesting for LIDAR application. The LD-MOPA configuration considered in chapter 7 will be fixed at 1 0of 2051.81
nm, pulse duration Az of 1 ns and finally peak power of 0.8 W simulated to be independent of fr¢p.

Having chosen a regime of operation for both the mode-locked-MOPA and the LD-MOPA, chapter 7 will discuss
their viability as laser sources in LiDAR applications in more detail.
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Chapter 7

Designing and building the range finding
LiDAR

In order to carry out a proof of principle range finding LiDAR experiment using the mode-locked-MOPA demon-
strated in chapter 6 as laser source, the LiDAR setup shown in Figure 3.3 was assembled and is looked at closer in
this chapter. To settle on the setup shown in Figure 3.3, LiDAR setups based on calculated range-finding LiDAR pa-
rameters for both the mode-locked-MOPA, and the potential LD-MOPA were considered and compared. A project
work [78], describing the development of a similar range-finding setup, as well as a Ph.D. thesis [13] developing a
cloud height-finding ceilometer, both operating at around 1.5 pm were of great help in this work.

This chapter first considers the LiDAR transmitter components, and then describes the calculations behind choices
of LiDAR receiver components. Finally a solution for keeping track of return time is presented.

7.1 Transmitter

A close up of the LiDAR transmitter optics are shown in Figure 7.1.

This section first considers the two possible MOPAs in the context of LiDAR laser transmitters, and then describes
the outputting collimator.

Transmitter Collimator
Tap coupler (3/97) | | / _______________________
MoPA [ i ) o

LiDAR output
Start pulse to

Receiver

Figure 7.1: Close up of the LiDAR transmitter. The MOPA generates a pulse split at the Tap coupler, 3% is guided to the receiver,
and 97% to the collimator which expands and collimates the LiDAR output as a free space beam diverging at an angle 6;. The
beam waist diameter 2w is range-dependent.

7.1.1 MOPA as transmitter laser source

The LiDAR transmitter parameters using either MOPA as transmitter laser source are tabulated in Table 7.1. The
parameters of the mode-locked-MOPA were taken from the experimental results of chapter 6. As discussed in
section 6.4, the LD-MOPA parameters could be taken from from section 4.1, except for the peak power which was
simulated using the improved numerical model of the power amplifier as seen in Figure 5.5.

It was stated in the introduction (chapter 1) that the 2 — 2.5 uym is the ideal window for remote sensing [7] for a
number of reasons, which the two considered MOPAs benefit from.
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Transmitter parameters  Ppeq At frep 0; As AL
with MOPA laser source W mrad nm nm
LD-MOPA 0.8 lns 10-100kHz 1.04 2051.00-2053.00 0.05
mode-locked-MOPA 630 3.2ps 3.81 MHz 1.04 2088.8 1.4

Table 7.1: Experimentally measured output parameters (except peak power P, of the LD which is modelled and taken from

Figure 5.5) of the transmitter when using the LD-MOPA or mode-locked-MOPA as laser source. 8 is always the divergence angle
of the Thorlabs collimator.

It was said that the atmospheric transmittance due to absorption was relatively high within this spectral range. The
LD-MOPA is tunable in wavelength A around 2.05 ym, and exhibits a linewidth AA which fits inside and between
the absorption lines within this wavelength range as seen in Figure 7.2a. For range-finding calculations done in this
chapter, a LD-MOPA wavelength at 1; = 2051.81 nm is assumed. Although the mode-locked-MOPA has a broader
linewidth than the LD-MOPA, it can still be used for ranging because the wavelength range in which it emits is
transparent over much broader wavelength bands than around 2052 nm as seen in Figure 7.2b.
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Figure 7.2: Spectral atmospheric transmittance due to absorption (blue curves). Plotted with data from [15]. Coplotted are the
spectral outputs of the range finding LiDAR transmitter when the laser source is (a) the LD-MOPA at 2051.81 nm (green curve)
from Figure 4.2a, and (b) the mode-locked-MOPA emitting at 2088.8 nm (green curve) from Figure 6.2a.

Both MOPAs are pulsed sources needed for the pulsed TOF method. They are electrically controlled, which in the
introduction was considered favorable, with operation described in section 4.1 (LD-MOPA) and section 4.2(mode-
locked-MOPA). The LD-MOPA allows setting of repetition rate f;.,, whereas the mode-locked-MOPA has a fixed
repetition rate of 3.81 MHz. The mode-locked-MOPA outperforms the LD-MOPA in peak power P4k, and has

shorter pulse duration A¢. The implications of pulse duration A ¢ and peak power P4 will be seen in the following
sections.

Finally, the introduction also considered eye safe pulse energy. The pulse energies of the LD-MOPA and the mode-
locked-MOPA are according to Equation 2.29 0.8 nJ and 2 nJ respectively. Theses are below the 20 mJ considered
eye safe energy between 2 — 2.1 um [11]. Thus the potential LiDAR could be used in a public environment.

Thus, either MOPA exhibits properties favorable for LiDAR laser transmitter sources.
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7.1.2 Collimator

The LiDAR must transmit a collimated beam of pulses as LiDAR output. The beam will diverge at transmitter
divergence angle 6;. Minimizing 6;, would increase the maximal range R, of the LiDAR system according to
Equation 2.57, and increases transverse resolution AR according to Equation 2.50.

Transmitting the signal directly from the tip of the fiber of either MOPA with fiber core diameter d.y;e = 8 pm,
would according to Equation 2.5 result in a 0.16 rad divergence angle 6, 0.16 rad. This implies a 1 m beam diameter
at 3.06 m distance according to Equation 2.50.

The transmitter divergence angle is lowered by guiding the MOPA output through a collimator (Thorlabs TCO6FC-
2000) with an angle of divergence 8; = 1.04 mrad when 0, is defined like in Equation 2.41. With this solution, the
beam diameter and thus AR' will be 1 m at 480 m range. Thus, a collimator was installed in the LiDAR transmitter.

7.2 Receiver

The receiver is sketched in Figure 7.3.

This section discusses of the modelling of LiDAR parameters done to choose a detector, as well as how the return
pulse as focused on the detector.

Start pulse from
Transmitter

Receiver

Detector LiDAR input
Tap coupler (10/90)
-
l |-
| "

Figure 7.3: Close up of the LiDAR receiver. The telescope aperture is the receiver aperture D,. A lens focuses the collimated
output of the telescope into a fiber via a fiber coupler (FC). At the (10/90) Tap coupler the LiDAR input meets a pulse, which
was guided directly from the transmitter. Both signals are detected by the fiber coupled Newport detector. The entrance of the
telescope is defined to be the zero-range line where R = 0.

7.2.1 Telescope

The return pulse (LiDAR input) is collected by a Thorlabs (BE15M) Galilean telescope. Figure 7.3 The telescope
entrance (or almost) is its aperture with diameter of 48 mm. In order for all the collected optical power to be
transmitted to the detector through the receiver optics, the aperture D, of the receiver should be the aperture of
the telescope.

The LiDAR zero range (R = 0) line is chosen from the entrance to the telescope as illustrated in Figure 7.1.
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7.2.2 Detector - chosen based on LiDAR range calculations

Three possible photodetectors Thorlabs PDA10D-EC, Hamamatsu G5853-23, and Newport 818-BB-51 were consid-
ered. Table 7.2 tabulates the detector parameters provided by the companies. Specifically, the detector rise times
Irise, were either given or calculated with Equation 2.47 if only the BW was provided.

Detector spectralresp. Ay, BW trise Liark NEP Z(As =2.05 um) P%z‘tse ~ Ppoise
um pum MHz ns pA  pWHz 2 AW™! UW
Thorlabs (PDA10D-EC) 1.2-2.6 1.4 15 23 - 35 1.1 0.136
Hamamatsu (G5853-23) 1.2-2.55 1.35 1.5 230 7.5 - 1.3 5.77
Newport (818-BB-51F) 0.83-2.15 232 125x10® 28x107° 1 - 0.7 1.43

Table 7.2: Parameters of the three detectors estimated or provided by the manufacturers . The detector response interval Ay .
is the width of the spectral response.

With 3 available detectors (Table 7.2) and 2 possible transmitter sources (Table 7.1), 6 possible LiDAR systems are
considered. The maximal range R, as well as range resolution AR and transverse resolution AR* = 2w(R;4x)
evaluated at R, 45 of every LiDAR system were estimated, and are tabulated in Table 7.3. By comparing the final
results, the choice of the Newport detector could be made. In the following, the details on the calculations behind
the parameters in Table 7.3 are presented.

LiDAR system with Prmin(SNRpyin = 10) Riax AR =2w(Rmax) AR
(transmitter/receiver) i m m m
LD-MOPA and Thorlabs PDA10D-EC 1.36 1316 2.7 3.6
LD-MOPA / Hamamatsu G5853-23 57.7 177.8 0.4 35.1
LD-MOPA and Newport 818-BB-51F 14.3 1611.6 3.3 0.15
mode-locked-MOPA + Thorlabs PDA10D-EC 1.36 39 (1575.7) 0.08 (3.3) 3.5
mode-locked-MOPA + Hamamatsu G5853-23 57.7 39 (250.0) 0.08 (0.5) 35.0
mode-locked-MOPA / Newport 818-BB-51F 14.3 39 (4562.5) 0.08 (9.5) 4.7x1073

Table 7.3: LiDAR parameters of the 6 possible MOPA/detector combinations. 2wy, 4y is the transverse resolution at Ry qx.
Whenever the LiDAR Rj; 4y is repetition rate limited, the hypothetical power limited R4 as well as the transverse resolution
at that range is given in parenthesis.

s det . BG .
Detector noise P/’  compared to background noise P, ”  calculations

i oise

In order to predict R4y of the LiIDAR systems, the total noise level P,,,;s. of Equation 2.52 is estimated for every
detector.

First, background noise Pfg’;. 5. Seen by every detectors is estimated using Equation 2.53. A paper [61] took the
power flux f in the spectral range between 2.3 — 4.5 um to be 5 x 107> Wem™?sr~!um ™! at daytime under clear sky
conditions. Consulting Figure 2.15b, here f = 5 x 107 Wem™2sr™!um™! will be used, as all considered detectors
have spectral response down to 1 um. The receiver aperture area A, is calculated from Equation 2.45 with the
aperture diameter D, given in subsection 7.2.1. The receiver FOV Qrgy,, depends upon the geometry the receiver
optics [5, p. 5], and is estimated to be < 1 mrad?. Finally, all detectors have detection range A, , < 2.32 pm which is
taken as A, , in the calculation. Thus, Equation 2.53 equates to 20 nW which is a conservative estimate for ng. se
for all detectors.
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Secondly, the detector noise Pzgl? s Of the three detectors was estimated using Equation 2.54 for the Hamamatsu

and Newport detectors as the dark current I, and responsivity % was given. For the Thorlabs detector NEP was
provided and Equation 2.55 was used. P,‘fg fse was calculated to be of yW order for all the detectors.

BG det . BG . : .
As, Py << Prei, by three orders of magnitude, P Was neglected, and the total receiver noise power P;p;se

(Equation 2.52) was taken to be Pz(‘jl?se (in the following calculations on signal to noise ratios needed to estimate).
This conclusion was also made by [61].

SNR calculations under assumed atmospheric conditions and target properties

Signal to noise ratio was calculated because it conveys information in itself, and is also as a step towards finding
Rpax of every LiDAR system.

SNR was was estimated with Equation 2.51 by comparing the received signal P, returning from range R to the
noise level Pl‘fgl?se of the various detectors and plotted against R in Figure 7.4a (LD-MOPA as transmitter laser)
and in Figure 7.4b (mode-locked-MOPA as transmitter laser). P, was calculated using Equation 2.46 under system
conditions, atmospheric transmission and target properties listed in Table 7.4. These conditions will be looked at

closer here.

Parameter Value Comment

Dy 48 mm telescope aperture

0; 1.04 mrad collimator divergence angle

Nsys 0.87 only tap coupler losses (see section 7.3)

g 0.95 only atmospheric absorption, no scattering
0 1 full reflectance of the target

Dy 1m target diameter

SNRin 10 minimum allowed SNR level

Table 7.4: Conditions assumed when calculating return power P, with Equation 2.46 and power limited R;;4y with Equa-
tion 2.57.

The target is assumed to be an ideal mirror of reflectance p = 1 and diameter Dy = 1 m. This implies that the
beam waist 2w equalled the target diameter Dt at range R = (D7/2)/0; = 481.4771 m. This range marks where P,
switches from a R to a R~* dependence, and is especially apparent from Figure 7.4a considering the SNR plot for
the LD-MOPA/Hamamatsu detector LiDAR combination (orange curve). A singularity is seen at this range.

Regarding the atmospheric transmittance 9, the signal wavelengths A have specifically been chosen to minimize
absorption. Around 2051.81 nm and 2088.8, the atmospheric transmittance through the entire column of the at-
mosphere due to absorption amounts to around 0.95 as was seen in Figure 7.2a and Figure 7.2b. For this LiDAR, the
number will likely be closer to 1, as the ranges considered here will be considerably shorter than the atmospheric
height, and 9™ increases with decreasing R as seen from Equation 2.60. Scattering generally lowers 9~ further. Laser
light at wavelengths A between 2-2.1 um will Rayleigh scatter off of atmospheric gases as A, is much greater than
the molecular nanometer scaled diameters. Aerosols, rain, fog or snow are generally on the ym — mm scale [8,
p- 259], and the LiDAR signal would therefore Mie scatter off of theses as discussed in subsection 2.6.4. Estimates
of scattering will not be calculated in this thesis. Restricting the calculations done here to a clear day, scattering is
neglected and 9 is set to 0.95 for both laser sources.

Precise aligning of the receiver optics have been made in order to make 75y ideal. Due to tap coupler losses, which
will be considered in section 7.3, 7755 is set to 0.87.

Conditions on 155, 9, and p are the same for all the detectors, and do not affect their relative performance. How-
ever, estimates were made in order to enable the comparison between repetition rate limited R, . to the power
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limited Ryqx. As only known factors are included in 75,5, 9, and p, the real power limited Rj;4x will likely be
somewhat shorter.

14 T 10 T T T
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Figure 7.4: (a) SNR of LiDARs with LD-MOPA, and (b) log(SNR) of LiDARs with the mode-locked MOPA. In (a) and (b), SNR
is the return power Pr(R) compared to P%fse of each detector. Assumed system parameters are tabulated in Table 7.3. The
stippled lines in (a) SNR;;,;;; = 10 and (b) log(SNR,,; ,)=1 determine the power limited R;;4x. The R scales end at the repetition
rate limited Rpqx which in (a) is 15 k(frep = 10 kHz) and in (b) is 39 m.

Estimating maximal range R, of the LIDAR

Having calculated the SNR, the power limited R, can be estimated by requiring a certain SNR;;,;,, and can be
compared to the repetition rate limited R 4.

A paper [79] developing an aerosol monitoring LiDAR, and a paper [80] looking at evolution of atmospheric water
vapour using LiDAR data, both required SNR to be 10 at minimum. Therefore, SNR,;;;;, =10 will be assumed here,
and the smallest detectable and distinguishable optical power P, ;,;, was estimated according to Equation 2.56.
The power limited R, ,x were calculated with Equation 2.57.

The repetition rate limited Rj;4x of the mode-locked-MOPA is to 39 m, whereas the LD-MOPA operated at at 10 kHz
repetition rate would be limited at 15 km, as calculated with Equation 2.58.

Graphically, the power limited R, is seen in Figure 7.4, as the range R at which the SNR curve of each detec-
tor/MOPA combination intersects the SNR = 10 or log(SNR) = 1 stippled lines. The horizontal axis of either graph
is extended to the MOPA source repetition rate limited range. Thus if the SNR curves intersect the SNR = 10 line or
log(SNR) = 1line the true LiDAR R,y is power limited, whereas, if the curves do not intersect the stippled lines, the
true LiDAR Ry, is limited by repetition rate. Figure 7.4 shows that all LIDARS employing the mode-locked-MOPA
have repetition rate limited Rp,qx. All LIDARS employing the LD-MOPA have power limited Ry 4y, as long as fp is
adjusted properly. For example, the Newport detector / LD-MOPA LiDAR (yellow curve in Figure 7.4a) must adjust
frep <90kHz in order to range to 1.6 km. The true Ry, 4y is tabulated in Table 7.3. Where R;; 4y is repetition rate
limited, the hypothetical power limited R, is given in parenthesis.

Estimating LiDAR range resolution AR and transverse resolution AR*

Range resolution AR is proportional to the sum of rise time ¢,;;, and pulse width At according to Equation 2.49,
and are tabulated for all LIDAR combinations in Table 7.3. LIDAR AR with the mode-locked-MOPA is always limited
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by the choice of detector. Only the Newport detector is faster than the LD-MOPA.

The transverse resolution AR* given by Equation 2.50 depends equally on range R for all LiDAR system, as the
transmitted pulse always diverges with ;. Thus for any of the LiDAR combinations, two of the considered targets
(fully reflecting with diameter D7 = 1 m) will not be distinguishable as two different objects. AR* (beam spot
diameter 2w) evaluated at R4 are tabulated in Table 7.3. Where R4, was repetition rate limited, the transverse
resolution at the hypothetical power limited range are given in parenthesis.

Summary choice of detector

The LiDAR parameters of all systems are tabulated in Table 7.3. The Newport detector excels with respects to range
resolution AR in comparison with the other two detectors due to its 3 to 4 orders of magnitude shorter rise time
Irise- With respects to R4y, all detectors manage the 39 m repetiton rate limited R, of the mode-locked-MOPA.
None of the detector can detect signals from the 10 kHz repetition rate limited R,,,x at 15 km of the LD-MOPA,
but the Newport detector provides the longest power limited Rj,4x. With these MOPAs as transmitter lasers, the
Newport detector is chosen.

It should be noted that the Thorlabs detector has ten times lower internal noise than the Newport detector. When
calculations still do not predict longer R4 for the LiDAR systems with the Thorlabs than with the Newport detec-
tor, then it is due to both the LD-MOPA and mode-locked having shorter or much shorter pulse duration A¢ than

the rise time ;. of the Thorlabs detector, but not the Newport detector. When At << t;;¢, the \/Mf—ttr__e factor

—

(or (ﬁfme) ! factor) proportional to R4, (Equation 2.57) approaches zero. Transmitter lasers emitting pulses

comparable to or longer in pulse duration than the Thorlabs rise time of 23 ns, the Thorlabs detector will provide
longer maximal ranges R,y than the Newport detector due to its lower internal noise.

7.2.3 Focusing the telescope output on the detector

As the Newport detector of choice is a fiber-coupled detector, the outputted collimated beam of the telescope was
focused with a Thorlabs lens of 25 mm focal length into a fiber held in place and aimed at the lens by a fiber
holder (FH). The fiber then leads via a 10/90 tap coupler to the detector. This was illustrated in Figure 7.3. For
completeness, the alignment process is described here.

Initial alignments of the telescope, lens and the inlet of the fiber (held by the FH) were done in a semidark room. The
telescope was first aimed at a piece of white paper which was hung a few meters from the telescope and illuminated
by a lamp. Then the lens and fiber FH inlet were aligned along the axis of the telescope, by visually inspecting the
image of the white paper on the FH inlet.

High precision alignment was achieved after turning on the transmitter laser. Without moving the receiver optics,
the illuminated paper was replaced by a mirror, which the collimator was aimed at. The Collimator could be prop-
erly aimed at the mirror by tracing the beam spot of the transmitted signal from collimator to the mirror and back
to the telescope with a detector card. (Detector cards change colour with temperature.) Mounted on a 3-axis stage
(Thorlabs MAX313D(/M)), the FH position could further be finely adjusted (in three independent directions) until
the received signal at the detector monitored by an oscilloscope was maximized.
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7.3 Keeping track of return time - Coupling the transmitter and the receiver

Having settled on a transmitter and receiver design, this section describes the engineered method for communica-
tion between the two.

The range R is measured from the zero-range line (R = 0) of the system defined to be at the entrance to the telescope
as seen in Figure 7.5. To find R, the transmitter must communicate to the receiver that a pulse was transmitted,
and the receiver must be able to compare this information to the return time. This can be achieved by splitting the
MOPA-outputted signal in the transmitter before the collimator using a 3/97 tap coupler. 97% of the signal (ranging
pulse) is guided on through a fiber and transmitted through the collimator aimed at the target. The remaining 3 %
of the signal (starting pulse) is guided in a fiber through the 10 % port of a 10/90 tap coupler at the receiver. It is then
led on to the fiber-coupled detector, where it is detected at time #, indicating that a pulse has been transmitted. At
time #; the ranging pulse will have returned form the target, propagated through the receiver optics, through the 90
% port of the 10/90 tap coupler, and is detected at the detector. The time between detection of starting and ranging
pulses is the delay time #; —

Tap coupler (3/97)

I

|

| 97% g IR .

i MOPA [ ] - LiDAR output
I

|

f— — — —

Tap coupler (10/90)

| Receiver

1

| 0.3%

! Detector == LiDAR input
! 87%

1

Figure 7.5: The MOPA signal power to be transmitter is split in 3% and 97% as indicated at a 3/97 tap coupler. After splitting,
ranging pulse which travels to the target and back, travels the red optical path inside the LiDAR, and a starting pulse travels
the green optical path inside the LiDAR. Full drawn lines indicate fiber, and dotted lines indicate free space propagation. The
telescope entrance marks the zero range line where R = 0.

In Figure 7.5 the optical paths the starting pulse (green path) and ranging pulse (red path) propagate within the
LiDAR system after the 3/97 tap coupler are indicated. A difference in path will correspond to a constant time
offset ¢, fse;- Thus, the actual return time ., of the pulse used for finding the range R in Equation 2.38 will be

fret =t — To— Loffset- (7.1)

foffser 1S @ constant system parameter which must be determined once by finding the delay time #; — fp when the
range R to a target and hence ¢, is known.

A similar method for keeping track of time was used in [81].
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7.4 Outlook and End note

This chapter modelled the behaviour of LiDAR setups under clear weather conditions, with a perfect reflecting
mirror target. The calculations showed the that the Newport detector was the detector of choice.

Although the mode-locked-MOPA outperforms the LD-MOPA in peak power, the LD-MOPA still allows ranging
at longer distances due to its lower repetition rate. The range resolution of the LiDAR system with the Newport
detector is better in combination with the mode-locked-MOPA than the LD-MOPA, as the first MOPA emits pulses
of significantly shorter pulse duration than the latter.

As the mode-locked-MOPA is available, the LiDAR system was built with the mode-locked-MOPA as outlined in
Figure 3.3. The results and discussion of initial testing with the LiDAR system are outlined in the following chapter 8.
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Chapter 8

Testing the range finding LiDAR

The mode-locked-MOPA demonstrated in chapter 6 was integrated as the laser source in a range finding LiDAR
setup built as described in chapter 7 and depicted in Figure 3.3.

This chapter provides the experimental method, results and discussion on the proof of principle range finding
experiment using this LIDAR system.

8.1 Experimental Method and Results

Three experiments were carried out to measure the LiDAR offset time £, r50;, maximal range Ry, 4x and range res-
olution AR. The internal technology/logistic/work wise of the LiDAR is summarized in section 7.3. The mode-
locked-MOPA is operated as as described in chapter 6. Finally the output of the LIDAR Newport detector of choice
is monitored by either an oscilloscope of 1.5 GHZ BW or an oscilloscope of 50 GHz BW.

This section includes the experimental method and results of the three experiments.

8.1.1 Experiment 1: Determining the LiDAR system offset time 7, .,

In an initial test, the target was a mirror of 5 cm diameter, placed at a range R = 179.5 cm from the LiDAR. The
distance corresponds (Equation 2.38) to a pulse return time f,.; of 11.97 ns. The LiDAR starting pulse and return
ranging pulse were detected by the Newport detector at time fy and #; as explained in section 7.3. The 1.5 GHz BW
oscilloscope output is plotted in Figure 8.2a.

The delay time 1 — f between ranging- and starting pulse was found to be 17.60 ns. Thus, the offset time #, f s, as
defined in Equation 7.1, due to unequal optical path traveled by the starting and ranging pulses, is 5.63 ns. 5 £ fser
is a system parameter which should be subtracted from all recorded delay times to obtain the return time ., used
to determine the true range R via Equation 2.38.

Oscilloscope Target

J\

R= 1/2C tret

t-to=t

+ toffset

ret
Figure 8.1: A target is fixed at position %ctret. At time 1y the starting pulse is detected by the detector. f;¢; is the return time of
the ranging pulse (red) detected at the detector at time #;. The delay time ] — fp is monitored on the oscilloscope. The offset
time fyf550¢ due to different optical path lengths of the starting and ranging pulse within the LiDAR.
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Figure 8.2: (a) The ranging pulse (right) is delayed against the starting pulse (left) by #] — #p = 17.60 ns. (b) Two consecutive sets
of starting (green colour) and ranging (red colour) pulses. The period between two pulse sets is Trep = 262.40 ns.

8.1.2 Experiment 2: LIDAR maximal range R,

The experimental setup is the same as in Figure 8.1. At any range the time scale at the oscilloscope can be set to
view two successive pairs of starting and ranging pulses. Figure 8.2b shows that the monitored time between two
starting pulses was T;.p is 262.40 ns. Ty.p corresponds (using Equation 2.30) to the repetition rate 3.81 MHz of the
mode-locked-MOPA.

Thus, the maximal range R, is repetition rate limited to 39 m. Increasing the distance between the target and the
LiDAR beyond 39 m would introduce an ambiguity of a multiple of 39 m in the true range.

8.1.3 Experiment 3: Finding LiDAR range resolution AR

A third experiment was carried out in order to measure the true range resolution AR of the LiDAR. The setup is
depicted in Figure 8.3. For this experiment an available oscilloscope offering BW of 50 GHz, corresponding to a
sampling time of 7 ps according to Equation 2.47 was used to monitor the delay time #; — #y. The mirror from the
first experiment was mounted on a movable sliding platform. The platform is placed at an arbitrary point R,—q
on the R axis. From R;-¢, the platform can move along the R axis from z = 0 mm to z = 20 mm as illustrated in
Figure 8.3.

Oscilloscope Movable Target
< >
R0 ® ® R
[ (] (] T (] T »Z
0mm 2 mm e 20 mm

Figure 8.3: The target (a mirror) is mounted on a movable platform. The platform can move along the R axis from R,—¢ at
incremnetns of 1 mm.

The mirror was moved along the z axis from z = 0 mm to z = 20 mm at increments of 1 mm. The monitored delay

63
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time #; — fy at every position z, and is plotted against z in Figure 8.4. In the plot the delay time #; — # is scaled to zero
at R;—¢. The data points (blue) were fitted by a linear curve assumed to have slope Téc according to Equation 2.49.
The standard deviation of the data points from the fitted curve was found to be 40 ps. In measured range, 40 ps
corresponds to 6.1 mm via Equation 2.49. AR = 6.1 mm is thus the range resolution this LiDAR system.

150 T . . . . . . .
*
") *  experimental data ’ k
= curve fitted with slope=1/(1/2c)
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Figure 8.4: The horizontal axis shows the relative displacement of the target. The vertical axis shows the relative delay time. The
linear curve is fitted with slope = ch Standard deviation from the fitted curve is 40 ps, corresponding to AR = 6.1 mm.
2

8.2 Discussion and Outlook

A proof of principle experiment on range finding was demonstrated with the LiDAR setup where the laser source
was the all-fiber all-diode-pumped mode-locked-MOPA.

Here follows a discussion on the LiDAR parameters maximal range R, and range resolution AR from the point
of view of the laser source. Both the demonstrated mode-locked-MOPA, as well as the LD-MOPA are considered.
Finally, the possibility of converting the range finding LiDAR into a DIAL is presented.

8.2.1 Maximal range: repetition rate limitations and power scaling

The maximal range R, of the demonstrated LiDAR setup is limited to 39 m by repetition rate of the mode-locked-
MOPA laser source. Calculation showed that purely in terms of the mode-locked-MOPA power, the maximal range
could have been 4.5 km as tabulated in Table 7.3. To range at longer distances than 39 m, lower repetition rates
than the 3.81 MHz are needed. By installing a pulse picker such as an acousto-optic modulator in the transmitter,
pulses would only periodically be transmitted, effectively lowering the repetition rate [82]. Directly lowering the
repetition rate of a mode-locked laser is also possible in a certain range, by increasing the cavity length as seen in
Equation 2.37.The record low repetition rate of 77 kHz was reported in an Ytterbium-doped fiber laser with 3.8 km
long cavity [83].

The other laser transmitter, the LD-MOPA, can electronically vary repetition rate between 10-100 kHz. At 10 kHz it
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has a repetition rate limited maximal range at 15 km (f;., = 10 kHz), but was limited by power to 1.6 km according
to calculations presented in subsection 7.2.2. To range up to 15 km, further amplification would be required. Plans
for a 24 stage Holmium-doped fiber power amplifier, as well as results from a time dependent numerical model of
this amplifier are outlined in appendixA. With the LD-MOPA as input, 1 MW peak powers were estimated. Carrying
out similar calculations to those made in subsection 7.2.2, such power levels are sufficient to range above 15 km
with either the Newport or Thorlabs detector.

8.2.2 Range resolution AR and Pulse width At

The demonstrated LiDAR showed a ranges resolution AR of 6.1 mm. Considering the laser pulse width, detector
rise time, and also the oscilloscope sampling time, the LiDAR system has an effective response time (3.5 ps + 28 ps
+ 7 ps) of 38.5 ps. Modifying Equation 2.49 with the oscilloscope sampling time, the resulting range resolution is
then 5.8 mm, which corresponds well with the measured resolution.

For a picosescond pulse duration, resolution is limited on the detector side. Exchanging the mode-locked-MOPA
with the LD-MOPA the LiDAR would be limited in range resolution to 15 cm by the of 1 ns LD-MOPA pulse duration.
The requirement on AR depends on the LiDAR application.

Millimeter range resolution could also be achieved beyond the mode-locked laser repetition rate limited ranges by
shortening LD-MOPA pulse duration. A paper [28] first reported on shortening of pulses at 1550 nm from 100 ns
to 3.5 ns duration under two-stage amplification from 4 mW to 9.5 W average power in LD-pumped erbium-doped
fiber amplifiers. The pulse shortening was attributed to the time dependent gain discussed in subsection 2.3.5, and
is expected when when the pulse duration exceeds the saturation energy of Equation 2.26. The 2" stage amplifier
proposed in subsection 8.2.1 for boosting the power of the LD-MOPA also predicts pulse shortening from 1 ns to
200 ps improving the LD-MOPA resolution resolution to 3.5 cm.

8.2.3 Further work: DIAL (Differential Absorption LiDAR)

Characterization of the master oscillator LD presented in subsection 4.1.2 revealed the possibility to easily tune
its wavelength by electronically varying LD temperature. This looks promising for a differential absorption LiDAR
(DIAL). A DIAL transmits pulses into the air in a direction free of solid objects, and detects the backscattered signal
from the atmosphere. A DIAL operates at two wavelengths A5, and A,rf. Ao, must coincide with an absorption
line of the gas to be traced, whereas the atmosphere should generally be transparent to A,7¢. By comparing the
power of the return signals at the respective wavelengths, the gas concentration can be found. Hence the name,
differential absorption LiDAR.

Apaper [14] found the atmospheric absorption lines specifically around 2.05 ym interesting for a CO; sensing DIAL.
Today, DIALs for gas sensing generally use two different laser sources for Ao, and A, ¢ [55]. Initial work showing
how the LD-MOPA is tunable around the CO, absorption lines at 2.05 pm, and could be used as the laser source for
both Ao, and A, ¢ in a CO» monitoring DIAL has already been done, and is included in appendix B.

Thus, the tunable LD boosted in power by fiber amplifiers looks promising for a variety of LiDAR applications.
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Chapter 9

Conclusion

This thesis aimed at developing a light-weight, compact, laser system with all-diode holmium-doped all-fiber de-
sign, and to show its potential of being a laser source for a LiDAR operating within the promising atmospheric
window between 2 - 2.5 um [7]. Four goals were set to achieve this aim, and the following has been done:

First, a gain-switched DM semiconductor LD was characterized, and proved to be tunable in wavelength 1 be-
tween 2051 and 2053 nm with a linewidth AA < 0.05 nm. The LD was driven at repetition rates fr.p between 10 kHz
and 100 kHz. The LD produced pulses of duration At down to 1 ns with peak power P4t assumed to be 6 mW.

Secondly, an all-PM single-mode holmium-doped fiber amplifier, pumped by two identical semiconductor CW
FBG LDs emitting 300 mW at 1150 nm was built, and a complementary numerical model describing the behavior
of the amplifier was developed. The power amplifier is in itself a novel device capable of amplifying optical signals
in a broad optical spectrum of 2 - 2.1 um, and has received its own packaging. The development resulted in a
conference paper [73].

Thirdly, the amplifier was successfully demonstrated when integrated in a mode-locked-MOPA configuration, where
the master oscillator was a mode-locked holmium-doped fiber laser emitting pulses of picosecond duration at a
repetition rate f., of 3.81 MHz, with a spectral linewidth AA of 1.6 nm centered at 2089 nm wavelength A;. The am-
plifier operated with a slope efficiency 15 of 10 %. The highest optical-to-optical efficiency 1 of 5.3 % was achieved
at full amplification, where the the mode-locked-MOPA emitted 33 mW average power (18 dB gain), the pulse spec-
trum had broadened to a 6.6 nm linewidth A, and each pulse split into a group of pulses of < 10 ps group duration.
At medium amplification, the mode-locked-MOPA outputted 8 mW average power (12 dB gain) by emitting single
pulses of 3.2 ps pulse duration At, at 1; = 2088.8 nm with a linewidth A1 of 1.41 nm.

The parameters of the amplifier numerical model were calibrated using experimental data. Although some tech-
nical problems with the LD, which prevented a demonstration of the LD-MOPA, were encountered, the output of
the LD-MOPA could be estimated using the the improved numerical model of the power amplifier. Amplification
of peak power P4t up to 0.8 W, corresponding to a gain of 21 dB, is expected independently of the possible LD
repetition rates frep.

Fourth and finally, to show the potential of the demonstrated mode-locked-MOPA as a laser source for LiDAR ap-
plications, a setup was designed and built to carry out a proof of principle range-finding experiment. The design-
ing and implementation of the LiDAR setup was carefully described. The mode-locked-MOPA based LiDAR setup
could successfully measure distance to a reflective target. The range resolution AR of this LiDAR system was 6.1
mm. The maximal range R;;,4x was 39 m due to the 3.81 MHz repetition rate f., of the mode-locked-MOPA. Range-
finding LiDAR parameters were also estimated with the LD-MOPA as laser source, in the case of a reflective target,
and when neglecting scattering. LD-MOPA peak power of 0.8 W and 1 ns pulse duration At are expected to allow
range-finding up to a power limited maximal range R, at 1.6 km, with a 15 cm range resolution AR. However, the
LD repetition rate fyp at 10 kHz would allow ranging up to a 15 km distance, could the power be scaled sufficiently.

There are several interesting extensions to this work. First, a natural next step would be to implement the LD-
MOPA in the LiDAR setup. Secondly, scaling LD-MOPA output power necessary to range up to the 10 kHz LD-
MOPA repetition rate limited Ry,4, of 15 km, can be done by implementing a 2"? stage power amplifier. A time
dependent numerical model of a 2"! amplifier has already been developed, and is outlined in appendix A. The 24
stage numerical model also predicts pulse shortening, similar to that observed in [28], from 1 ns down to 200 ps
duration from the LD-MOPA input. This would improve the LD-MOPA based LiDAR resolution to 3.5 cm. Thirdly,
the tunability of LD laser wavelength coincides with the CO, absorption lines around 2.05 um [14]. As argued in
appendix B, the LD could be implemented as the single laser source of a CO, sensing DIAL.
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Appendix A

2"d stage holmium-doped power amplifier

The development of a 2°¢ stage holmium-doped power amplifier has two origins of motivation. Firs, additional
peak power is needed to achieve the LD-MOPA repetition rate limited maximal range of 15 km. Secondly, pulse
shortening from nanosecond to picosecond duration under amplification, similar to that reported on in [28], would
improve the range resolution of the LD-MOPA based LiDAR.

This appendix includes first the proposed setup of the 2" stage power amplifier, then simulations of the pulsed
signal from the LD-MOPA in the software RP Fiber Power V5.0, as well as the reasons for the amplifier design. Finally
the main results from modelled behaviour of the 2"? stage amplifier with the LD-MOPA as input are presented.

A.1 Setup of the 2" stage Power Amplifier

The planned setup of a 2" stage holmium-doped fiber power amplifier is shown in Figure A.1.

Ho3* Silica Fiber 3 m

Collimator — Lens
A
Input Signal - (/ Output Signal
ASE filter
Collimator

Pump Tm-Fiber Laser

A,=1908 nm nd
P, =120 W 279 stage
Power Amplifier

Figure A.1: Setup of the ond stage Power Amplifier, where the rhombus represents the Thulium-doped fiber laser. The collima-
tors, beam splitter, ASE filer and lens are marked. Optical fibers are drawn as bold lines. The holmium-doped active fiber is
coloured green to distinguish it from the passive fiber. Free space beams are drawn in stippled lines.

A CW thulium-doped fiber laser emitting up to 120 W average power at 1908 nm is the pump laser source. The laser
output is collimated to a free space at a collimator, and is coupled to the active fiber via a beam splitter and focused
into the fiber with a lens.

The input signal is collimated from the fiber to free space. An ASE filter filters out ASE. The Signal meets the pump
power at the beam splitter and is focused into the active fiber via the previous mentioned lens.

The active fiber is a 3 m long Ho3+ doped large mode area (LMA) fiber (iXblue IXF-HDF-PM-20-250-0.08). The fiber
has core diameter d;,e of 20 um and cladding diameter d;,4 of 250 ym.

The amplifier output is also the output of the two-stage-amplified MOPA.
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A.2 Designing the 2"? stage Power Amplifier

The 2" stage amplifier was designed to maximize amplification of the LD-MOPA with output characteristics sum-
marized in Table A.1.

/13 Ppeak At frep
nm A\ ns kHz

LD-MOPA  2051-2053 0.8 1 10-100

Table A.1: LD-MOPA signal parameter. The A; is tunable , peak power Pp,qk, pulse duration Az and repetition rate frep are
given.

A pulsed model was developed for the 2" stage power amplifier using the software RP Fiber Power V5.0 described
in section 5.1. Further discussion is based on section 5.1. Functionality of the RP Fiber Power V5.0 allows the user
to first solve the steady-state coupled (Equation 2.15)=0 and Equation 2.20 iteratively through the length of the fiber
for the case that the input signal intensity is zero. Then a pulse is introduced as a time-dependent perturbation to
the steady-state solution.

Simulations of the LD-MOPA output showed that the ASE power level exceeded the signal as seen in Figure 5.2a. To
avoid the amplification of ASE in the 2"¢ stage amplifier, an ASE filter was planned before the input to the 2" stage
power amplifier. This was modelled by zeroing the power input of the ASE channels of the 2"d stage amplifier.

In order to stay below the fiber damage intensity threshold of 5 kW um™2 [84], a large mode area (LMA) fiber from
iXblue (IXF-HDF-PM-20-250-0.08) was considered as the active fiber in the 274 stage power amplifier. LMA fibers
have larger core diameter d,,. (and consequently larger core areas) than other fibers [85]. Peak powers of < 1.6 MW
are possible without going above the damage intensity threshold.

As only the core absorption in dB/m in the iXblue fiber at 1150 nm wavelength was given by the producer, the
doping concentration Ny, was estimated by simulating absorption in a steady-state regime, and fitting the curve
with the doping concentration. The parameters of the iXblue fiber are given in Table A.2.

Core absorption at 1150 nm  Estimated Ny, dcore
dBm™! 102 m™3 pum

iXblue 24 5.8 20

Table A.2: Doping concentration Ny, is estimated from the core absorption announced by the producers of the iXblue LMA
fiber. Core diameter dcore is also given.

Due to computation time, the choice of fiber length was done by adopting a steady-state approximation of the 2"

amplifier, and considering an input signal at 2051 nm of 80 pyW average power (corresponding to running the LD-
MOPA at fr¢p = 100 kHz). The fiber length was decided on to be 3 m, after similar process to the one explained in
section 5.2.
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A.3 Results and Discussion

A time-dependent numerical model of the planned power amplifier depicted in Figure A.1 was adopted. Taking
the LD-MOPA output of 0.8 W peak power, 1 ns pulse duration at first 10 kHz and then 100 kHz repetition rate
as input to the numerical model, Figure A.2 shows simulated peak power, Figure A.3a simulated pulse duration,

and Figure A.3b simulated pulse energy when applying up to 100 W pump power at 1908 nm. Results from the
LD-MOPA signal at 10 kHz repetition rate are marked red, and at 100 kHz are marked blue.
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Figure A.2: Simulated output peak power P, ) from the ond stage power amplifier with an input signal at A; = 2051 nm,

At=1ns, Ppegx =0.8 Wat frop=10kH, (red) and frop=100 kx (blue) while varying the applied pump average power up to 100
W.
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Figure A.3: (a) Simulated output pulse duration and (b) pulse energy from the 2nd stage power amplifier with an input signal

at As =2051nm, At =118, Ppegi = 0.8 Wat frep=10kHz (ted) and frpp=100 k- (blue) while varying the applied pump average
power up to 100 W.

1 MW peak power is expected at respectively 10 W and 30 W applied 2" stage pump power at a pulse repetition

rate of 100 kHz and 10 kHz. Amplification to higher peak powers would require a fiber with larger core area in order
not to exceed the damage intensity threshold.

Below the damage threshold, pulse shortening down to around 200 ps and pulse energies of 250 pJ at around 10 W
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and 35 W applied stage pump power for signals at respectively 10 kHz and 100 kHz repetition rate are expected.

According to Equation 2.26 the fiber saturation energy is proportional to the mode area. Approximating the mode
area to the fiber core area, the saturation energy is 81 pJ. Figure A.3b shows that the signal at 100 kHz repetition rate
has reached the 81 pJ saturation energy at between 5-10 W applied pump power. Thus, it is clear that a steady-state
model would not have been valid for this amplifier. Also, at between 5-10 W applied pump power, Figure A.3a shows
the onset of pulse shortening for the 100 kHz repetition rate signal. Thus, the model shows pulse compression when
the saturation energy is reached.

Although amplification beyond the damage threshold is not realistic, the saturating behavior of pulse energy with
added pump power in Figure A.3b shows stability in the numerical model.

A.4 Conclusion

Work was done towards planning and modelling a 2"9 stage holmium-doped power amplifier. Assuming the output
of the LD-MOPA system modelled in chapter 5 at 2051 nm of 0.8 W peak power, 1 ns pulse duration at first 10 kHz
and then 100 kHz repetition rate, the numerical model predicts peak power of 1 MW, pulse shortening from 1 ns to
200 ps, as well as pulse energies of the 250 uJ, while staying below the fiber damage intensity threshold. For higher
peak powers, a LMA fiber with larger core area would be necessary.

Thus, the two-stage LD-MOPA has a number of advantages. The LD offers electronic tunability of repetition rate
frep between 10 and 100 kHz and wavelength A between 2051 and 2053 nm. The two-stage fiber amplifiers re-
ducing pulse duration Az from 1 ns to 200 ps, and increasing peak power P, from 6 mW to 1 MW. As such, the
two-stage-LD-MOPA could be applicable as the laser source for several LiDAR applications.

70



Appendix B

CO, Differential Absorption LiDAR (DIAL) at
2.05 um

Characterization of the MOPA laser components presented in section 4.1 showed that the master oscillator LD
wavelength A could easily be tuned between 2051 and 2053 nm, and that the emission had a linewidth A2 of
0.05 nm. With such properties, the LD emission could potentially fit in and around CO, absorption lines around
2.05 pum[14], making the LD a promising laser source in a CO, monitoring DIAL.

This appendix starts out by outlining relevant background theory on DIAL, before it goes on to discuss the viability
of the LD as a laser source in a CO, DIAL.

B.1 Background theory on DIAL

This section supplements the background theory on remote sensing presented in section 2.6. A backscattering
LiDAR equation and a DIAL equation shows how the information on gas concentration is extracted from backscat-
tered LiDAR signals.

B.1.1 Remote sensing of the atmosphere

In the range finding TOF method discussed in section 2.6 the range R to a solid target was measured by keeping
track of the return time of a pulse. However, the target may just as well be the segment of the atmosphere covered
by the pulse at range R [5, p. 7]. The size of this segment is determined by the LiDAR resolution discussed in
section 2.6.3, and corresponds to how well the gas concentration profile N, (R) is resolved.

The power scattered back to the LiDAR from a the atmospheric segment covered by the pulse at range R [54, p. 15]
can be modeled by adjusting the reflecting target LiDAR Equation 2.40 by letting,

L ARBRY). (B.)
Qr
QLT may be interpreted as the fraction p of incident power on the solid target which is reflected and spreads across

the target solid angle Q7. B(R, A) is the fraction of power per segment AR scattered back to the LiDAR from range
R, and is given by [5, p. 9]
dos(A)

a0 | - (B.2)

B(R,A) =) Ns(R)
N
Scattering is caused by gas molecules and particles in the atmosphere and depends as described in subsection 2.6.4.

Finally, the target area A7 of Equation 2.43 would always be the beam spot area at range R of 7(R6;)? in atmospheric
sensing. Transforming Equation 2.40 by altering QLT’ Ar and A, accordingly, the backscattering LiDAR equation
takes the form [86]

A
P/(R,A)=P; AR B(R,A) R—; T (R,A) OR) ngys, (B.3)
where, the receiver area A, was given by Equation 2.45 it can be remebered that P; was transmitted power given

by Equation 2.48, D, the reveiver aperture diameter,  the atmospheric transmittance given by Equation 2.60 and
7sys the LIDAR internal system efficiency. Finally, the overlap of the laser beam and the receiver FOV, the overlap
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Appendix B. CO, Differential Absorption LiDAR (DIAL) at2.05 ym B.1 Background theory on DIAL

function O(R) is accounted for. [5, p. 8]. In 5 The terms 9~ and f contain all the information on the atmosphere
in the backscattering LiDAR Equation B.3 [5, p. 6].

Inserting 9 from Equation 2.60 into Equation B.3

cAt A, R R
Pr(RA)=Pr == 25 OWR) nsys BRA) eXp(—ZfO ZNS(x)US(/l)dx) exp(—2f0 ZNa(x)aa()L)dx), (B.4)
N a

\

LiDAR system dependent Scattering (R;;leigh or Mie) Absorptior;(rmolecular)

where it is summed over the contribution from all scatterers s and absorbers(gases) a, with respective atmospheric
densities Ny and N, and cross sections o and o, [5, p. 10]. Equation B.4 can be factored in a system dependent,
scattering dependent and absorption dependent factors. The task of a DIAL is extracting information of the con-
centration N, (R) of gas a at range R. N,(R) is obtained by inverting Equation B.4 as will be seen next.

B.1.2 The DIAL equation

The DIAL operates at two wavelengths A,y (resonant) and A, ¢y (nonresonant). A,, must coincide with an absorp-
tion line of the gas to be traced, whereas the atmosphere should generally be transparent to A,¢r [9]. The DIAL
extracts information on the density of gas x, N,=,(R) by comparing the return signal P, (R, 1,,) at A1,, to the return
signal P, (R, Aoff) at A, ¢ f, by evaluating

Pr (Rv Aon)

Pr(R;Afoff)

By choice of wavelengths, P, (R, 1, rf)is generally the stronger than P, (R, A,,), as the the signal at 1, is absorbed
by the gas to be traced. Equation B.5 can be furter evaluated and under the following assumptions [54, pp. 126-127]:

(B.5)

1. By properly designing the system, the system dependent factor of Equation B.4 can become identical at both
Aon and /10ff.

2. When Ao, and A ¢ fulfill |A—}m - ﬁ| <lcm™
0s(Aon) =0s5(Aofy), (B.6)
for all scatterers s. The scattering factor of Equation B.4 at A5, and A, is equal to approximation.
3. If there are no absorption lines from other absorbers (gases) around A,, and A, ¢, then
Tazx(Aon) » Tazx(Aorf) =0, (B.7)
and only absorption from gas a = x is relevant.

Taking these three assumptions into account, Equation B.5 reduces to

Pr(R, Aon) eXp(—ZfoR Na:x(x)aa:x(ﬁon)dx)

- (B.8)
PriRAorp) exp( =2 fy Nar (000 = Aoy )dx)

where only attenuation due to absorption contributes to the ratio of returned power levels at the two wavelengths.
The absorption cross sections o,-, may be found in the literature for the specific gas. Pulling o,4-x(1,,) and
0a=x(Aorf) out of the integrals of Equation B.8, taking the natural logarithm of each side, and differentiating with
respects to range R, the gas concentration N,-(R) of gas a = x at range R is given by [54, p. 126]

1 1 d nPr(R,/loff)
2 0a=x(Aon) =0a=x(Aorf) dR Pr(R,Aon)

Na=x(R) = (B.9)
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Equation B.9 is referred to as the DIAL equation.

The received power P, at either wavelength A,, and A,¢¢ will be a range dependent signal, as the transmitted
pulse is partially backscattered on its way through the atmosphere as illustrated in Figure 2.13b. Processing the
data according to Equation B.9, the gas concentration N,-, in the direction in which laser is shot, can be known
from range R = 0 to the maximal range of the DIAL [55]. It can be noted that although scattering enables the
gas tracing, since signal returns to the LiDAR due to scattering, scattering parameters are not needed in order to
evaluate N,=(R) as is seen from Equation B.9, when resonant and non resonant wavelengths are chosen wisely
according to the listed requirements.

B.2 Discussion on potential 1,, and A,

Next, Ao, and A, 5 ¢ are considered for a COz monitoring DIAL where the LD is the laser source.

B.2.1 LD wavelength tunability

The tunability of the LD emission wavelength A5 between 2051.1 and 2053.0 nm was shown in Figure 4.2b. The
data points are coplotted with the spectral atmospheric transmittance in Figure B.1. The atmospheric absorption
lines (regions where 9~ — 0) in this range correspond to rotational/vibrational absorption lines of CO» [14]. Ay, =
2052.06 nm and A,y = 2051.81 nm are potential choices of resonant and non resonant wavelengths. Specifically,
they fulfill the second assumption Equation B.9 is based on. The spectra of the laser lines centered at these A,,
and A, s r were measured during the initial characterizations, and are coplotted with atmospheric transmittance in
Figure B.2.
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Figure B.1: Spectral atmospheric transmittance due to absorption (blue curves). Plotted with data from [15]. Tunability curve of
the LD (orange dots) where the monitored thermistor resistance R;j,, is plotted against LD emission of the signal wavelength
A,s .

73



Appendix B. CO, Differential Absorption LiDAR (DIAL) at2.05 ym

B.2 Discussion on potential Ao, and Ay r
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Figure B.2: Spectral atmospheric transmittance due to absorption (blue curves). Plotted with data from [15]. Coplotted are the
measured spectral outputs of the LD-MOPA A,; = 2052.06 nm (red curve) and /loff =2051.81 nm (green curve).

B.2.2 Uncertainty in the tunability

Although the DIAL equation Equation B.9 models the DIAL laser output as a single wavelength emission at s = 1,
or As = Aofy, the LD laser output was found in subsection 4.1.2 to have an average linewidth AA of 0.05 nm. It is of
importance that especially 1, is set with high precision to avoid error in the measured gas concentration found by
Equation B.9 [9]. Since the laser linewidth at A,, = 2052.06 nm is comparable to the absorption linewidth at 2052.07
0f0.015 nm estimated from Figure B.2, it is relevant to discuss the precision with which the laser wavelength A1; may

be tuned, and the uncertainty in the width of the laser linewidth AA of 0.05 nm that was measured. It is advisable
to first read section 4.1.

The current to the TEC could be adjusted to the closest 0.01 V in the monitored thermistor voltage V;pe,pm, corre-
sponding to a change of 0.1 kQ in thermistor resistance R;j., according to Equation 4.1. According to Figure 4.2b
a 0.1 kQ change in Ryj.rm, corresponds to a change of 0.075 nm in A at the most. Thus the laser wavelength A can
be set with a precision of 0.04 nm. However, wavelength 1 could be measured to the nearest 0.05 nm, as this was
the resolution of the optical spectrum analyzer used. Thus, it is believed that with an optical spectrum analyzer of
higher resolution the laser wavelength A could potentially be set with a precision < 0.05 nm.

On average, the linewidth LD in AA characterization of the of the output was 0.056 nm , with a standard deviation

of 0.0046 nm. The linewidth AA is on the verge of the uncertainty 0.05 nm in the measurement of wavelength A.
Thus, the linewidth could be narrower than 0.05 nm.

Thus, once calibrated with a optical spectrum analyzer of higher resolution than 0.05 nm, the LD-MOPA laser
wavelength A set to A,, = 2052.06 nm is believed to fit inside the absorption line at 2052.07 of 0.15 nm width.
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B.3 Conclusion

The LD is tunable in wavelength across the CO, absorption lines around 2.05 pm. It is estimated that the LD laser
wavelength A can be set with a precision < 0.05 nm. The laser linewidth is seen to be AA < 0.05 nm. Thus, two
possible 1,, = 2052.06 nm and 4,7 = 2051.81 nm wavelengths achievable by the LD, are promising for a CO,
DIAL.
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