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Abstract

In 2015, the space-time distortion caused by GW150914 was found - a pivotal event that inaugurated the era
of interferometric gravitational wave astronomy. As of today, gravitational wave observations are routinely
made with proper sky localization by the world-wide operating detector network of the second generation.

The implementation of cryogenic cooling can reduce the coating thermal noise in the next detector gen-
eration. In this case, optics made of fused silica are not suitable because of fused silica’s large mechanical
loss at low temperatures. Crystalline silicon is an alternative material but not transparent at 1064 nm; there-
fore, other laser wavelengths, e.g. 1.5 um, must be used. Single-frequency [EYDFAK' based on[LMAP fibers
can deliver the required output power at 1.5um. A setup, however, has not been demonstrated on
the desired ~100 W power level so far; also, there has been no demonstration of any successful longterm
operation (> hours) even of a non{PM|setup. In this work, a prototype amplifier with fibers is presented
on a laboratory- and advanced engineering-level.

A numerical [FEM[* analysis of the pump wavelength dependence of the Yb**|ASEP and non—linear
has been performed; off-peak pumping was found to suppress the unwanted Yb>* considerably. The
achievable output power at 1.5 um was limited by the Yb>* if the simulated amplifier was pumped from
880 nm to 990 nm; the onset of the Yb>* was linked to a deterioration of the Yb>*-to-Er** energy trans-
fer. The simulated amplifier was limited by if pumped at wavelengths shorter than 880 nm or longer
than 990 nm. The power threshold was approximatable by adapting a well-known threshold approximation
for passive fibers.

Uncontrolled gain, e.g. resulting from a seed laser failure, must be prevented by interlocking the pump-
ing process. In this work, the required reaction time has been studied with single-mode fibers by a combined
experimental and numerical approach. It was found that a potential emergency-off system must switch-off
the pumping process well below ~100 ps and/or ~300 us to prevent catastrophic gain for the Yb**
and/or Er** @ respectively. An electronic circuit was designed; the board in format was found ca-
pable to meet this requirement. The prototype was installed as part of the engineering-level amplifier.

A high-power single-frequency made from 25/300 fibers is presented; the amplifier was
implemented with low seed input power to match available ompatible seed laser sources. A pump
wavelength of 940 nm was used. The pre-amplifier delivered 1.07 W output power with low power
levels and operated free of The maximum output power of the high-power amplifier was 110 W with
44.440.3 % optical-to-optical efficiency. The Er** extinction ratio was 48.34 dB at maximum output
power; the Yb** was negligible. free operation was confirmed by monitoring the amplifier noise
at MHz frequencies. The ranged from 9.8 dB to 12.6 dB, probably owed to the used gain fiber. Further
power scaling was limited by thermal fiber damage assumed to originate from photodarkening.

Moreover, an advanced prototype with a revised cooling approach is presented. The performance of
two suitable 25/xxx gain fibers was compared at the ~50 W level over a 2-week period. The Nufern fiber
showed a growing attenuation, i.e. 14.742.2 % per 13 days, that was tentatively attributed to the formation
of P1 type color centers from POHCs!?; further research needs to be undertaken to confirm. The iXblue fiber
seemed more heat resilient under operation. Furthermore, the from the iXblue fiber was in the range
of 15.2dB to 20.7 dB; the fundamental mode power was 95.7 %. It was concluded that the iXblue fiber is
suited to be used in[GWD}compatible laser sources.

Key words: Gravitational wave detection, Er**:Yb** doped fiber amplifier, Off-peak pumping, Single-
frequency
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Chapter 1

Introduction

In 1916, Einstein demonstrated in his theory of [general relativity (GR)| that the solutions of the lin-
earized weak-field equations describe transverse waves in the fabric of space-time [[1].
are generated by the second time derivative of the mass quadrupole moment of their
sources. [GWslinteract weakly with matter and can therefore travel long distances through space rela-
tively undisturbed with the speed of light c. Contrary to photons, archaic were already present
shortly after the Big Bang and could thus provide information about the primordial eras of the uni-
verse [2, 3]. Furthermore, [GW] astronomy may give access to astrophysical objects with a red shift
beyond z 2 20 [3]] that cannot be observed on earth in the electro-magnetic domain due to Hubble’s
law [4]. The immense reach allows to determine the universe’s binary [black hole (BH)| merger popu-
lation and may uncover secrets that have remained hidden behind the observable universe [3]. These
are the reasons why are of particular interest for astronomers and many efforts were made to
provide evidence. The that arrive at earth, however, are typically so faint that their proof has
been extraordinarily challenging. The first attempts were carried out by Joseph Weber in the 1960s
based on massive aluminum bars [3)]. The mechanical eigenfrequencies of the bars were in the audio-
band matching to the frequencies of that are generated during the merging process of two |BHs

The displacement of the bars was sensed by precise piezoelectrics and converted into an electrical
signal. In this way, a number of events were recorded by Weber but finally dismissed as false due to a
glitch during the data acquisition [6]. The more sophisticated Weber apparatus, namely ALLEGRO,
was already operating at cryogenic temperatures but decommissioned in 2008 without any confirmed
detections. In 1979, Taylor et al. discovered the first hint of a[GW]in the radio-frequency spectrum of
a binary neutron star pulsar [[7]. The authors reported a variance of PSR1913+16’s pulse arrival time
implying a chirp of the binary’s inspiral frequency. The energy loss corresponded to the predictions of
[GR]and was hence attributed to radiation. Large-scale earth-bound interferometric
[wave detectors (GWDs)|in Michelson, L-shape or xylophone-like architecture were proposed as early
as 1970. The working principle, an overview of their history and a roadmap of future detectors are
outlined in the following.

1.1 Interferometric GWDs: the first and second generation

The setup of a in Michelson configuration is shown in Fig.[I.I.T] The interferometer detects
microscopic length perturbations by referencing the phase of two independently propagating laser
beams [8] O [10]. The principle works as follows. A laser beam is generated by a
[oscillator (NPRO)| made from an Nd:YAG crystal. The laser operates at a wavelength of 1064 nm
with exceptional power and frequency noise properties, e.g. 1 kHz measured over 100 ms [[11]. The
laser beam is further amplified to the ~100 W level in either Nd:YAG [12] or Nd:YVOy [[13] crystals
and injected into the interferometer. The amplified beam is split by a[beam splitter (BS)| at the inter-

1



ferometer’s vertex in orthogonal directions denoted as x and y. The orthogonal laser beams propagate
back and forth along the interferometer arms, are combined at the [BS|and aligned to a photo detector,
where the beams interfere. The accumulated phase of each beam can differ in integer or fractional
numbers depending on the lengths of the - and y-arms:

2 f

gy = ——Lgy, (1.1)

where f = 2.82THz is the optical frequency of the light and L, , the beams’ total propagation
lengths. The interferometer is normally operated near the dark fringe
7

5 (1.2)

Gr — Oy = 20T +

destructive interference

i.e. no light hits the photo detector. The tidal field of a passing[GW]would change the relative lengths
of the two arms, i.e. stretch or compress the interferometer. As a result, light falls on the photo
detector and can be used to readout the[GW|signal.

The relative length change, i.e. strain,
—————————— = is only in the order of AL/L ~ 10 so
: that sophisticated noise suppression is re-
i quired. The following technical measures can
1 betaken to isolate the interferometer from en-
I vironmental influences (see Fig. [10];
I
I
I
I

urre-A

IMC
Interferometer

PRM
a more detailed discussion on the quantum

and thermal noise can be found in Sec.
For example, optical components can be sus-
pended on multi-stage pendulums with non-
uniform fused silica fibers and active or pas-
sive noise damping [14]. Other key com-
ponents can also be isolated from seismic
ground motions by multi-stage isolation plat-
SRM PD forms [15]. Refractive index fluctuations
by non-stationary gas pressure and stochas-
OMC tic transits of molecules through the laser
beam can be reduced by enclosed and vented
beam tubes. Additionally, the beam quality
Figure 1.1.1: Interferometric setup in Michelson archi- Of the laser can be enhanced by optical cav-
tecture with laser source, input-mode-cleaner (IMC), power re- ities that filter Ihlgher'order modes (HOMS)I
cycling mirror (PRM), beam splitter (BS), z- and y-arm cavi- from the laser beam. The cavities can also re-
ties, signal recycling mirror (SRM), output-mode-cleaner (OMC) duce residual beam jitter and suppress high—
and photo detector (PD). Attribution to the component library by frequency power fluctuations. Furthermore,
Alexander Franzen. .. . .
a filter cavity in triangular configuration can
clean the polarization due to an additional
phase shift of 7 for the polarization parallel to the cavity plane. Scattered light can be removed
by special stray light apertures and the effective circulating laser power can be increased by using
power recycling and intra-arm cavities. Moreover, signal recycling at the interferometer output can
reduce the finesse of the arm cavities and ensure a broad response bandwidth of the detector [[10].
The maturity of the detectors has grown rapidly in time; their evolution is therefore divided into
three generations. In the first generation, the TAMA300 detector was operated from 1999 to 2004
as the first L-shaped Fabry-Pérot detector. TAMA300 used a 10 W injection-locked Nd:YAG laser
amplifier at 1064 nm [16]. Cryogenic cooling was first introduced in the|Cryogenic Laser Interferom-|
leter Observatory (CLIO)|in Japan. [CLIO]s mirrors were cooled to 20K to reduce the thermal noise

X-arm
Laser

2



by around one order of magnitude [17]. The cryogenic operation required to use Si03:TagOs5-
coated AloOg substrates. used an Nd:YAG-based laser with 2 W output power and a
wavelength of 1064 nm as a laser source. In the early 2000s, GEO600 (Hanover, Germany), Virgo
(Cascina, Italy) and the twin-detectors (Laser Interferometer Gravitational-Wave Observatory
in Hanford and Livingston, USA) launched their observation runs simultaneously as the last detectors
of the first generation. The GEO600 detector used a 12 W injection-locked Nd:YAG laser system at
1064 nm; the master laser was an Nd: YAG-based laser with 0.8 W output power [[18]]. The x-
and y-arms of the GEO600 detector are folded to increase the detector’s effective arm lengths. The
initial detectors used diode-pumped Nd:YAG lasers with 10 W output power at 1064 nm [19]].
The laser system of the Virgo detector consisted of an Nd: YAG-based [NPRO| master laser at 1064 nm
and an injection-locked laser stage with diode-pumped Nd:YVO, rods providing up to 20 W output
power [20].

Until 2015 and 2017, the [LIGO|and Virgo

107 4 gofalt ;hefflal_@‘b') detectors were subjected to major upgrades
\ Tll:::;:zl:ln(coat) Ti:lri?ijistic referred to as Advanced LIGO and

107 < Seismic Suspension Advanced Virgo (AdVirgo). These upgrades
. ; Themooptic Vacuun marked the dawn of the second detector gener-
§N 1072 N B ation. In the[aLIGO|detectors, Nd: YAG-based
<) “r, e lasers with a wavelength of 1064 nm
” 10% o, c_\\o“‘y were first pre-amplified to 35 W in single-pass
& [// Nd:YVOg4-rod-based amplifiers [22]. Subse-

o 1 —— | quent injection-locked Nd:YAG ring oscilla-
S tors provided up to 180 W output power at
L P 1064nm [12]]. In late 2020, the

10 10 £ (H2) 10 |Gravitational Wave Detector (KAGRA)|joined

the detector network. is located in

Figure 1.1.2: Modelled noise budget of aLIGO| detectors with
non-detuned signal recycling cavity at 125 W input power. Com-
piled from GWINC-v2 software simulations [21].

the seismically quiet Kamioka mine in Japan
with two 3 km-long arms. inherited
the technology of its progenitor [CLIO} there-
fore, also uses AloO3 mirrors that are
cryogenically cooled to 20K to reduce the thermal noise [23]. In a 400mW Nd:YAG-
based NPRO laser with a wavelength of 1064 nm is amplified by a commercial fiber amplifier up to

40 W 23).

1.1.1 Detections from the second generation

The twin-detectors in Hanford and Livingston made the first[GW] detection (GW150914) in
September 2015, which marked a major breakthrough in modern astronomy. The observatories simul-
taneously detected a|GW]signal that chirped upwards in frequency from 35 Hz to 250 Hz with a peak
strain of 1.0x 102! [26]. The signal matched a waveform that was predicted by numerical relativity
calculations. The waveform described the inspiral and subsequent merger of a binary system in
a distance of 410f{38 Mpc and the ring-down of the resulting with a final mass of 62*4 M, [26].
The binary system had initial masses of 36?L Mg and 29Jif41 Mg; the event generatedradiation
that was equivalent to 3.0f8:§ My, [26].

The observation of GW 170817 by the joined afLIGOJAdVirgo network marked another milestone
in the[GW]success story [27,28]]. GW 170817 arose from the merger of two neutron stars in the galaxy
NGC 4993 in the constellation Hydra. The previous inclusion of AdVirgo in the detector network in-
creased the sky localization to 28 deg? and enabled the detection of the y-ray burst GRB 170817A

! Amplification from 2 W up to 121 W was also demonstrated by Takeno et al. by using injection-locking based on two
Nd:YAG rods [24]. The quality of the laser, however, was not sufficient for the requirements [24].



by the Fermi satellite as well as the discovery of the AT 2017gfo (SSS17) transient [29]. The obser-
vation of GW170817 sparked the era of multi-messenger astronomy and, in total, over 70 follow-up
radio-band to X-ray studies were performed globally in the following weeks. A detailed catalogue
of all detections from the first, second and third (incomplete) observation runs can be found in
references [30]] and [31].

1.1.2 Quantum and thermal noise

Fig. shows the noise budget of the detectors; the total noise (black curve) determinates
the sensitivity of the detector. The dominant noise sources, namely quantum and thermal noise, are
described in the following. Moreover, strategies to reduce the quantum and thermal noise are given.
The resulting requirements on the laser sources of future detectors can be found in Sec.[1.2.1]

Quantum noise

The audio-band sensitivity of the detectors is limited by the quantized nature of the laser
light (see Fig. [I.I.2). The quantum noise is a direct manifestation of the Heisenberg uncertainty
principle and results in detector noise through two different mechanisms: photon shot noise and
radiation pressure noise. The photon shot noise is caused by the uncertainty of the arrival times of
individual photons - and hence non-stationary photon flux - at the photo detector. The photon shot
noise dominates at high frequencies and increases with the square root of the laser power. Thus, the
relative photon shot noise, denoted as S5, decreases with the square root of the laser power:

/\laser
S 1/ . (1.3)
Plaser

Radiation pressure noise is caused by the random motion of the mirror surfaces that are exerted
by the momentum of incoming photons. As a result, the mirrors are deflected from their neutral
positions. The corresponding spatial displacement shifts the light’s phase at the photo detector. The
quantum nature of the light randomizes this effect resulting in mirror vibrations and phase noise.
Radiation pressure noise is dominant at low frequencies and increases with laser power. Hence, laser
power scaling in itself cannot solve the quantum issue over the complete frequency rang

The current detectors use the squeezing technique to reduce the quantum noise [32].
Squeezed states have a redistributed quantum uncertainty either minimized in the phase or ampli-
tude quadrature to either reduce the photon shot noise or the radiation pressure noise at the expense
of the other. However, a low-loss quantum noise filter cavity can rotate the squeezed quadrature as a
function of frequency and thus simultaneously reduce both [32]]. Hence, frequency dependent squeez-
ing is believed to mitigate the quantum noise barrier in the future. In that case, the coating thermal
noise will dominate the detector’s total sensitivity.

Thermal noise

Apart from quantum noise, thermal noise sets the second most dominant sensitivity limit. Thermal
noise originates from the random motion of atoms or molecules in the optics’ amorphous fused silica
substrates and their um-thin SiO2/Ti:TasO5 coating layers. The atomic motions displace the opti-
cal surfaces and can distort the surface curvature, which affects the phase of the laser beam. The
randomness of this process induces surface vibrations; the corresponding phase noise couples into

Higher circulating laser power decreases the photon shot noise at high frequencies but increases the radiation pressure
noise at low frequencies and vice versa.

4



detector noise. The thermal noise is temperature dependent and furthermore related to the mechani-
cal loss through the fluctuation-dissipation theorem. The power spectral density of the thermal noise
originating from a coated substrate with temperature T' can be expressed by [33]:

_ 2kgT 1—0 d Y Y
— Tr%fwT [(bsub + ﬁ (Yl(m' + Y(Z)”)] , (1.4)

where f is the frequency, kp is Boltzmann’s constant and o Poisson’s ratio, w the beam radius of a
Gaussian beam, Y are Young’s moduli and ¢ are the mechanical losses of the substrate in parallel and
in orthogonal directio

Eq. (T.4) shows that the thermal noise scales linear with 7T'; thus, cryogenic cooling is a viable
approach to reduce the thermal noise. However, the mechanical loss of fused silica peaks below room
temperature [34]] and cancels the benefits of the lower temperature. Cryogenically cooled detectors
must therefore use alternative substrate materials like AloO3 (see KAGRA) or crystalline silicon.
Al>Oj3 suffers from thermoelastic noise due to its high thermal conductivity and requires to be oper-
ated at 20 K where the thermal expansion coefficient vanishes due to the Nernst heat theorem [35].
As a result, liquid He and sophisticated cooling systems are necessary if AloO3 substrates are used.
Such requirements are rather eased for crystalline silicon making it the preferred substrate choice.
Moreover, crystalline silicon’s thermal expansion coefficient already crosses zero at 123 K without
inducing excess mechanical loss.

As a major disadvantage, crystalline silicon is opaque to light with a wavelength of 1064 nm
making the use of the current laser technology as per Sec. [I.I] no longer feasible. The absorp-
tion coefficient of crystalline silicon, however, decreases towards longer wavelengths, e.g. to less
than 10%cm™ above 1.4 um [36]. Compatible laser wavelengths can be provided by erbium (Er’*,
~1.5 um), thulium (Tm?*, ~1.8 pm to /2.1 um) or holmium (Ho**, ~2.1 um) based laser sources.
The 2.0 um wavelength range has the following advantages. For example, Tm>* and Ho>* doped fiber
amplifiers can generate hundreds of W output power with a wavelength around 2.0 um [37, 38,139, 140].
Ho** can be pumped with good |quantum efficiency (QE)| around 1.95 um from a Tm>* doped laser
source or at 1.15 um. Tm** amplifiers also achieve excellentl@ due to the 2-for-1 cross-relaxation
process. Furthermore, the optical scatter losses at the mirrors scale with 1/\?; the wide-angle scat-
tering loss is therefore ~40 % less at 2.0 um versus that at 1.55 um [35]]. Moreover, the SiO5 coatings
show less absorption at 2.0 um (49 ppm versus =350 ppm, d = 1um [41]). Additionally, the two-
photon absorption coefficient of crystalline silicon is lower at 2.0 um than at 1.5 um (x0.25 cmGW"!
versus ~1.5cmGW-!, derived from reference [42])).

However, the low of photo detectors at 2.0 um, i.e. extended InGaAs 87 % [33])),
HgCdTe 94 % [35]]) or InAsSb 70 % [43]]), limit the achievable squeezing quality; in con-
trast, InGaAs have a larger 99 % at 1.55um [35]. The photon shot noise also scales with v/\;
hence, more circulating power is required at 2.0 um versus 1.5 um to achieve the same photon shot
noise level. Moreover, the substrate absorption is expected to scale with \? although it is a factor 3
less than the coating absorption [35]]. Finally, optical components, e.g. optical coatings, photo detec-
tors as well as electro- and acousto-optical modulators, are more matured around 1.5 um due to the
rapid advancement of the telecommunication industry. From the perspective of these considerations,
a wavelength of 1.5 um seems to be more qualified than 2.0 um to be used in a cryogenically cooled

of the third generation.

Sz (f)

1.2 Interferometric GWDs: the third generation

In the second generation of (GWDs)| the detection rate was limited to a few events per montlﬂ (44]).
The network’s sky localization was furthermore restricted by the lack of detector distribution. For

3 Assuming Poisson’s ratio is small.
*Depending on the type of the source.



these reasons, detector upgrades and an advanced third detector generation are already in the con-
ceptual and/or technical design phase. The detectors will be subject to gradual upgrades in
the mid-twenties referred to as A+. The A+ upgrades include balanced homodyne de-
tection, frequency dependent squeezing and Newtonian noise subtraction. Improved amorphous or
AlGaP/GaP coatings have also been studied [45]. India, a replica facility of A+, is also
planned to join the detector network in the mid-twenties. The A+ and India detectors,
however, will continue to operate at room temperature. Voyager is already assigned to the third
detector generation but will inherit the facilities. Voyager is predicted to improve the
detector’s audio-band sensitivity by a factor of four with a myriad of instrumental upgrades. The up-
grades include cryogenic cooling, crystalline silicon substrates and a laser wavelength around 1.5 ym
or 2.0 um with a circulating arm power of up to 3MW [46]. The [Cosmic Explorer (CE)| detector
will inherit the matured technologies of the previous generation in a new facility. is planned to
have 40 km-long arms with an L-shaped architecture and is expected to operate mid 203x. is
foreseen to use crystalline silicon substrates and will operate around 2.0 um. The [European Einstein|
will have a triangular facility with 10 km-long arms. The[ET] facility will house three
xylophone-like dual-detectors: a low frequency interferometer (ET}LF) operating at cryogenic tem-
peratures and a high frequency interferometer (ET}HF) operating at room temperature [47]. [ET}LF
is expected to use crystalline silicon substrates and operate with 18 kW circulating arm power around
1.5 um. Finally, the [Light Interferometer Space Antenna (LISA)| will be the first spaceborne
Three satellites will span six active laser links in triangular formation and the detector will be effec-
tively shielded in a heliocentric orbit from seismic disruptions. will operate at 1064 nm like
detectors of the second generation.

1.2.1 Requirements on the laser source

The reduction of shot and thermal noise requires sufficient laser power and cryogenic cooling; a com-
patible laser source must therefore have a wavelength around 1.5 um and preferably =100 W output
power as the current 1064 nm laser systems. Additionally, the laser source must meet the follow-
ing requirementsﬂ Firstly, fluctuations of the power relative to the beam’s mean power manifest as
[relative power noise (RPN) The [RPN|impinges on the mirrors’ positions and thus couples through
phase noise into detector noise. can originate from the pump and/or seed laser with respect to
the device’s effective transfer function. can be suppressed by tailored feedback loops e.g. fast
pump power control as shown by Thies et al. [48]]. Retrofitting of potential stabilization systems must
be factored into the design process of the laser systenﬂ Furthermore, the can also arise from
mechanical and/or thermal stress. The laser system must therefore be sufficiently shielded against
environmental influences. Secondly, the laser power must be confined to the fundamental mode be-
cause the third detector generation will probably inherit the cavity technology from its predecessors
including resonant arm cavities, ﬁlterinﬂ as well as power and signal recycling (see Fig. .
The cavities are only resonant to the fundamental modﬂ; hence, the power in any other mode would
be lost. Furthermore, residual mode fluctuations would induce excess [RPN] and therefore also re-
quire additional power stabilization. Thirdly, a stable linear polarization is required. The power in
the incorrect polarization may be effectively filtered at the detector input; nevertheless, polarization
fluctuations induce power noise that may require additional power stabilization. For this reason, me-
chanical and thermal shielding is required to preserve a stable polarization of the laser beam. In case
of a fiber amplifier, [polarization-maintaining (PM)| fibers must be used. Fourthly, the laser frequency

SNote that the final design criteria are not concisely specified at the time of writing.
9aLIGO|PSL design: [RPN|of <2x10° Hz " at 10 Hz [[10].

aL.IGOf [pre-mode-cleaner (PMC)], Iinput— and output-mode-cleaner (I/OMC)l
Equivalent to the LPg; fiber mode.




must be sufficiently stableﬂ because the lengths of the x- and y-arms are not precisely equal but can
differ by integers of the laser wavelength for a given phase relation. The frequency noise can therefore
couple into phase noise at the photo detector. The laser linewidth can be reduced by active frequency
stabilization if necessary. Fifthly, are supposed to work 24/7 without disruptions. Hence,
a reliable and longterm stable laser design must be found. At some extent, the power stabilization
may fail to compensate unrecoverable longterm drifts, for example as a result of photodarkening or
diode aging. At this point, easy maintenance or repair procedures are desired; a non-complex laser
architecture is therefore preferred. From a practical point of view, in situ monitoring of the optical
and/or thermal properties should be possible. Furthermore, accessible diagnostic ports can provide
early information on technical malfunctions and therefore minimize downtimes. In some cases, a
suitable femergency-off (EMO)| system may prevent imminent damage at all. It would also be desir-
able to avoid highly specialized or complex components with limited market availability. Instead,
the components should be off-the-shelf available without significant effort to find replacement after a
malfunction. Moreover, the components are desired to be available from different suppliers to prevent
a spare part shortage.

1.2.2 Er*:Yb* doped fiber amplifiers

Er**-based laser systems are promising candidates to fulfil the requirements as stated in Sec. m
The laser system can be implemented in either free-space or fiber format. The first free-space Er’*
laser with a wavelength of 1.54 um was demonstrated by Snitzer et al. in 1965 [49] based on silicate
glass; YAG [50], YLF [51], YALO [52], tungstates [S3]] and vanadates [54] are also possible host ma-
terials. Snitzer et al. also sensitized the glass with Yb>* to achieve 1.54 um emission at room temper-
ature. The free-space format can be useful for high-power operation because the beam path through
the laser material is too short to significantly trigger unwanted non-linear effects and/or[ASE] Further-
more, in situ monitoring of the optical beam properties and fast replacement of damaged components
are possible. Moreover, current detectors already established free-space Nd: YAG or Nd:YVO, laser
amplifiers as well proven laser sources at a wavelength of 1064 nm. The free-space format, however,
must be designed for a specific output power because of thermal lensing. Furthermore, the free-space
format comes with a high degree of adjustability that can lead to pointing instabilities. Moreover, the
low surface-to-volume ratio of an Er** laser crystal disqualifies the free-space configuration because
of Er**’s large quantum defect and the associated heat load. A free-space Er’*-based laser system is
therefore not preferred.

In contrast, [Er’*:Yb>* doped fiber amplifiers (EYDFAs)| are rugged, reliable laser sources with
good compactness and excellent thermal properties. Driven by applications mainly in the field of
telecommunication, far-reaching foundations have already been laid for (see Sec.[2.2.3).
For example, Yb** codoping eases the power scaling because it improves the Er’* solubility. Yb>*
also increases the pump absorption at 9xx nm. Moreover, off-peak pumping was successfully tested
to suppress the unwanted Yb3* [55]]. The beam properties of the seed laseﬂ - including laser
wavelength, noise properties, beam quality and linewidth - are only marginally affected by the ampli-
fier [56]. Moreover, with non{PM|fibers have already been tested in references [55} 56, [57]]
to be compliant with some of the requirements from Sec. [I.2.T} for example, a fundamental mode
content of ~95 % with compatible noise properties and kHz linewidth has been shown with non{PM]
fibers in reference [56]. Using fibers, however, is inevitable if the laser is to be used in a[GWD}
a[PM]fiber setup has not been demonstrated on the desired ~100 W power level so far. Furthermore,
the thermal management and its potential impact on fiber (coating) damage is critical. For example,
Matniyaz et al. had to immerse the fiber directly into water for cooling; power scaling was still lim-

The required frequency stability of the pre-stabilized [aLIGO|laser is 1 Hz/v/Hz at 10 Hz [10].

""For example, the seed laser can be a temperature-stabilized fiber laser, a fiber-coupled |distributed feedback (DFB)|
diode laser or an external cavity semiconductor laser. At the time of writing, [NPRO|lasers made from Er** laser crystals are
not available.




ited by fiber damage [|57]]. There has also been no demonstration of any successful longterm operation
(>hours) even of a non setup.

A single-frequency with fibers is presented in this work; the amplifier is compati-
ble with the provisional laser source requirements at 1.5 um of a cryogenically cooled as per
Sec. The work is structured in the following form. The fundamental principles for understand-
ing are reviewed in Chap. 2] The achievable output power levels for pump wavelengths within the
9xx nm pump band can be found in Chap. [3; the Yb**-to-Er** transfer process is quantized by intro-
ducing the energy transfer efficiency. A protective system is described in Chap. [} the system
interlocks the pumping process in case of a seed laser failure. A laboratory-level amplifier in
format is presented in Chap.[5] A further advanced amplifier is presented in Chap. [0} a performance
comparison of two potential gain fibers is given. The work is summarized in Chap. [/} also, pumping
around 1480 nm is suggested as a future line of investigation.



Chapter 2

Fundamentals of optical fibers and fiber
amplifiers

Optical fibers are light-weight, small-footprint tools to safely manage, transmit or amplify light. The
availability of compatible glass hosts and active ions as well as the advancements in highly efficient
fiber coupled pump sources, e.g. high-brightness laser diodes or high-power Raman fiber lasers, stim-
ulated the commercialization of fiber amplifiers. The all-fiber design can provide outstanding thermal
management, good compactness and high durability with robust beam quality [58]]. For these reasons,
the fiber format has found its way into the internet and data transmission industry, application-oriented
devices for medicine and security or harsh sensing environments. This chapter reviews the important
properties and challenges of optical fibers and fiber amplifiers that are of relevance for this work.

Sec.[2.T]explains light guidance in optical fibers and defines the relevant fiber parameters. Sec.
also presents how the light’s electric field E (r) is confined to the fiber core by total internal reflection
at the core-cladding interface and derives a solution of E (r) from the radial Helmholtz equation. In
this context, the LP,,,;, mode decomposition of the electric field is introduced. Sec.[2.2]explains the
most common fiber manufacturing techniques and summarizes the important properties of Er** and
Er**:Yb** (co)doped fibers. The energy levels that are relevant for this work, namely the 4115/2 to
41y, energy levels of Er** and the ?F7/, and *Fs/, energy levels of Yb**, are introduced and the im-
portant optical transitions are characterized by their effective emission and absorption cross-sections.
Moreover, cooperative up-conversion and the Yb**-to-Er** energy transfer are described. Sec.
discusses relevant power scaling restrictions of fiber amplifiers. The non-linear process of
[Brillouin scattering (SBS)|is presented and an expression for its critical power threshold is given. The
amplification of the spontaneous luminescence is defined as [amplified spontaneous emission (ASE);
the corresponding rate and power propagation equations are described. Additionally, suppres-
sion techniques such as off-peak pumping are introduced.

2.1 Light guidance in optical fibers

Most commercially available fibers on the market are made of silica and feature a dedicated centered
area that is called the fiber core. The fiber core is surrounded by the cladding. The cladding has a
lower refractive index than the fiber coreE] [59]:

Ncore > Melad- 2.1)

'In practice, optical fibers typically do not have a discrete step as intended but a rather gradient-like or partly rippled
refractive index profile due to the preform manufacturing process. Also, certain fiber types such as gradient index or hollow
core fibers deliberately exploit refractive index profiles where the index transitions gradually between core and cladding or
where the core is either gaseous or vacuum.



In the simplest case, i.e. a step index fiber, the refractive index increment at the core-cladding interface
is a discrete step. The magnitude of the index step determines the number of guided modes and hence
output beam quality of the fiber. The light ray model gives a simplified explanation for the guiding
mechanism. The model is illustrated in Fig. 2.1.1] In the model, light that is coupled into the fiber
core up to a particular incident angle, labelled as Ona, experiences total internal reflection at the
core-cladding interface as can be derived from the Fresnel equations. Hence, the light behaves like
rays that are reflected at the cladding and bounce back and forth in the fiber core. The acceptance
angle is given by the difference of the refractive indices of the core and cladding; furthermore, Ona
defines the jnumerical aperture (NA)|of the fiber:

NA = \/n2,,. — n%.4 = sin (Ona) . (2.2)

The precise refractive indices of core and cladding can be carefully designed and controlled during
the manufacturing process by the introduction of index-manipulating dopants such as GeOsz, AlsOs3
or P2O5 [60]. More details on the fabrication process can be found in Sec. 2.2}

>

Tclad

Telad Teore 0 Tcore

n(r)

Figure 2.1.1: Total reflection of light rays in the core of a single-mode fiber. Fiber core and cladding radii are rcore and r¢jad
with refractive index n(r) that includes ncore and nciad. Ona is the acceptance angle and E(r) the electric field in the LPo:
mode.

First principle calculations of Maxwell’s equations give a precise solution of the electric field £
in the fiber core [61]. Note that the electric field is a function of location (r, ¢, z) and time ¢; the
distance from the center of the fiber is r and ¢ is the azimuth angle. The z-axis corresponds to the
propagation direction of the light and is aligned along the fiber. The corresponding wave equation
can be expressed in cylindrical coordinates due to the radial symmetry of the fiber:

p 10 ((Op) 1O p, O
VE= 5 5 E ) T et gal (2.3)

The transversal and longitudinal propagation can be separated by applying the paraxial approxima-
tion. Hence, a separation ansatz can be applied:

E(r,¢,2,t) = EgN(r,0)Z(2)T (). 2.4)

Ey is the electric field amplitude. The term N (r,¢) = R(r)®(¢) describes the transverse field
distribution in the xy-plane in cylindrical coordinates. The expression

Z(z) = e P? (2.5)

describes the longitudinal propagation of E along the z-axis as a plane wave. The propagation con-
stant [ is the longitudinal component of the wave vector k. The transverse component is denoted

as
k=1\/|k|2 — B2 (2.6)

10



Such separation of the transverse and longitudinal components of k accounts for light that also
propagates in transverse direction analogous to tilted rays. The term

T(t) = ! (2.7)

describes the temporal evolution of the electric field as a complex exponential function with angular
frequency w. By using the separation ansatz, the following equation can be obtained from Eq. (2.3)):
1 02 5 02 0 2 9
P = ( WR—%—T’(?—R—FT (k —5)72). (2.8)
The terms Ey, Z(z) and T (t) have been eliminated from Eq. (2.8). Then, the right- and left-hand
sides of Eq. (2.8) only depend on either r or ¢, respectively, and must therefore be constant. Thus,
two independent differential equations can be obtained for R(r) and ®(¢) by setting the right- and
left-hand sides of Eq. (2.8)) equal to a constant denoted as m?:

9992 R

2 0 9 2,2 2
57 ()—|—rar (r) + (k*r* = m®) R(r) = 0, (2.9)
and
0? 2
8752@(@ +m?*®(¢) = 0. (2.10)

Eq. is known in literature as Bessel’s differential equation. Its solutions are constrained to
Bessel function J,, (Kcorer) for the core and modified Bessel functions K, (kcjaar) for the cladding
by the following assumptions. Firstly, the light propagates mainly in the core of the step index fiber
(Ncore > MNclad)- Secondly, the amplitude decays exponentially in the cladding. The solution of
Eq.[2.10]is given by:

®(¢) = cocos (m¢o + ¢o) (2.11)

with coefficients cy and ¢g. Such solution has to satisfy the continuity constraint at 27:

®(¢) = (o + 27), 2.12)
and 5 5
8¢<I>(¢) 5 O(p + 21). (2.13)

Hence, m has to be an integer number (m € N) and can be interpreted as the number of nodes in
azimuthal direction. In total, the transverse field distribution can be expressed as

/\/:zore(ry (b) = ClJm(’icoreT) COS (m¢ + d)(]) 21 < Teore (214)

and
Netad (1, @) = CoKopy (Ketaar) cos (me + ¢o) = 7 > Teore- (2.15)

The continuity requirement at the core-cladding interface, i.e. 7 = rcqr, cannot be fulfilled for arbi-
trary variations of Kcore and kcpag. As a result of this consideration, only certain regimes for Kcore -
called solution branches - are allowed. Within such branch, k|,q is determined by k¢qre. The branches
are enumerated with an integer p € N. The integer indicates the number of the branch’s nodes in ra-
dial direction. The existence of a branch depends on the choice of m and requires a certain V'-number
of the fiber. The V-number is a dimensionless parameter and represents the relation between Kcore
and Kjad:

V = reore\/ K2ore — Kug (2.16)
27
= “raNA. 2.17)
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The total solution for a particular m and p is called LP,,, mode. Exemplarily, the LPy; mode - denoted
as fundamental mode - has a Gaussian-like spatial beam profile and is desired for many applications.
The set of all LP,,,;, modes provides a basis such that any arbitrary electric field can be represented as
a superposition of individual LP;,,, modes:

N(¢) = cmp - LPmp(r, ). (2.18)
m,p

The propagation constant 3 can differ for each mode. The difference can be expressed in an effective
refractive index n,,;, for that mode, which satisfies:

Ncore = Mimp > Nclad- (2.19)

Practically, the V-number gives a figure of merit for the tendency of a fiber to support
that can degrade the beam quality. For example, solutions of the first branch exist for every V' € R™
for m = 0; the second branch requires V' to be >3.832. For m = 1, the first branch requires V' to
be >2.405. Consequently, fibers with V' < 2.405 exclusively support the LPy; mode. Such single-
mode fibers are limited to core diameters of ~10um because the following condition derived from

Eq. (2.17) must be satisfied

NA <122 (2.20)

TTcore

and the [NA| cannot be made any smaller at some point due to technical limitations of the fabrication
process. Moreover, the V-number of a concrete fiber solely depends on the wavelength of the light
because it has a fixed core diameter and The wavelength at which the condition V' = 2.405
is fulfilled is denoted as cut-off wavelength. A fiber only supports the fundamental mode at longer
wavelengths but also at shorter wavelengths. Fibers with a V-number larger than 2.405 are
termed few-mode or multi-mode fibers.

Double-cladding fibers

Optical fibers can have a second outer glass or polymer cladding with a lower refractive index com-
pared to the first cladding:
Nelad,1 > Melad,2- (2.21)

The light that is coupled in the first cladding is therefore also totally reflected at the cladding-cladding
interface. Typical cladding diameters are above ~100 um which results in large V -numbers that also
allow higher LP,,,;,, modes to propagate; the cladding is hence capable to guide pump light with low
beam quality but high power levels. The large cladding area maintains moderate light intensities
despite the high power levels and potential fiber damage can be avoided. The cladding modes overlap
with the core area, where potential rare-earth dopants are confined. Hence, such dopants can still
absorb the cladding light, albeit at a lower rate due to the decreased cladding-to-dopant overla

Acore
Aclad

~ 1%, (2.22)

where Agore and Ajaq are the core and cladding areas, respectively. Therefore, longer fibers are re-
quired for sufficient cladding absorption. As a second drawback, a circular cladding geometry also
supports helical cladding modes which do not overlap at all with the fiber core. Such modes remain
unabsorbed [62] (63]] and degenerate the pump efficiency. Helical cladding modes can be suppressed

2 Assuming that the wavelength dependency of the refractive index difference is negligible.
3 Assuming that the diameter of the first cladding is in the range of hundreds of um and the diameter of the core is around
10 um.
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by introducing non-circular or off-centered cladding geometries. The non-uniform symmetrical struc-
tures increase the inter-mode coupling and thus support the conversion of such pure helical modes
into others that overlap with the core [64]. The introduction of stress rods next to the core achieves a
similar effect.

Large-mode-area fibers

[Large-mode-area (LMA)|or few-mode fibers are a hybrid form of a multi-mode and single-mode fiber.
[CMA| fibers are typically used in applications that require high power in the LPy; mode. Represen-
tative applications are short pulse amplification or high-power amplifiers. To withstand the associ-
ated high power levels, [LMA|fibers have large core diameters so that the intensity is reduced and the
threshold for non-linearities or light-induced damage (LID, threshold power level: is increased
accordingly. The larger core diameter would result in a large V' -number and must therefore be com-
pensated by a low to maintain single-mode operation as can be seen from Eq. (2.20). However,
achievable are limited by the accuracy of the fabrication process. Additionally, the [NA| cannot
be reduced arbitrarily because bending losses also increase with lower [NAs| [65]):

f(Rnlc1>>
NAZ? '

Opend,dB ~ 101og <1 + (2.23)

The bending loss coefficient arpeng ap is expressed in dB per m and f (R, ncpq) is a dimensionless func-
tion that depends on the bending radius R and the refractive index of the cladding. However, careful
bending can be used to effectively suppress [66] because fiber modes with large diameter
experience additional bending losses.

A reduction of the can also be hindered
by additional dopants that raise the refractive
index of the core such as phosphorus, Er** or
Yb**. Some Er’*:Yb* fibers are therefore made
with an additional layer around the fiber core,
denoted as refractive index pedestal, whose re-
fractive index is tailored to achieve the desired

Stress rod [67].

. ] t/ Polarization-maintaining fibers

In fiber optics, random birefringence can cause
significant cross-talk between orthogonal po-
larization modes, namely LP,,, . and LP,,, .
The birefringence can be induced by impurities,
A stress or micro-bending and occurs unintendedly
//f‘ Second cladding at random. The overall polarization therefore
B . varies depending on the instant stress levels. As
Coating aresult, standard fibers can show an unsatisfying

degree of linear polarization and/or the polariza-

tion axis of a linearly polarized output beam can

change in time for the following reason. The

Figure 2.1.2: [Computer-aided design (CAD){model of an op- propagation constants of the LPmP’ - and LPmp’ y
tical [PANDA fiber including the glass core, pedestal, stress modes are equal in an unbent standard fiber due

rods , first and second cladding as well as the coat- R K .
ing. (PANDA) £ to its cylindrical geometry:

Core

> Pedestal

First cladding

~

Bmp,x = Bmp,y . (2'24)
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Hence, the light in the wrong polarization keeps its phase relation with the signal light during prop-
agation. The power that is scattered in the wrong polarization therefore accumulates constructively
over the entire fiber. High-birefringence fibers, denoted as fibers, have been developed to coun-
teract this detrimental process. fibers have different refractive indices, namely ncore x and ncore,y,
in z and y direction and thus different phase velocities along each transversal axis by design. A key
parameter of a high-birefringence fiber is the beat length L; over which one polarization experiences

an additional phase shift of 27:

Ly—— (2.25)

Ncore,x — Tcore,x

The beat length is typically in the range of several mm and considerably shorter than the distances
that are affected by the random cross-talk. The light that is cross-coupled at the position 2y therefore
interferes destructively with the light that is cross-coupled at zp £ L;/2. As a result, cross-talk
over distances much larger than L; can be avoided entirely. The birefringence is usually achieved
by intentionally applying non-uniform stress to the fiber, for example via the inclusion of two glass
rods opposite to each other made from different glass compositions bow-tie) or by using
an elliptical core geometry. The polarization axis of the incoupled light must be aligned along or
perpendicular to the birefringence axis to achieve the desired stability of the polarization.

2.2 Manufacturing of rare-earth doped optical fibers

Nowadays, commercially available optical fibers are a technologically refined product that imposes
high expectations on purity and manufacturing accuracy. The production processes have been contin-
uously improved to satisfy these quality demands and a variety of procedures were established. This
section presents a brief overview on today’s most popular manufacturing techniques. Furthermore,
the most extensively studied dopants among the rare-earth family, i.e. Er** and Yb*, and their optical
properties are introduced. The production process is divided into two steps: the preform preparation
and the drawing process.

2.2.1 Preform preparation

First, the preform - a cylindrical glass rod with ultra-high purity - is produced. Typically, the preform
has a diameter of tens of mm and is around 1 m-long with equivalent geometry, i.e. cladding-to-
core ratio, to the final fiber [68] 61]]. The choice of the preform is of significant importance because
the composition of the glass host can significantly affect the performance of the final product, e.g.
its absorption and scattering properties as well as the [NA] The preform fabrication is based on the
reactions of halides such as SiCly, GeCly, POCl3, SiF4 and BCls. The dominant reaction is an
oxidation, here representatively written for the primary halide constituent SiCly:

SiC14 +0y — SiOz +2 Clz.

SiO9 provides the bulk of the preform but is usually refined by the introduction of additional dopants.
Al>O3 can act as a network modifier to open the silicate structure and enhance the rare-earth solubil-
ity [69] [70]. Also, GeOy and P2O5 are added to increase the refractive index of the glass material.
The latter also ensures high uniformity and acts as control agent for the melt viscosity. The chemical
reactions are typically conducted in an [outside vapor deposition (OVD)| [[71]], [vapor axial deposition|
[72] or[modified chemical vapor deposition (MCVD)|process.

Outside vapor deposition
In the process, the gaseous chemicals are burned in a torch flame. The sub-microscopic glass

4AIpolarization-mainta\ining and absorption-reducing (PANDA)I fiber is illustrated in Fig.[2.1.2
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particles of the soot are uniformly deposited on a constantly rotating AloO3 rod. The required dopant
compositions and refractive indices of the initially porous layers are controlled by the inflow of the
gases. Residual gas entrapments and water residues are released through heating before the rod is sin-
tered at 1500 °C. After the bulk has solidified, the AlsOg rod is pulled out and the preform collapses
into the final form [61]].

Vapor axial deposition

The method is a modification of the technique but distinguishes by the fact that the reac-
tants are deposited at the end of the target rod. During the process, the preform is continuously
pushed away from the heating zone. The product is consolidated as in the process. With the
method, long preforms are feasible.

Modified chemical vapor deposition

In the process, the halide gas mixture is injected into a hollow silica tube that will later be-
come the outer part of the cladding [61} (73, [74]]. As a microwave cavity (IMCVD) or plasma torch
(PCVD) traverses that tube, the gaseous reactants are deposited layer-wise on its inner surface. The
process is driven by thermophoresis, a phenomenon that induces a net momentum to the reactants as
a result of the temperature gradient between the center and wall of the tube. The refractive index of
the current layer can be controlled by the mixture of the gaseous stream. Preforms that are made with
the MCVD process do not contain gaseous or water residuals and the bake-out process is not required.

Solution doping technique

Rare-earth ions can be incorporated into a fiber’s silicate lattice during the preform fabrication step by
the solution-doping technique [75]. In a first step, the cladding preform is fabricated by the
process but the inner silica layer remains unsintered i.e. porous. The porous layer is filled with an
aqueous or alcoholic chloride solution where the corresponding rare-earth dopants are dissolved. The
preform is purged with Cl; and O3 and dried at 900 °C so that the solution evaporates and only the
rare-earth ions remain. Finally, the tube is sintered and collapsed into the actual preform. With this
technique, rare-earth doping concentrations of up to several thousand parts per million are practicable
prior to detrimental cluster formation and fluorescence quenching [72]. The absolute doping limit
depends on the host material and dopant (see Sec. [2.2.3).

2.2.2 Fiber drawing

In a second step, the preform is heated and pulled to length to create the actual fiber. For this purpose,
the preform is loaded at the top of a vertical drawing tower to take the advantage of the gravitational
forces that pull down the fiber. The preform passes a furnace and is locally heated to 1950 °C to
2250°C [61]]. In the process, the preform shrinks in diameter and extends in length but keeps its rel-
ative core and cladding ratio. The process needs to be controlled by precise forces that are monitored
and adjusted in real time. The geometrical properties can be controlled by the melting temperature
and drawing speed that is typically several m per s [61]]. A curable coating can be applied around
the fiber immediately after cooling. The objective of the coating is to offer protection from mechan-
ical damage and to shield the fiber from environmental disturbances. In some cases, the coating
makes the low-index layer that guides the light in the cladding. The coating can consist of several
temperature resistant acrylate layers. However, Lapointe et al. showed that coating temperatures ex-
ceeding 80 °C can still harm the material and should be avoided entirely [76]. Other materials such
as high-temperature acrylate (HTA), polyimide (PI), metals or carbon [[77]] may be used that reinforce
stiffness, fracture toughness or damage tolerance of the fiber. The coating is illustrated in Fig. [2.1.2]
in red to make it distinguishable from the cladding. At the end of the manufacturing process, a poly-
mer jacket can be applied around the fiber that has merely protective purposes. The jacket’s material
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depends on the environment of the application but is typically made of (fluoro-)acrylate, polyvinyl
chloride, polyethylene, polyurethane, polybutylene terephthalate or polyimide [78].

2.2.3 Rare-earth doping

Trivalent lanthanides, i.e. rare-earth ions, have particularly interesting optical properties because of
their electronic structuref] [Xel4 fN _15525]96630. [Xe] represents the noble gas configuration of
xenon. In this configuration, 1 and 2 electrons are missing in the 4 f and 6s shells, respectively.
As a result, the ions are trivalently charged. However, the remaining N — 1 electrons in the 4 f shell
are effectively shielded by the outer 5525p° electrons such that the 4f-4f transitions become rela-
tively insensitive to external forces. The underlying physical mechanisms of the 4 f-4 f transitions
are covered by the Judd-Ofelt theory at the atomic level [79, |80]. The Judd-Ofelt theory uses the
static, free-ion and single configuration approximatiorﬁ and models the electronic processes from a
quantum point of view as a set of absorption and emission spectral structures.

Rare-earth dopants can be added to the fiber core during the manufacturing process as explained
in Sec. [2.2|to interact with the guided light and trigger the 4 f-4 f transitions. The rare-earth ions Er’*
and Yb>* are introduced in the following; the relevant energy levels, important optical transitions and
the absorption and emission cross-sections are explained.

Er** doped fibers

The erbium(IIl)-ion, Er’*, belongs to the rare-earth family and has a [Xel4 f H5525p5650 electron
configuration. One of Er’**’s 4f-4f transitions is located in the low loss window of fused silica
around 1.5 um making Er’* fibers good candidates as a laser-active material for cryogenically cooled
GWDs|[47, 81]]. The key properties of Er** are summarized in this section.
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of the isolated ion. Single-configuration: electron interactions between configurations are neglected.

"The term S-band describes wavelengths from 1460 nm to 1530 nm, C-band from 1530 nm to 1565 nm and L-band from
1565 nm to 1625 nm.
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emits in the C- and L-bands. Although the radiative transition from the 4113/2 to the 4115/2 level is
forbidden by quantum mechanical parity consideration, it becomes available due to the following
mechanisms [82]. If there is no inversion symmetry of the host field at the location of the ion, the
wave functions of the 4 f-states contain components with opposite parity. Furthermore, vibrations of
the host lattice also contribute to opposite parity components in the wave functions. The intensity of
the transition then depends on the additional portions of opposite parity of the initial and final states.
The fluorescence lifetime of the 4113/2 level is 8 ms in silica fibers [72, 183]].

The S-band i.e. 1460 nm to 1530 nm has proven to be particularly advantageous in some aspects
to pump the 4113/2 level; hence, remarkable achievements have been accomplished so far. Firstly, the
quantum defect can be as low as a few percent. Secondly and as a result of that, the reduced heat
load simplifies the thermal management. Thirdly, Raman lasers with high output power levels in the
S-band (81 W, 32 % optical-to-optical efficiency [84]; 301 W, 42 % optical-to-optical efficiency [85])
and good beam quality have been demonstrated. Fujisaki et al. amplified a 13CyHs (100 mW, 6 kHz)
seed beam to 11.6 W output power (67.3 % optical-to-optical efficiency) by pumping an all-fiber
[Er’* doped fiber amplifier (EDFA)|at 1480 nm with a cascaded Raman-shifted Yb3* fiber laser [86].
Supradeepa et al. also pumped the 4113/2 level of a 21 m-long Er** doped fiber with a cascaded Ra-
man laser (142 W, 1480 nm) and achieved 101 W (71 % optical-to-optical efficiency) output power at
1554 nm [87]. Zhang et al. pumped a 15 m-long (LMA] Er60-20/125, nLight Inc.) at 1532 nm
and demonstrated 88 W (59 % optical-to-optical efficiency’) at 1590 nm with off-the-shelf compo-
nents [88]].
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in high-power systems. Kuhn et al. pumped
an at 980nm and reported 54 W out-
put power (24 % optical-to-optical efficiency)
with near-diffraction limited beam quality [91]. Figure 2.2.2: Absorption (blue) and emission (red) cross-

Later, the authors scaled the output power to gections of an aluminosilicate Er** fiber compiled from Liekki
67 W (30 % optical-to-optical efficiency) with Application Designer owned by nLight Inc. (Vancouver, WA,

a 7.5m-long LMA}EDF (Er60-40/140, nLight USA).

Inc.) pumped at 980 nm. Kuhn et al. also proved

that photonic-crystal fibers (PCF, 40 um core diameter, NKT Photonics A/S) pumped at 976 nm can
generate more than 70 W (18.5 % optical-to-optical efficiency) output power with near-diffraction
limited beam quality (TEMgq content of ~80 %, M 2 of ~1) [92]. Kotov e al. optimized the Al,O3
and Er** doping content of a custom fiber by using core-pumped experiments and demonstrated a
cladding-pumped (=~0.17mol% Er,03, ~1.5mol% AlyOg3, 1 wt% fluorine) at 976 nm with
75 W (42 % optical-to-optical efficiency) output power [93]].

1450 1475 1500 1525 1550 1575 1600
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Cooperative up-conversion arises from dipole-dipole interactions of proximate Er** ions in the
4113/2 energy level. One ion relaxes to the 4115/2 energy level and transfers the released energy to the

8The authors reported a record optical-to-optical efficiency of 69 % at lower power levels.
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other, which is excited to the 419/2 energy level. The transition from the 419/2 to the I, /> energy
level is radiation-free, which means that a considerable amount of energy is released in the form
of heat and dissipated in the bulk. As a result, up-conversion effectively depletes the 4113/2 energy
level and therefore limits the power scaling capacity of Er** doped fibers. On top of that, excited
state absorption from the 419/2 energy level to the 483/2 energy level can further degrade the optical
efficiency. The backtransition to the 4115/2 level is linked to the emission of a 547 nm photon, which
gives Er’* its characteristic green glow [94]. The up-conversion rate Whyp (ions per s) depends on the
mean distance of excited ions and is proportional to the squared population of the *I,5 /, energy level:

_ 2
Wap = Cup - N(4113/2). (2.26)
Clyp is the up-conversion coefficient and can be computed from the total Er** doping concentration:
Cup = Coy + k (Nge — N ) - (2.27)

The parameters Cgp = 35-10%mb!, &k = 241 -10Ym% ! and N, = 4.4 - 10 m™ are fit
coefficients from an exemplary Er** doped fiber [95]. Up-conversion is particularly limiting when the
detrimental cluster tendency of Er** during the manufacturing process is considered because the inter-
ion distance in such Er** clusters shrinks significantly and the up-conversion probability becomes
far more likely [96]. This phenomenon is called inhomogeneous up-conversion. Because of the up-
conversion issue and Er**’s comparably low absorption at 9xx nm, power scaling of purely Er** doped
fibers remains limited. The following section introduces Er’*:Yb** codoped fibers; Yb** enhances
the Er** solubility and increases the fiber’s absorption at 9xx nm.

Er**:Yb* codoped fibers

The ytterbium(IIT)-ion, Yb>*, has the electronic configuration [Xe]4 f135525p56s° and is one of the
most versatile rare-earth dopants of silica glasses. Fig. [2.2.3] shows the energy level diagram of an
Er**:Yb** doped fiber; the relevant Yb3* energy levels are denoted as 2F7/2 and 2Fg,/Q. The energy
levels are non-degenerated but Stark-manifolds as a result of the different local electric field of the
amorphous host. The fluorescence lifetime of the 2F, /2 level is around 1 ms in silica fibers [72].
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Figure 2.2.3: Energy level diagram of Er**:Yb*. The 2F7/2 and 4115/2 levels are shown in black; the 2Fs,, 4113/2, 4111/2,
419/2 and 483/2 levels are shown in purple, red, orange, green and blue including excited state absorption to the 483/2
level. Relevant energy levels are enumerated from 1 to 6. The arrows indicate the radiative transitions; up-conversion is
shown in dashed green and the non-radiative transitions are black. The detail illustrates the Stark-splitting.

Fig. shows the effective emission and absorption cross-sections of Yb>* covering wavelengths
from 850nm to 1100nm. Yb3* has a sharp absorption peak at 976 nm; a broader absorption peak
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emerges at ~920nm. The absorption cross-sections of Yb** are approximately ten times larger at
976 nm compared to Er**’s at that wavelength. Yb**’s emission cross-sections also peak at 976 nm
but provide broad emission around 1030 nm.

Yb?* is often added to Er’* fibers for three

3.0 reasons: firstly, Yb** can be effectively em-
Yb* bedded in the Er** doped lattice because the

25 ion radii are similar (ryy,/rg =~ 0.98 [97]).

50 Secondly, Yb>* increases the solubility of
o Er** and prevents cluster formation. Hence,
Né 15 inhomogeneous up-conversion can be avoided
5 and higher Er** doping concentrations be-

1.0 —{ Absorption Er”" Emission come feasible.

\‘ / r/ Thirdly and most important, the absorp-

0.5 7 ar\\y tion of Er** is relatively low at 9xx nm; and

0.0 : j . . S technical 0ptimizatior13+?f the fiber parame-

ters to compensate Er’™’s low absorption are
not feasible for the given reasons. For in-
stance, pure Er’* silica fibers cannot simply be
Figure 2.2.4: Absorption (blue) and emission (red) cross- doped higher because such fibers would typi-
sections of an Er*:Yb** fiber compiled from Liekki Application ~cally suffer from cluster formation and inho-
Designer owned by nLight Inc. (Vancouver, WA, USA). mogeneous up-conversion. Also, the choice of

a longer fiber would trigger non-linear effects
and overly large core sizes can degrade the beam quality. As a solution, Snitzer et al. introduced
Yb3* as a sensitizer [49]]; the Yb>* ions act as an absorption agent for the pump light but transmit the
energy instantaneously to proximate Er’* ions in the 4115/2 level. The fact that the associated Yb3*
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cross-sections are one order of magnitude larger compared to Er’* and that Yb** can be doped in
larger quantity ensures that the pump light is mainly absorbed by the Yb** ions. The transfer mech-
anism is a dipole-dipole interaction called [Forster-resonance-energy-transfer (FRET)| process. The
ion that provides the energy, here Yb**, is called the donor, while the one that receives the energy,
here Er*, is called the acceptor. In this case, Yb** qualifies as a donor because several Yb>* ions
can surround each Er** ion, which increases the transfer probability. Forster found that the efficiency
of the Yb**-to-Er’** energy transfer, denoted as 7, depends on the 6 power of the donor to acceptor
distance ryp.gr and can be expressed as [98]]:

R§
nN=—F—— (2.28)
Rg + r%b—Er
with
RO — 91In(10)k2®pJ
07 1287%niN,
Here,  is given by the dipole orientation of the donor and acceptor and varies between 0 and 2.
®p is the quantum yield of the donor in absence of the acceptor, n the refractive index and /N4 the
Avogadro constant. J is the overlap integral of the donor’s emission and the acceptor’s absorption
cross-sections:

(2.29)

J = / Ffo(N)ea( M)A (2.30)

ea(A) is the molar extinction coefficient of the acceptor and fp(A) the fluorescence spectrum of the
donor. The latter is normalized on the wavelength scale:

Fp(N)

o) = [ Fo(\)oX

(2.31)
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The rate of the Yb*>*-to-Er** energy transfer, denoted as Wgggr (ions per s), is assumed to be propor-
tional to the populations of the 2F5/2 and 4115/2 energy levels [99]]. R is the linear coefficient:

Wrrer = R - N(4115/2>N(2F5/2). (2.32)
The value of R can be approximated from the Yb** doping concentration:
R=R"+Fk (Ny, — NY,) , (2.33)

where RY = 1.0 - 10 m®!, k = 4.00 - 10 m’s! and N9, = 1.0 - 10* m™ are the linear fit
parameters [100]. The probability of the Er**-to-Yb>* backtransfer is significantly lower and often
neglected because the non-radiative lifetime of Er**’s 111/, energy level is relatively short (=8 s).
Exemplarily, Jebali et al. reported an Er**:Yb>* codoped fiber laser with 264 W (~74 % optical-to-
optical efficiency) output power pumped at 1535 nm in the cladding of an 18 m-long fiber [101]].

The Yb**-to-Er** energy transfer requires Er’* partners in the 4115/2 energy level. The process
can therefore saturate if the amplifier is pumped too hard. As a consequence, Yb>* ions accumulate
in the 2F;,, energy level and the unsaturated gain in the 1.0 um-band can lead to excessive (see
Sec. . The Yb** often restricts further power scaling of the amplifier. For example, Jeong
et al. demonstrated an with 151 W (33 % slope efficiency) output power and near diffraction-
limited beam quality (M? of ~1.1) [102]. The amplifier was implemented with a 30/650 multi-mode
fiber with D-shaped inner cladding. The amplifier was tunable over the C-band but encountered Yb>*
[ASE]above 100 W output power. Jeong et al. also achieved 297 W (40 % optical-to-optical efficiency)
laser power but had to accept Yb3+ colasing [[103]. Bai et al. used a 25/300 fiber and achieved
56.4 W output power but had to implement three amplification stages [104]]. Creeden et al. showed
that the Yb>* can be significantly suppressed by pumping the amplifier off-peak around 940 nm
(see Sec.[2.3.2). With this technique, 207 W (49.3 % optical-to-optical efficiency) output power at
1560 nm was demonstrated without notable Yb* [55]. Furthermore, Varona et al. proved that
off-peak pumped [EYDFASs|fulfil some of the stringent requirements of[GW]detection [56].

The heat coming from the quantum defect of the 9xx nm pump band poses another obstacle.
For example, Alegria et al. demonstrated less than 3.2 % power in the at 60 W using a multi-
mode fiber but faced thermal fiber damage above 83 W output power [[105]; fiber coating degradation
originating from the high thermal load was identified as the failure mechanism. Matniyaz et al. partly
solved the heat issue by immersing a 6.4 m long fiber (LMA-EYDF-25P/300-HE, Nufern Inc.) in
water and reported 302 W (56 % optical-to-optical efficiency) output power at 1562 nm [57]].

2.3 Non-linear processes in optical fibers

Non-linear processes that can limit the amplified power are described in the following. The electric
field of a light wave couples to the polarization of a material that it is propagating through - in this case
the fiber core - by forcing the electron shells out of neutral position. In linear optics, the polarization
can be described with the model of a Lorentzian oscillator as a damped harmonic oscillator with the
electric field as a driving force [106]. In this case, the polarization

P=exVE (2.34)

depends linearly on the electric field amplitude; € is the vacuum permittivity and the first-order sus-
ceptibility x(!) is analogous to the spring constant in Newtonian mechanics. For large amplitudes as
found in ultra-short pulses or optical fibers, the linear dependency is no longer applicable and non-
linear terms have to be considered. As a consequence, the polarization now contains terms of higher
order and is given as a series expansion [107]]:

—

P=c (X(”E +x@E?2 4 yOES 4 ) : (2.35)
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The susceptibility of n-th order x(™ is an n + 1 dimensional tensor whose values decrease with order
and are hence only relevant at high intensities. However, the linear relationship from linear optics is
once again recovered for low intensities. A number of non-linear phenomena such as the non-linear
refractive index, which plays a crucial role in the theory of [SBS] are derived from the higher-order
terms. Beyond that, other non-linear phenomena such as Raman scattering or four-wave-mixing are
of significant importance but not relevant for this work and are thus not discussed herein.

2.3.1 Stimulated Brillouin scattering

Brillouin scattering was first theoretically predicted in 1922 [108]] and refers to the phenomenon that
photons can scatter inelastically from acoustic phonon modes i.e. quantized states of lattice vibra-
tions [109]. Spontaneous Brillouin scattering describes the conversion of a photon into a phonon and
a frequency-shifted photon with respect to the law of energy conservation. Hence, the frequency shift
is towards lower photon energies and accordingly denoted as Stokes:

Wstokes = Ws — 1. (2.36)

Here, wswokes and ws are the Stokes and signal frequencies and 2 is the phonon frequency. The
phonon frequency depends on the acoustic velocity va and is in the order of 10 GHz to 20 GHz in
fused siliceﬂ The spectra of two optical fibers obtained by self-heterodyne detection are exemplarily

shown in Fig.[2.31]
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Figure 2.3.1: Left: scattering mechanism of The Stokes and signal waves interfere and form a moving intensity
pattern that modulates the refractive index by electrostriction. The process becomes self-stimulated above the power
threshold. The process is initiated by spontaneous Brillouin scattering. Right: normalized heterodyne spectrum of output
beam from an[EYDFA]at different output powers (see legend). The amplifier was seeded at 1556 nm and backward pumped
at 940 nm. The fibers PM-EYDF-6/125-HE and PM-GDF-1550 from Nufern Inc. were used. The center frequency of the
heterodyne spectrum was affected by the different dopant compositions and acoustic velocities of the fibers.

The scatter efficiency, here denoted as 7, also depends on the acoustic velocity and can be ex-
pressed as follows:

0~ 2VA% sin g (2.37)

being c the speed of light, n the refractive index and ¢ the scattering angle. The efficiency vanishes at
¢ = 0 but peaks at ¢ = 7 as per Eq. (2.37); Brillouin scattering therefore usually occurs in backward

° Acoustic velocity in fused silica is vs; = 5968 ms™ [110)].
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direction. However, forward scattering from transverse acoustic phonon modes was also observed in
reference [[111] and is referred to as guided acoustic wave Brillouin scattering.

If pumped hard enough, the scattering process becomes stimulated with a fixed phase relation
between the scattered photons denoted as [stimulated Brillouin scattering (SBS)l [SBS] is an often
undesired effect in high-power amplifiers as considerable amounts of signal power can be lost in the
process. Moreover, the process imprints excess power noise on the signal [[112]. The mechanism
is shown in Fig. the signal and Stokes waves interfere and form an intensity pattern, whose
(anti-)nodes move in forward direction. The interference pattern modifies the refractive index of the
glass by electrostriction, which describes the tendency of a material to change its density p through
the interaction with an electric field E:

1 R

Ap = ieopC%(E - E), (2.38)
where 7 is the electrostrictive constant, C' the compressibility of the material and €y the permittivity
of vacuum. Ap is related to the 3'-order susceptibility x(*) as shown in reference [107] that results

m

1
X3 = 560073- (2.39)

On the other hand, x(*) is also related to the non-linear refractive index ny [107]:

No = (in%ew) X(3)- (2.40)

The product <E E> is therefore linked to the refractive index. This means that the moving interference
pattern modifies the local refractive index. The index modification moves in the same direction as the
signal and acts as a Bragg reflector. As a result, more light is reflected into the Stokes wave and the
process is amplified. The power threshold can be defined as the signal power at which the [SBS
power equals the signal output poweﬂ The threshold can be approximated by the following
equation as shown in reference [114]:

KgA
Py ~ 2122 (2.41)
Lettgo
Aegr and Leg are the effective area and length of the fiber with
Legr = [1 —exp (—al)] /a, (2.42)

where L is the physical fiber length. Kp is a dimensionless correction factor as described in refer-
ence [72]. The scatter probability scales with the interaction length and is thus significant in optical
fibers. However, the[SBS|power threshold also scales with the effective mode area thus making [LMA]
fibers an excellent choice to increase the power threshold. The propagation of signal and
power can be described by the following coupled differential equations:

0P 8l
_ L(v, T)P,Psgs — aPs 2.43
az Aeff (I/, ) SBS « ( )
and 9
P
SBS = — il E(I/, T)PSPSBS + OZPSBs. (2-44)
0z Aeff

Note that different definitions of the threshold power are used in practice. For example, the onset of excess noise at
MHez frequencies can also represent a reasonable power threshold as argued in reference [113].
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Here, P;(z) is the signal power, Psps(z) the power, 7 is the Brillouin gain coefficient, « the
bulk absorption and £(v,T") a Lorentzian-shaped envelope function, i.e. gain spectrum. The center
frequency of £(v, T) is located relative to the signal at

Av = 27;”’* + AT (2.45)

and scales linearly (coefficient: cy) with the temperature 7' [113]. Many applications in fiber optics
try to preventby artificially manipulating £(v, T') so that the gain spectrum in the rear-end of the
fiber is spectrally detuned from the Stokes waves that are generated in the front-end. For this purpose,
temperature gradients can be applied to the fiber [115] or mechanical stress can be induced [116].
Also, pump phase modulation [[117] and doping variations [[118]] have been successfully demonstrated
to mitigate The bandwidth of £(v,T") depends on the phonon absorption of the host material,
i.e. phonon lifetime. If the signal linewidth exceeds the bandwidth, the scattering efficiency
decreases significantly because the Bragg grating blurs out and individual frequency components of
the Stokes wave do not affect each other. As a consequence,|SBS|is only relevant for sub-MHz signals
in silica glasseq}

2.3.2 Amplified spontaneous emission

[Amplified spontaneous emission (ASE)| describes the amplification of the luminescence from a laser
gain material, for example from a laser crystal or a rare-earth doped fiber. The can deteriorate
the power scaling capacity of the device and/or dominate the noise figure. The[ASE|can even damage
the device, e.g. through light-induced damage on coatings or end faces, because small back reflections
may trigger Q-switching or the overall power levels of the exceed the Although the
is not caused by the susceptibility of the material, it typically scales non-linearly with the signal power
and is thus listed in this chapter.

is initiated by spontaneous emission, a random process that describes the transition between
an excited energy level 2 and a lower energy level 1. The atom or molecule releases the quantized
energy by emitting a photon. The photon wavelength corresponds to the energy difference of the
levels:

hw = By — F. (2.46)

Here, £ is the reduced Planck constant and w the photon frequency; E; and E» are the associated
energies of the participating levels. The process occurs without external stimulus and the direction of
the wave vector k is arbitrary i.e. isotropic emission. The probability of the spontaneous transition
depends only on the quantum system and is described by the Einstein coefficient Aoy [119]:

Ag = 3w’ By (2.47)
e

The As; coefficient is related to Einstein’s B coefficient but is more dominant at short wavelengths.
The emission rate Wo; (transitions per s) scales proportionally with the population Ny of the upper

level: N
Wa = —=. (2.48)

T21
To1 = A2_11 is the fluorescence lifetime of the upper level. Moreover, the upper energy level can

provide gain for the via stimulated emission:

aPASE (Z)
0z

"SBS|bandwidth is tens of MHz in silica glass.

= (N20em — N10abs) Pasg(2). (2.49)
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Here, Pasg(z) is the power; N7 and Nj are the populations in the lower and upper energy levels.
The coefficients o, and oep, are the corresponding absorption and emission cross-sections.

In an optical fiber, the that aligns along the z-axis within the fiber’s can extract large
amounts of energy during propagation. The process depletes the excited energy levels - namely
the 4113/2 level of Er** and the 2F5/2 level of Yb>* - so that is generated at the expense of
output power. Moreover, the randomness of the spontaneous process leads to excess power noise.
Additionally, the[ASEJ's electric field can beat with the electric field of the signal and contribute to the
power noise of the laser system because of the arbitrary phase relation.

Yb** ASE suppression

can arise in the 1.0 um-band from the laser-active 2F5/2—t0-2F7/2 transition of the Yb3* ions. The
Ybo* can deteriorate the optical-to-optical efficiency (see references [[102] and [103]]) which ex-
acerbates further power scaling of Er**:Yb3* doped fibers. However, the Yb** can be suppressed
by reducing the population in the 2F; /> energy level. The following techniques have been proposed.

Firstly, sufficiently high seed power stimulates Er**’s 4113/2—t0—4115/2 transition. Hence, the pop-
ulation in the 4115/2 energy level increases and more Er’* ions become available to participate in the
Yb3*-to-Er** energy transfer. The transfer process reduces the population in Yb3*’s 2F5/2 energy
level; the Yb** is therefore suppressed.

Secondly, the Yb** can be suppressed by co-seeding the amplifier with an auxiliary seed
with a wavelength in the Yb** emission band. This technique has been experimentally demonstrated
in references [120, 121,122} [123|] and numerically investigated in references [99,124]]. The auxiliary
signal can be removed at the output by wavelength-selective filtering. Alternatively, the amplifier can
be configured to reabsorb the co-seed along the fiber [[123]].

Thirdly, Er** can be pumped directly in the laser-active *I;3 /» energy level to avoid the Yb3*
without waiving the increased Er** solubility coming from the Yb** codoping. This technique was
successfully demonstrated in reference [101].

Fourthly, the Yb** can be suppressed by pumping the amplifier off-peak, e.g. at 915 nm or
940 nm. Off-peak pumping lowers the pump absorption per unit length; thus, the absorbed pump
energy is distributed more homogeneously along the fiber and bottlenecking of the Yb**-to-Er’*
energy transfer is prevented. Hence, the Yb>* ions cannot accumulate in the 2F5/2 energy level. The
effectiveness of off-peak pumping has been experimentally demonstrated in references [S5, 56] at
940 nm, in reference [57] at 915 nm and in references [125}[126]] at 1018 nm. A numerical analysis of
different pump wavelengths can be found in Chap.[3| The use of a smaller pump-to-core overlap is a
similar approach to reduce the absorption per unit length.
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Chapter 3

Pump wavelength dependence of ASE
and SBS in single-frequency EYDFASs

EYDF Yb3*-free [EDFAs| require long gain
fibers because of Er’*’s low pump ab-

sorption at 9xxnm. Furthermore, the
achievable output power is limited by
pair induced quenching as a result of
Er*’s cluster tendency. Yb** sensitiz-
ing eases the power scaling process due
to Yb>*’s larger pump absorption and
because higher Er** doping levels be-

(’ D i @+1) come possible without clustering. The

3+ . . .
Py - - E ., Yb''ions, however, can emit detrimen-
::\sr — m% o Inlﬁ . ]Inl o P, tal in the 1.0um-band. The Yb**
S can derogate the optical efficiency

or cause fiber damage by uncontrolled

Figure 3.0.1: Computation principle of the solver. The energy Q-switching. The Yb** emission can be
level populations and transition rates in the ¢-th fiber node were calcu- avoided by pumping at 1480 nm. The
lated from the optical power levels. Vice versa, the (?ptlcal power levels 1480 nm pump band, however, waives
were calculated from the power propagation equations. When the al- . )

gorithm reached the fiber end, the calculated power levels were kept the higher 9xx nm absorption, and thus
and the power levels in reverse direction were computed. The proce- ~also requires longer gain fibers for suffi-
dure was repeated until the solution converged. A detailed description  cient pump absorption. The lower non-

is given in the text. linear thresholds exacerbate power scal-

ing of single-frequency signals; suitable pump sources around 1480 nm (see Sec. [2.2.3)) suffer from
either complexity [87] or low brightness [[101].

In recent years, different techniques have been tested to suppress the Yb** such as ma-
terial optimization, auxiliary seeding [[120, 99, 124, 121, [122, [123]] or wavelength-selective filter-
ing [99,[127]]. In particular, off-peak pumping found considerable popularity because it maintains the
preferred 9xx nm absorption band without adding complexity. In 2016, Creeden et al. demonstrated
207 W output power at 1560 nm with 49.3 % optical-to-optical efficiency by pumping at 940 nm [S5].
In 2017, Varona et al. confirmed that off-peak pumped seem compliant with the require-
ments of laser sources at 1.55 um [S6]. In 2020, Matniyaz et al. achieved the present record
output power of 302 W with 58.3 % optical-to-optical efficiency by pumping at 915 nm [57]. Oft-
peak pumping, however, also requires longer gain fibers; thus, may also prevent power scaling
of single-frequency signals at some point. For example, Wang et al. observed around 18 W out-
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put powe from an 11.5 m-long 10/128 single-mode fiber pumped at 1018 nm [126]. Until recently,
a systematic study on the suppression and [SBS|mitigation trade-off and the pump wavelength of
the was missing.

The maximum[ASE} and[SBS}Hree output power is analyzed in this chapter for pump wavelengths
from the 9xx nm pump band. The 9xx nm pump band was segmented in in-band and off-band wave-
lengths. The simulatedwas limited by the Yb3* if pump wavelengths from the in-band
regime were used. In contrast, the simulated was limited by if pump wavelengths from
the off-band regime were used. A comparison of the pump wavelengths of 940 nm and 976 nm is
presented; the power dependence of the Yb**-to-Er** transfer efficiency is discussed. Moreover, the
pump power dependency of the power is shown and an adaptation of the power threshold
formula to active Er**:Yb** fibers is discussed. This chapter concludes with the summary of the key
findings. The results have been partly published in reference [128]).

3.1 FEM model

The pump, signal, and power levels, labelled as Pp(z), P(z), PfSE(z) and Psps(2),
were numerically calculated by an in-house developed [finite-element-method (FEM)| solver from
the rate and power propagation equations. The simulation parameters are summarized in Tab.
An overview of the computation principle including the power propagation directions is shown in
Fig. and described in the following.

Table 3.1: Summary of the simulation parameters.

Parameter Value Ref. Parameter Value Ref.
Ap 860 nm...1000 nm To 298 K
Poump variable h 10Wm—2K~'  [129]
A 1556 nm [56] k 1.38Wm~'K~! [129]
Pieed 0.1W..20W Nyp 3.53x10%6m=3  [99]
To1 10 ms [99] Ngr 245%x10®m=3  [99]
T3 1 ns [99] Tcore 12.5um [130]
T65 1ms [131] Tclad 150 um [130]
90 5x107 M mw—t  [72] Acore 491 um? [130]
0 58 MHz [113] 0.09 [130]
cf 225MHzK™!  [113] Re3 5x1072tm3s~1  [93]
o 20dB per km [132] AN 1 nm
ap 70 dB per km [132]  Rs6, Cup 0

A typical double-cladding 25/300 Er**:Yb** doped gain fiber with 0.09 NA was assumed.
The fiber was orientated parallel to the z-axis and the fiber length L was segmented in equidistant
nodes. A coupled 2- and 4-level systenﬂ was used to represent the energy levels of the Er** and Yb**
ions at each node. The full energy level diagram can be found in Chap. [2.2.3] The populations of the
4115/2, 4113/2, 1y, /2 and 419/2 energy levels are labelled as n; to n4. The populations of Yb>*’s 2F7/2 and
2F5/2 energy levels are denoted as ns and ng. The populations of the energy levels were normalized
to reduce the computational cost:

1= n1+ny+n3+ng and 1 = ns+ ng. 3.1

Total Er** and Yb>* doping concentrations of 2.45 x 10> m~3 and 3.53 x 10%° m~3 were used as in
reference [[99]]. The stimulated transition rates from energy level i to energy level j were determined

"The power threshold for was substantially lower because of the smaller core area.
2The population of the 419/2 level was set to zero as argued in the following.
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by Fy(2), Ps(2), Psps,i(2), Pasg (%) and PXSEJ(z):

L \s0ij W _ Tasgoij )
Wijﬁ( ) AcorehCP ( ) Z]’ASE( AcorehC ; ASE;¢ ASE Z + Z ASE,i ASE z( ) ’
Lo Ap0ij

T Ao
i = P, ) Y
Wijp(2) Acrohc p(2)s Wijsms( Acorehcz SBS, i (

(3.2)

with core area Aggre, pump, seed and wavelengths A, As and Aasg;, Planck constant /2 and
speed of light c. The seed wavelength was 1556 nm as in reference [S6]. The wavelength can
be approximated by Asgs ~ A because the Brillouin shift in fused silica glass is typically only
~11.2 GHz. The parameters o;; represent the associated cross-sections for absorption if ¢ < j or
emission if ¢ > j. The used cross-sections are plotted in Fig. and Fig. The factor T’
expressed the overlap of the LPy; mode with the doped core according to the [standard confined-|
[doping model (SCD)|[133},[132]]. The neglects the radial energy level population in the zy-plane
by approximating the light-to-dopant overlap via averaging across the illuminated area. Indeed, the
[SCDis only valid for doping areas substantially smaller than the LPy; mode-field area. Although this
condition is not entirely fulfilled in fibers, Canat ef al. argued that the error introduced by the
use of the [SCD]is in the range of other uncertainties for example from the cross-sections or doping
concentrations [132]. The is therefore reasonable to apply to reduce the computational cost of
radial integration [132]]. " was calculated with the core radius 7¢oe and Gaussian mode radius w for
step-index fibers as shown by Marcuse [[134]]:

(3.3)

r2 1.619 2.879
F:l—exp<—2;°2re), w:rcore<065—|— V15+ V6>'

In cladding pumped configuration, I" was rescaled by the core-to-cladding area ratio as shown by Han

et al. [99]: A
r o = corer' 4
pamp Aclad (3 )

This approximation practically represents a close to homogeneous pump light distribution across
the cladding area i.e. I'pump ~ Acore/Aclad but neglects of the pump light as well as helical
cladding modes.

The Er** and Yb** ions were linked by the Forster energy transfer process with bidirectional
energy transfer. The Yb>*-to-Er’* energy transfer coefficient was assumed to be 5 x 102! m?s~! as
in reference [95]. The population of the *I;, /> energy level was computed to be less than 0.1 %; the
backward energy transfer coefficient was therefore set to zero to ease the computation. Additionally,
the inclusion of up-conversion only marginally affected the results because n4 was also close to zero.
The up-conversion coefficient was therefore also set to zero. The fluorescence lifetime from the
energy level ¢ to j is denoted with 7;;. The lifetimes 791, 765 and 732 were approximated to 10 ms,
1 ms and 1ns [99]. However, 132 merely affected the computation if 730 was far shorter than the
effective lifetime of the 41,5 /> energy level. Equilibrium conditions were assumed so that dn; /0t = 0
applied. The rate equations from Han et al. [99] were simplified to:

1 ~1
0= Wigsni — Wayrsne + Wi sgsni — Way sgsne — 7,5, na2 + 73, N3, (3.5)
~1
0= RﬁgNYbTLlTLG — T3p N3, (36)
1
0= Wsgpns — Wespne + Wse asens — Wes,asen6 — Tgs 6 — 3 NErn1n6. (3.7

The pump power evolving in the positive z direction was calculated by the following equation:

8Pp(z)
0z

= Ty Nyp (06516 — 056M5) Pp(2) — a. (3.8)
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The background loss « arises from scattering loss or bulk absorption of the fiber core. The background
loss was assumed to be 20 dB per km for the signal lightﬂ and 70 dB per km for the pump light as per
Canat et al. [[132].

The solver calculated the bidirectional propagation of the Yb>* in positive and negative
z direction. The propagation direction is denoted in the following by the 4 superscript. The following
nomenclature is used because the seed propagated in negative z direction: the in positive z
direction is referred to as backward and the in negative z direction as forward The
forward and backward directed Yb power levels, denoted as PgtSE(z), were subdivided in
hundred individual channels from 1000 nm to 1100 nm. Each channel represented the power in a
1.0 nm-wide spectral sub-band. The power in the i-th channel PlitSE,i(Z) was computed by the
equation:

OPLL (2)
Ag% ==+ PASENYb (065n6 — 0'56715) PgtSE,i(z)
2hc?
.. Fat NngiUGSnt‘)A)\FASE,i- (39)
ASE,i

The last term accounted for the spontaneous emission in the Yb** emission band [99]. It was rea-
sonable to assume that the power levels of the Er’* would be very small because sufficient seed
saturation was assumed in the simulations. As a consequence, the Er’* would contribute only
marginally to the transfer rates and would not affect the steady-state population densities. This as-
sumption was verified by the simulations such that the Er** was not included in the model. The
signal power evolving in negative z direction was computed by the following formula:

0z

7

OP,
:(2) = I (UIQNErnl — 021 Ngmo + ZQSBS,iPSBS,i(Z)> P(z) + o (3.10)

The term ), gsgs,;Psps,i(z) incorporated induced signal depletion in the model. The
power, denoted as Psps ;(2), evolved in the direction opposite to the signal light, hence positive z
direction. The [SBS|power was calculated by the following equation:

0Psgs i(2)
0z

The power was subdivided in 101 sub-bands with 3 MHz spacing. The first sub-band was allo-
cated at 11.2 GHz off-set relative to f; = ¢/)s. The total power in the i-th channel is denoted
as Psps i(2) and gsps,; is the gain coefficient associated to that channel. The scattering gain was as-
sumed to be frequency dependent with a Lorentzian shaped spectral gain profile (see Sec. [2.3.1)) and
Brillouin peak gain of gg, full-width-at-half-maximum bandwidth of €2, temperature coefficient cy
and Brillouin shift vg [[72, [113]]:

= [[\Ngr (02112 — 012n1) + gsBs,iPs(2)] Psps,i(2) — a. (3.1D

1 goQ2
4Acore [Vi — (VB + CfAT)]Q + %QQ

gsBS,i = 3.12)

The parameters go = 5 x 10! mW!, O = 58 MHz and cp = 2.25 MHzK~! were chosen as in
references [[72] and [[113]. The Brillouin shift of 11.2 GHz corresponds to an acoustic velocity of
5.960ms™! typical for fused silica. Brown et al. described in detail how the temperature gradient,

denoted as AT, along the fiber core of a double-cladding fiber can be computed from the optical
power levels and the quantum defect [129]:

QOCLQ Tclad 2k Qo(l2 r
Teor =T 21 1-— . 3.13
0 e(r) 0t 4k " Tcore * Teladh * 4k Tcore ( )

3Note that the losses are substantially higher in the rare-earth doped fiber compared to its passive counterpart (passive
fibers: 0.2 dB per km [61]).
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The ambient temperature 7p and the convective heat transfer coefficient h of the surrounding air
were 298 K and 103 Wem™2K™!, respectively. The thermal conductivity coefficient & was assumed to
be 1.38 x 102 Wem ™' K! [129]. The heat load per volume, labelled as )y, was calculated from the
quantum defect and the transition rate from the %I, /2 energy level to the 4113/2 energy level:

2w Ngchenszo (1 1
Qo = . 3.14
0 7'32A V ( )\p )\s ) ( )

The parameter AV = 7 x r2 . x AL is the core volume per node. The localized non-fluctuation
source model was used to initiate the process [113]. The non-fluctuation source model assumes
a single noise photon that is scattered at the fiber end from a thermally excited phonon.

Optical feedback, for example from Fresnel reflections, was neglected in the model. This sim-
plification is justified because the fiber ends are typically slanted to reduce back reflections. The
following nomenclatures are introduced to ease the readability:

SBS power: Psgs = > Pepsi(2 = L), (3.15)
ASE power: Pase = > (P, (2 = L) + Pagg(2 = 0)) (3.16)
Output power: Py = Ps(z = 0). (3.17)

The boundary conditions i.e. Py(z = 0) = Ppump, Ps(2 = L) = Pyeeq and Py .(0) = Prgp (L) =0
constituted a two-point boundary-value-problem. The solution was compufed by proce7ssing the
power propagation equations satisfying the steady-state conditions according to Eq. to Eq.
by an in-house developed iterative solver until the optical power levels changed less than 10 nW
per iteration. A node spacing of 2.5 mm per m was used; for example, a node-to-node distance of
5 mm was used for a 2 m-long fiber. For each pump wavelength, the fiber length was optimized by the
solver to 10 dB pump light absorption and the pump power was increased until the total power in
either the[ASE]or[SBS|was more than 1 % of the output power. Fig.[3.2.1|presents the maximum[ASE}
and @]—free output pOWCIEI together with the used fiber length and the related cross-sections. Albeit
arbitrary, the 1 % criterion is representative for practical applications because the energy level popu-
lations that are associated to it may already be enough to cause significant parasitic lasing from small
back reflections. It was furthermore found that the simulated power limit is virtually independent of
the break criterion as a result of the non-linear behavior of and

3.2 Power scaling limitations

The simulated power limits are shown in Fig. the results are discussed in the following for pump
wavelengths from the in- and off-band domain. The in-band regime contains pump wavelengths from
880nm to 990 nm. The pump wavelengths from the in-band regime led to fiber lengths shorter than
5.1m. The off-band regime corresponds to pump wavelengths shorter than 880 nm or longer than
990 nm at the edges of the 9xx nm pump band. Pump wavelengths from the off-band regime led
to fiber lengths longer than 5.1 m. In the following subsections, an in-depth performance analysis
is given for the pump wavelengths of 940 nm and 976 nm at which high-power pump sources are
availableP|

*Meaning that both the power and the power were less than 1 % of the output power.

SPump sources are also available at 915 nm. However, the absorption and emission cross-sections of Yb** are similar at
915 nm and 940 nm. The following analysis focusses only on the performance at 940 nm; the basic results are transferable
to a pump wavelength of 915 nm.
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Figure 3.2.1: Top: Yb*" absorption and emission cross-sections versus pump wavelength. The optimized fiber length,
labelled as Lioas, corresponds to 10 dB pump light absorption at each pump wavelength. Bottom: simulated power limit
versus pump wavelength; the power limit is the maximum simulated output power with an [ASE| and [SBS] output below
1 % of the output power. The simulations were performed with seed input powers from 0.1 W to 2.5 W. The dashed line
corresponds to Eq. (3:24) with 100 mW seed power. Experimental references: Matniyaz ef al. (302 W output power, 1.9 W
seed power [37]]), Creeden et al. (207 W output power, 7.5 W seed power [33]]), Varona et al. (111 W output power, 1.2 W
seed power [36]) and Jeong er al. (100 W output power, 1.8 W seed power, 30 um core diameter [102]]).

3.2.1 ASE limitation for in-band wavelengths

The Yb>* onset defined the power limit in the in-band regime; the simulated power limit was
primarily dependent on the Yb* absorption cross-sections, and thus on the pump wavelengtl‘ﬂ The
simulated power limit agrees reasonably well with the experimental results (see arrows in Fig. [3:2.1).
Jeong et al. demonstrated 151 W output power at 1563 nm with 33 % slope efficiency from a large-
core in-house fabricated 30/650 fiber by pumping at 976 nm. The Yb** arose around ~50 W
output power (derived from publication), which is in fair agreement with the simulated power limit of
~40.7 W. Matniyaz et al. demonstrated 302 W output power at 1562.3 nm by pumping a commercial
off-the-shelf 25/300 fiber at 915 nm. A direct comparison to the simulated power limit is not possible
because no information on the total Yb>* power was provided. Matniyaz et al., however, noted
that hardly any Yb** was observed. Creeden ef al. and Varona et al. achieved in fair agreement
with the simulated power limit 207 W and 111 W output power virtually free of Yb** from the
very same 25/300 fiber by pumping at 940 nm. It must be noted, however, that further power scaling
was limited for example by available pump power. Hence, no specific information on the Yb**
onset was provided.

®Indeed, both absorption and emission cross-sections affected the achievable and free output power. How-
ever, the emission cross-sections contributed only marginally to the simulated power limit because ns was much smaller
than ns. Thus, the following discussion refers primarily to the influence of the absorption cross-section.
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Figure 3.2.2: Left: schematic energy level diagram. The widths of the transition arrows and energy level bars show the
magnitude of that transition or population, respectively. Right, top: power evolution of pump, signal and Yb** with
400 W pump power. The pump power corresponds to the simulated power limit at a pump wavelength of 940 nm. Right,
bottom: population of 4113/2 and 2Fs/g energy levels for the pump wavelengths of 940 nm and 976 nm.

A detailed discussion on the underlying physical mechanism that is responsible for the pump
wavelength dependency in the in-band regime is presented in the following. For the discussion, the
pump wavelengths 940 nm and 976 nm are used, which are representative for small and large absorp-
tion cross-sections and of interest because of the market availability of suitable pump diodes at these
wavelengths, for example as found in references [135)] and [136]. The simulated power levels and
the energy level populations are plotted in Fig. [3.2.2] for a pump power of 400 W. The [SBS| power
was at the pW-Ilevel and is thus not depicted to increase the readability of the figure. The schematic
energy diagram on the left side of the figure depicts the relevant transitions. The arrow size accords
to the rate of the corresponding transition and the thickness of the energy level bars corresponds to
the population in the respective leveﬂ Important features are marked with alphabetical letters.

Pumping at 976 nm

The used pump power exceeded the simulated power limit at 976 nm and led to powerful Yb>* as
explained as follows. The steep pump absorption (marker A) pumped between 50 % and 90 % of the
Er’* ions into the *I;3 /» energy level (marker B), and thus depleted the s /» energy level. The result-
ing shortage of transfer partners deteriorated the Yb>*-to-Er®* transfer efficiency. As a consequence,
the Yb** ions in the %F; /» energy level accumulated up to 36 % of the total Yb** doping concentration
(marker C) giving large optical gairﬂ for the Yb* The optical gain peaked around 1030 nm (see
Fig. because of the underlying maximum of the emission cross-sections; the Yb** was
therefore most powerful at this wavelength. The simulated total Yb* output power (marker D)
was

213.4W = 135.6 W+ 77.8 W (3.18)
—_—— ——
forward backward

depleting the signal output power to 77.5 W accordingly (marker E).

7 A thick arrow corresponds to a large transition rate and vice versa. The same applies for the bars of the energy levels.
8The term optical gain corresponds to the gain if ggs is positive or absorption if ges is negative. An optical gain larger
than zero can eventually lead to@
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Figure 3.2.3: Left: optical gain at exemplary wavelengths in the 1.0 um-band; the pump power was 400 W. The optical
gain was substantially larger if a pump wavelength of 976 nm was used. An optical gain larger than zero can eventually
lead to [ASE] Right: simulated power limit versus seed input power at different absorption cross-sections i.e. pump wave-
lengths. The curves representing the pump wavelengths of 915 nm, 940 nm and 976 nm are solid. The simulated power
limit increased with the seed power. Seed saturation was observed around 1.0 W seed power.

Pumping at 940 nm

The used pump power fell below the simulated power limit at 940 nm as explained as follows. The
smaller absorption cross-section at 940 nm resulted in lower pump absorption per unit length that
required a longer fiber to achieve 10dB pump absorption. Therefore, overall more Er** ions, i.e.
Lipag X m«gm X Ng, participated in the absorption process, which were capable to receive in total
more energy. As a result, the relative population in the 41,5 /, energy level was generally lower at this
pump wavelength compared to 976 nm pumping (marker G), albeit using the same pump power. The
depletion of the 4115/2 energy level was mitigated. The availability of Er* ions in the ground state
ensured an efficient Yb**-to-Er’* energy transfer. Hence, a population of only 5 % to 15 % (marker
H) was found in the 2F5/2 energy level. The optical gain in the 1.0 um-band was less than ~20dB
per m and indeed negative in some cases. This is consistent with the fact that the simulations showed
virtually no output at the investigated pump power level. The [ASE] and signal output powers
were 0.8 W (marker I) and 203.5 W (marker J) with 56.5 % optical-to-optical efficiency close to the
quantum limit. The Yb3+ output, however, increased steeply with pump power. For example,
22.5W and 82.4 W Yb** power levels were found with pump powers of 500 W and 600 W, re-
spectively. This behavior is in agreement with the simulated power limit from Fig. [3.2.1] that found
the Yb** onset around ~400 W pump power.

Seed power

The simulated power limit increased with more seed power as plotted in Fig. [3.2.3]if pump wave-
lengths from the in-band domain were used. The simulated amplifier was seed saturated around
~1.0 W seed power. The underlying mechanism can be explained as follows. More seed power re-
duced the effective lifetime in the 4113/2 energy level; therefore, the mean population in the 4115/2
energy level increased. Thus, the efficiency of the Yb>*-to-Er** energy transfer was sustained that
prevented the accumulation of Yb3* ions in the 2Fs /» energy level. On a relative scale, the seed power
dependency was found most striking at 976 nm at which transfer bottlenecking was more prevalent
showing the immense importance of the transfer efficiency for [ASEHree operation of the amplifier.
The power dependency of the Yb>*-to-Er’* energy transfer efficiency is therefore discussed in the
following.
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Efficiency of the Yb**-to-Er** energy transfer

Excited Yb>* ions can dissipate their energy via spontaneous or stimulated emission or through the
Yb3*-to-Er** energy transfer. The radiative dissipation processes produce Yb>* and are therefore

detrimental to the efficiency of the transfer processﬂ The transfer efficiency can be written as the
Yb3*-to-Er** transfer rate per net pump absorption rate:

Re3 Ngning
= 100 %. 3.19
TFRET Wasoms — Wespn X 0 (3.19)

nerer = 100 % means that all Yb** ions that are pumped into the 2F5/2 energy level undergo the
transfer process. If nprpr is less than 100 %, a fraction of the absorbed pump energy is emitted
as Yb3* It was therefore found by the simulations that high Yb>* outputs correspond to
low transfer efficiencies, i.e. transfer bottlenecking, as shown in the right plot of Fig. [3.2.4] It is
consequently reasonable to define the @] power threshold, denoted as Pasg hr, on the basis of the
transfer efficiency in the following way. The output power at which the transfer efficiency declines
more than 0.1 % per W signal power is defined in the following as the [ASE|power threshold:

0
% = 0.1%/W. (3.20)
out | Pagg hr
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Figure 3.2.4: Left: energy transfer efficiency versus output power. The power threshold is plotted with scattered
symbols. The transfer efficiency dropped at power levels above the [ASE| power threshold. Inset: [ASE] power threshold
versus pump wavelength. The solid line represents the simulated power limit from Fig. [3.2.T] and was in agreement with

the [ASE] power threshold. Right: [ASE] output power versus transfer efficiency at different pump wavelengths. The data
highlight the link between Yb** generation and deterioration of the energy transfer. The Yb** power at a specific

transfer efficiency was lower at pump wavelengths with large pump absorption because the total power levels were generally
lower at these wavelengths.

The left plot in Fig. [3.2.4] shows that this definition of the power threshold ties in well with
the onset at which the transfer efficiency deteriorates. Furthermore, this definition also coincides with

the simulated power limit from Fig. [3.2.1] as depicted in the inset. It was also found that the
power threshold is almost independent from the threshold definition, i.e. 0.1 % per W, because of the
non-linear behavior of the Yb>* and signal depletion, i.e. more pump power is required to scale
the signal power by the same amount as a result of the power consumption of the prevalent Yb**

The transfer efficiency depends on the local power levels and is thus depending on the position z in the fiber. In the
following, the efficiency refers to the averaged efficiency.
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[ASE] generation. This makes the definition used in Eq. (3.20) applicable in practice, although being
arbitrary. In contrast, Dong ef al. defined the [ASE| power threshold by

ning

Paseir = R Ahvy, (3.21)

n5056
where n5 and ng represent only the fraction of the Yb3* ions that are coupled to proximate Er’*
ions i.e. capable of transferring energy [137]. The definition from Eq. (3.21)), however, turns out
impractical because already the presence of small amounts of Yb** meets such requirement.
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Figure 3.2.5: Energy transfer efficiency versus pump wavelength and fiber position from left to right at pump power levels
of 100 W, 200 W and 400 W. The pump power levels correspond to [ASE}free operation at 940 nm and 976 nm (100 W),
[ASE}free operation at 940 nm but not at 976 nm (200 W) and the [ASE] power threshold at 940 nm (400 W). The transfer
efficiency decreased significantly along the fiber above the @ power threshold of that wavelength.

At 976 nm, the [ASE] power threshold was 60.2W and nrrer tended towards 0 %, i.e. transfer
bottlenecking, over the entire fiber length as depicted in Fig. [3.2.3] The efficiency degradation was
found most notable at the fiber ends, i.e. z = 0 and z = L, due to either peak pump or minimal
signal power levels. At 940 nm, the [ASE| power threshold was 220.6 W and, hence, approximately
four times larger compared to pumping at 976 nm. This factor corresponds approximately to the
larger absolute number of dopants in the longer gain fiber (L1048 @940nm/ L1p4g@976nm = 5). The
transfer efficiency at 940 nm was close to 100 % along the entire fiber leading to a higher Yb>*
power threshold. The plots, however, also show that the transfer efficiency may also decrease around
the fiber ends at 940 nm if pumped too hard. This ties in well with the results from Fig. [3.2.1] that
show that pumping at 940 nm was also limited by the Yb>* at some point, albeit at higher power
levels.

Nonetheless, pump wavelengths from the in-band regime resulted in output power levels of up
to several hundreds of W and were merely limited by the Yb** in some cases. In particular
pumping at 940 nm was found to provide good power scalability without [SBS}, suitable pump diodes
can be procured as off-the-shelf products that have been reliably tested. A pump wavelength of
940 nm was therefore used in the work outlined in Chap.[5]and Chap. [

3.2.2 SBS limitation for off-band wavelengths

The off-band regime contains pump wavelengths shorter than 880 nm or longer than 990 nm. The
corresponding absorption cross-sections are considerably smaller compared to pump wavelengths
from the in-band regime. The longer fiber lengths required for 10 dB pump absorption result in lower
non-linear thresholds. The simulated output power was therefore limited by A threshold power
level, denoted as Psps . Was found above which the [SBS| power increased steeply due to the non-
linearity of the scattering process as shown in Fig. [3.2.6] The power threshold decreased with
the fiber length by Psgsmr =~ 1/Lesr as per Eq. (2.41). Thus, the simulated power limit decreased
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towards the edges of the 9xx nm pump band. The [SBS|slopes showed a roll-over particularly notable
for long fibers because the associated signal depletion led to less gain from the scattering process.

The [SBS| power threshold is approximatable by Eq. (2.41)). The mode-field area of the studied
fiber is A = 327 me at 1.55 pnm The factor K considers the relative orientation between the

signal and [SBS] polarization [138]]. For example, Kg = 1.5 accounts for a non{PM|fiber [139]. The
effective fiber length accounts for the signal evolution of non-constant optical power along the fiber

and can be calculated by

Legr = [1 — exp (—al)] /. (3.22)

Although being compiled for passive fibers with typically negligible o and L. ~ L, the expression
can be adopted by assuming an exponential-like signal evolution along the fiber:

1 POUI :|
a=——1In . (3.23)
L [P seed
Therefore, Psps iy can be expressed with Eq. (2.47) as:
Pout
KA 0 (#24)
Pyps e A 2100t L e (3.24)

Lgo 1 — Desa”

Eq. (3:24) is plotted for 100 mW seed power as the dashed line in Fig.[3.2.1] The approximation is
in fair agreement with the simulated power limit in the off-band regime. The trends for the other
seed power levels are equally fitting but are not plotted for clarity reasons. The agreement with the
simulated power limit supports the validity of the definition of o.. Furthermore, the comparison shows

that Eq. (Z.41)) is also applicable to the studied Er**:Yb** fiber even though Eq. (Z.41)) was developed
for passive fibers.
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Figure 3.2.6: Left: [SBS|power versus output power at different pump wavelengths. The corresponding fiber length is
specified in brackets and accorded to 10 dB pump absorption. The output power from longer fibers already depleted at the
investigated power levels, which resulted in a dip of the [SBS| power slopes. Right: spectrally resolved [SBS| power density
at various output power levels at 860 nm. Inset: central frequency and core temperature versus output power.

The simulated power limit in the off-band regime was found to be almost independent from the
seed input power for the following reasons. Higher seed input power increases the total signal power

~

levels and thus gain for the from the non-linear scattering mechanism as per 0Psps(2)/0z ~

1The mode-field area corresponds to a mode radius of 10.2 um.
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Psps(z)Ps(z). At the same time, the more powerful signal depletes the 4113/2 energy level. This
reduces the optical gain for the [SBS|power from stimulated emission and cancels the increased gain
from the scattering mechanism.

The simulated power limit peaked at the junction of the in- and off-band domain. The 1 % break
criterion used in Fig. [3.2.1] however, is - although reasonable to calculate the onset of the [ASE] -
rather insensitive to define the onset power because in practice already much lower [SBS| power
levels might imprint excess noise on the signal beam making the amplifier incompatible as a[GWD]
laser source. The formula derived in Eq. (3.24) is even more insensitive because it assumes that the
power equals the pumﬂ power. This also explains why Eq. (3.24) approximated somewhat
higher power limits than the solver. Furthermore, the Yb>* doping concentrations from refer-
ence [99] used in the simulations were rather large and led to relatively short fiber lengths. This means
that in practice longer fibers may be necessary that lead to even lower [SBS| power thresholds. Thus,
the simulations possibly overestimated the achievable output power in the off-band regime. By con-
trast, [SBS}Hree operation close to the simulated power limit was experimentally demonstrated with
pump wavelengths from the in-band regime. For example, the absence of was experimentally
confirmed up to power levels of 207 W and 111 W through backward directed power monitoring or
relative power noise measurements by Creeden er al. and Varona et al. [55]56], respectively.

Temperature dependency

The 9xx nm pump band leads to an inherent quantum defect close to ~40 %. The generated heat
grows with pump and seed power and is thus dependent on the location in the fiber. Fig.[3.2.7 shows
the simulated temperature along the fiber for different pump wavelengths. The data shows that pump
wavelengths with low absorption led to lower temperatures due to the spatially more distributed heat
generation. It must be emphasized, however, that all simulated wavelengths resulted in temperatures
close to the critical coating temperature of 80°C as per Sec. [76] at already 200 W pump power.
Pumping at 976 nm showed somewhat lower temperatures compared to 970 nm or 980 nm due to the
increased generation of the Yb>* and the associated deceleration of the Yb**-to-Er’* energy
transfer.
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Figure 3.2.7: Temperature versus pump wavelength and fiber position from left to right at pump power levels of 100 W,
200 W and 400 W. Pump wavelengths with low absorption resulted in lower temperatures due to the spatially more dis-
tributed heat generation. The fiber temperature can peak distant from the pump end due to the Yb**|AS

The consequences for the power are discussed in the following. The temperature gradient
spectrally detunes the gain along the z-axis because the frequency shift Afy ~ v +
¢y AT depends on the temperature. This reduces the overall gain making the quantum defect
advantageous in terms of [SBS| The output spectrum of the [SBS|is shown in Fig. [3.2.6] The frequency

"In this context, the term pump refers to the signal at the seed wavelength because this is the one pumping the
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chirp effectively broadened the spectrum. The [SBS|center frequency A fy and the average core
temperature T,y are plotted in the inset. The slope of the temperature, AT,y /OPoy, increased
above the power threshold because of the signal depletion that required in total more pump
power to scale the output power and thus resulted in more heat per W output powe@ The simulated
core temperatures, and thus severity of the spectral shift, depend on the choice of the simulation
parameters, e.g. thermal conductivity k£ and convective heat transfer coefficient h. However, the
parameters that were used in this work produced reasonable core temperatures, which supports the
validity of their choice.

In total, pump wavelengths from the off-band regime are assessed as unsuited to scale the power
of single-frequency because of the required long fiber lengths and the associated low
power thresholds. The |SBS|cannot be mitigated by the inherent quantum defect.

3.3 Conclusion

The trade-off between Yb* suppression and mitigation was numerically investigated for
a single-frequency pumped at 9xxnm. A typical 25/300 Er**:Yb** doped double-
cladding fiber was assumed. The fiber length corresponded to 10 dB pump light absorption. The Er*
and Yb>* ions were modelled as coupled 2- and 4-level systems that were linked by the Yb>*-to-Er**
energy transfer and described by the corresponding rate equations. The Yb>* absorption band was
segmented in in-band (880 nm < A, < 990 nm) and off-band (\p, < 880 nm and A, > 990 nm) pump
wavelengths. The simulated power was limited by the Yb** in the in-band regime. The Yb>*-to-
Er** transfer efficiency was introduced as the ratio between the excited Yb>* ions that transfer their
energy to Er’* ions and the Yb3* ions that release their energy through the Yb>* Pumping at
976 nm depleted the 4115/2 energy level and reduced the number of available Er** transfer partners. As
a consequence, Yb3* ions accumulated in the 2F5/2 energy level. The Yb3*-to-Er’* transfer efficiency
decreased therefore steeply at ~260.2 W output power for the studied amplifier configuration. Pumping
at 940 nm distributed the pump absorption along the fiber and increased the power threshold
to ~220.6 W output power. The corresponding 2F5/2 energy level was homogeneously populated
between 5 % and 15 %.

limited the output power in the off-band regime. The threshold was approximatable by
Eq. (3:24) and decreased steeply with longer fiber lengths. Pump wavelengths at the edges of the Yb**
absorption band resulted in powerful Er**’s large quantum defect shifted the center frequency
of the gain and broadened the spectrum. However, the spectral chirp could not mitigate the
Pump wavelengths from the off-band regime were considered as not suited to pump the[EYDFA]
The results, however, indicate that off-peak pumping at wavelengths from the in-band regime, in
particular at 940 nm, may contribute greatly to further power scaling of around 1.55 um.

12 As a secondary reason, thepower also triggered the transition from the 4113/2 to the 4115/2 energy level near z = L
where the local signal power and thus W2, would be low otherwise. This increased the availability of Er** transfer partners
in the 4115/2 energy level. Hence, the efficiency of the Yb**-to-Er’* energy transfer and the rate of the phonon transition
from the I, /2 to the 4113/2 energy level increased resulting in additional heat.
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Chapter 4

Estimation of interlock requirements for
high-power EYDFAs

The most promising approach to meet the laser power requirements of around 1.5 um is cur-
rently the use of double-cladding fibers with large pump power levels [56]. However, if the seed laser
fails amid operation - e.g. by technical malfunction - parasitic lasing or uncontrolled Q-switching
may damage the laser system; for example, the of the fiber ends is 22Jcm™2 (1 ns pulses,
A ~ 1um) [140]. The implementation of an autonomous [emergency-off (EMO)| system can avoid
potential fiber damage by interlocking the pumping process and therefore increase the ruggedness
of the laser system. The system must react fast enough before the unsaturated gain reaches a
destructive level. The reaction time of the system is therefore a critical design parameter. A
direct measurement of the reaction time, however, would certainly lead to the destruction of the laser
system and is therefore not feasible. Furthermore, a measurement at low power levels would produce
a different outcomd']

A combined numerical and experimental approach is proposed to estimate the EMO|requirements
for GWD}compatible by using core-pumped single-mode fibers. The approach is justi-
fied because core-pumping produces similar pump intensities in the fiber core as found in cladding-
pumped architecture. It is therefore reasonable to assume that the build-up time of the gain would be
similar. The associated power levels, however, are lower and less destructiveﬂ

The length-integrated populations were calculated from backward directed[ASE]transients of three
single-mode [fibers under test (FUTSs) by a[FEM]|solver. The transients were used to estimate the time
interval until a typical cladding-pumped fiber encounters parasitic lasing after a seed laser
malfunction. Furthermore, a prototype tem in format was characterized. The chapter
concludes with a summary of the key findings. The work has been partly published in reference [141]].

4.1 FEM model

A modified solver computed the optical power levels and populations of the Yb** and Er’*
energy levels by solving a system of [partial differential equations (PDEs)| The pump and seed input
powers, i.e. Poump(t) = Ipump(t) X mw? and Psfed(t), formed a boundary-value-problem at the fiber

ends. The computation principle is shown in Fig. The optical power levels of pump, signal,
Yb3* and Er’* are expressed as Py(t,2), PX(t, 2), Péfb(t, z) and PZ(t,z). The pump

'The gain dynamic depends on the population in the laser-active energy levels and such depends largely on the net
decrease of the pump intensity per unit time.

2The proposed approach only renders an estimation of the gain build-up time because the gain dynamic also depends on
factors such as pump wavelength or doping concentrations.

*Printed circuit board.
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power propagated in the positive z direction without exception, whereas the seed, Yb>* and
Er*t power propagated in the direction that is indicated by the superscript. The z-axis of the
coordinate system was oriented parallel to the fiber. The[SCD|was used to approximate the power dis-
tribution in radial direction as explained in Chap.[3] The fiber lengths used for the computation were
sufficiently short to omit[SBS|in the following as it was only at the uW-level (contrary to Chap. [3).

(n-1)-th element

(n+1)-th element
forward signal & ASE backward signal & ASE

3+
Yb3+ El‘ -o /\

10xxnm

Up-conversion fl

976nm

y pump

X

z n-th element

Figure 4.1.1: Working principle of solver: the fiber was meshed in equidistant nodes labelled as (n-1), n, (n+1), etc.
The populations were computed node-wise according to the local power levels and rate equations. The full energy level

diagram is presented in Sec. Seed, Yb** and Er** propagated bidirectionally; the pump power propagated
in the positive z direction without exception. The optical power evolution was calculated from the transition rates and
photon energies.

The evolution of the relevant energy levels was calculated from the optical power levels; the
schematic energy level dlagram can be found in Fig. #.1.1] and more detailed in Sec. 2.2.3] As in
Chap. l the 115/2, 113/2, I, /2 and the 19/2 energy levels of Er** are referred to as levels 1 to 4. The

F7/2 energy level of Yb3* is denoted as level 5 and the 2F5/2 energy level as level 6. The population
in each level is described as follows. Small letters, n; (¢, z), describe the normalized population of the
energy levels. Because every ion must exist in either of the energy levels, the equation

D ni(t,z) =1 4.1)

holds for ¢ from 1 to 4 and ¢ from 5 to dﬂ Capital letters, N;(t fo n;(t, z)0z, describe the length-
integrals of the energy level populatlonﬂ The doping concentratlons of the Er** and Yb** ions,
denoted as Ng; and Nyy,, were calculated from the specified absorption of the |l The optical
gain that arises from the laser-active transitions, i.e. between the energy levels 1 and 2 and between 5
and 6, was calculated from the length-integrated populations:

921(>\, t) :NEr [0'21()\)]\72(15) — 012(>\)N1 (t)] s (4.2)
g65()\, t) :NYb [0'65(>\)N6(t) — 0'56()\)N5(t)] . (43)

The transfer rates between energy levels ¢ and j were calculated similarly to Chap. [3} however,
time dependence was considered:

LApoij I'Aypo;
(¢ P Yp (¢ mRALLEL N 255
WJ p( Z) Acorehc ( ) W’%Yb( ’ Z) Acorehe ( ) 4.4
)\ ag; F)\E a; )
Wi (t — U pE (¢ W i (:
iJ, s( Z) Acorehc ( ) iJ, Er( ) Acorehc Er( )

“The energy level population was normalized to ease the computation process.
SThe following will omit the calling of the parenthesized ¢, z to improve the readability.
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The parameters \,, As, Ayp and Ag; are the pump, seed, Yb3+* and Er3* wavelengths; h is the
Planck constant and c the speed of light [99]. The parameters o;; represent the associated absorption
and emission cross-sections. The Er** and Yb>" ions were linked by a dipole-dipole interaction
with bidirectional energy transfer. The Yb>*-to-Er’* transfer coefficient Rg3 was calculated from the
Yb** doping concentration according to Eq. to allow the comparison of different ﬁberﬂ The
backtransfer coefficient R3g was chosen to be the same in accordance to the McCumber theory [142].
The lifetimes were approximated to 7917 = 8ms [[72,83], 730 = 10us [83l], 743 = 0.2 ps [143] and
765 = 1ms [56) [72] [131] similar to Chap. E} The up-conversion coefficient Cyy, was computed as
described by Federighi et al. [95]. The population of the energy levels evolved according to the rate
equations established by Han et al. [99] and Karasek et al. [100]:

on
aitl = Waing + Waing — Wiang — Wisng + R3s Nypngns — RezNypneni
n
+ CupNem3 + —2, (4.5)
1
on n n
(972 = Wiang — Waoing — QCupNErng + B i, (4.6)
t T T2
on n n
873 — Wisni — Wsins + ResNysngni — RagNypnsng + — — —, 4.7
t T4z TR
ony 9 M4
W = CupNErnQ - aa (4.8)
on n
87; = Wesne — Wsens + Re3Ngnen1 — RaeNgnsns + 7‘65, 4.9)
on n
87: = Wsens — Wesng — Re3Nerneni1 + R3g Ngnsns — é- (4.10)

In contrast to Chap. [3| time dependence i.e. non-equilibrium conditions were considered. The ex-
plicit quoting of (¢, z), however, and the distinction between opposite propagation directions i.e. the
superscript are omitted in this representation to ease the readability. As an example, W12 represents
the sum of ngﬁs(t, z), Wia (2, 2), W, g (t, 2) and Wy, (¢, 2). The rate equations were solved by
the Euler method n;(t + At) ~ n;(t) —i—’@ni(t)/(‘)t x At using At = 0.5ps and AL = 0.4 mm. The
power of the pump and signal as well as the Yb3* and Er’* power evolved along the fiber
according to the following equations:

T2 Ny [Wasalt, 2Ins(t) — Waep(t,2Jns(0) i @in
({HT_;(ZLZ) = E Ve [Wis(tz)n?(t) ~ Wi (t.2)m(t) % (4.12)
ap%it, 2 4 Ny, (W5 i (. 2)mo(t) — Wik o (1, s ()] AhYCb L BAw(t, Z)Ah;,’ @413
aPEﬂ; (Zt, 9 _ 4 Ne;r [WiEr(t, 2)na(t) — Wis g (¢, z)nl(t)} fECr + BAk(t, z):fr. (4.14)

The terms in square brackets calculated the total stimulated transition rates between the energy lev-
els ¢ and 7, i.e. “photon emission rate minus photon absorption rate”, which was multiplied by the
corresponding photon energy hc/A. The was initiated by spontaneous emission along the fiber,
which was computed by the photon energies and spontaneous transition rates:

NErngAV
Ayp = ——, A= ——.
T65 21

(4.15)

® Re3 was assumed to be constant in Chap.
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The factor 5 is the relative proportion of the spontaneous emission that is emitted within the cone of
acceptable (© < Ona) and thus guided in the fiber core. 8 was calculated from the incident
angle indicated by the

Eq. @TI1) to Eq. @I4) show that the backward directed output power, i.e. Py, (t,0) and
P, (t,0), depends on the population of the laser-active energy levels. Be f; a function that associates
Py (t,0) and P;,(t,0) to the length-integrated population of the corresponding i-th energy level:

Iy P, (t,0) —N;(t) for i from 1 to 4,
"] Py (t,0) —Ny(t) for i from 5 to 6.

For example, the functions f; and f> associate Pg_(t,0) to N1 (¢) and Na(t) and the functions f5 and
fe associate Py, (t,0) to N5(t) and Ng(t). Fig. Appendix@ shows the functions fi to fg; the
functions were numerically extracted from the model. The functions were reasonably robust against
variations of the input parameters as depicted in Fig. [E.0.1] Appendix [E] The function outputs were
therefore not significantly affected by the uncertainty of the input parameters. For example, the out-
puts of f1, fa, f5 and fg deviated less than +5 % if the fiber length was varied by +20 %. Moreover,
a deviation of less than +5 % was found under variation of the doping concentrations within the spec-
ified error interval of the[FUTs| Additionally, the functions f1, f2, f5 and f¢ were reasonably robust
against variations of the pump intensity. The function outputs were therefore not significantly affected
by the uncertainty of such. Furthermore, the functions fi, fs, f5 and fg were tested to be bijective
by parameter sweeping. This means that these functions unambiguously assigned a distinct output to
each function input. In contrast, the functions f3 and f; depended greatly on the pump intensity (see
Fig. [E.0.2] Appendix [E). However, f3 and f4 could be omitted for the following analysis because the
Iy, /o and 419/2 energy levels were mostly empty. The function inputs, i.e. Py (¢, 2) and Py (t, 2),
were measured as described in the following.
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Figure 4.1.2: Top, left: experimental setup to measure Py, (t,2) and Py (¢, z) with wavelength division multiplexers
(WDM) to filter the Yb** and Er** and photo detectors (PD). The output power of the laser diode
(1999CHP, 3SP Technologies S.A.S., A\p = 976 nm) was modulated by a function generator (rectangular pulse shape).
The rising edge of the pump pulse provided the time reference. Bottom, left: fiber parameters of E[i I's] The mode-field
diameter, ok and ayp, were defined at A\ ~ 1.5 um or A, = 915 nm. Right: Er’* lm' and Yb** |ASE|transients of FUT1.
The time scales of the Er** transients were longer than the time scales of the Yb** Mtransients.
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4.2 Experimental ASE transients from core-pumped fibers

The experimental setup is shown at the top left in Fig. [4.1.2} the setup allowed to imitate a seed laser
malfunction, i.e. pumping without seed. A single-mode laser diode (1999CHP, 3SP Technologies
S.A.S.) delivered up to 0.35 W output power in quasi-cw mode (rectangular pulse shape) with a wave-
length of 976 nm and a repetition rate of fr, = 1 Hz. A 50 % duty cycle ensured excited state deple-
tion between consecutive pulses, i.e. on-/off-time: 0.5s. A set of 2x2 fiber-fused wavelength division
multiplexers (WD9850BB, Thorlabs Inc. and custom, LZH e. V.ﬂ separated the backward propagating
Yb3* and Er** power. The InGaAs photo detectors (DET10D/M, Thorlabs Inc., 40 MHz
bandwidth) were triggered at the pump pulse arrival (rise time: ~4.4 us). The arrival of the pump
pulse represented the time of the seed laser malfunction; the time reference was measured at the idle
port of the custom-made wavelength division multiplexer. The were 4 cm-long single-mode
Er**:Yb3*" or Er** doped fibers: TC1500Y(6/125)HD (FUT1, Fibercore Ltd.), SM-EYDF-6/125-HE
(FUT2, Nufern Inc.) and Er30-4/125 (FUT3, nLight Inc.). The parameters of the are summa-
rized in the table of the figure. Optical feedback from Fresnel reflection was prevented by slanting
the fiber outputs with an 8° angle.
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Figure 4.2.1: Left: transients Ny (t), N2(t), N5(t) and Ng(t) obtained from the backward directed transients of
FUT1. The pump pulse’s rising edge was set to ¢t = 0 us. The dynamic range of the Yb™* was between 0.14 ms and
0.69 ms; the dynamic of the Er** ranged between 2.24 ms and 0.38 ms. The Yb®* inversion saturated at N5 ~ Ng
because of the quasi-2-level energy structure. Right: dynamic range of integrated population densities. The dynamic range
was defined by the time between the 10 % and 90 % values of the rising or the falling edges. The dynamic range decreased
with pump intensity and was shorter for the Yb** levels. The scaling with pump intensity seemed more linear for the Yb**
levels.

Fig. 1.2 shows the [ASE| power transients from FUT1; the transients from the other [FUTSs| are
depicted in Fig. Appendix [E] Fig. #.2.T] shows the length-integrated populations of the energy
levels 1, 2, 5 and 6 (calculated from FUT1). The laser-active energy levels 2 and 6 were populated at
the beginning of the pump’s on-cycle; the ground levels 1 and 5 depleted accordingly. The stimulus
saturated as soon as the pumping process was compensated by the energy withdrawal from the [ASE|
and/or energy transfer. The saturation level increased with pump intensity. Quenching of level 5 and 6

"The wavelength division multiplexers were designed for 1550 nm and 976 nm as well as 1040 nm and 976 nm.
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was found near 50 % because the absorption and emission cross-sections are equal at A\, = 976 nm.
Fig. @ also shows the duration of the transients (10 % to 90 % level). A duration between 0.69 ms
to 0.14 ms accelerating with pump intensity was found for the Yb3* ions. The pump dependency
tended to be circa linear (see guide-to-the-eye in figure) because the Er’*-to-Yb3* backtransfer was
negligible for the Yb>* ions. Instead, the Yb** ions were primarily excited through direct pump
absorption in a “first-order excitation mechanism”. A similar time scale can be obtained from the Yb>*
doping concentration and pump flux by comparing the number of dopants with the pump photons
pers. This comparison estimates the duration of the Yb>* transients between 0.06 ms and 1.31 ms
depending on pump intensity.

A longer duration was found for the transients of the Er’* ions because of Er**’s smaller ab-
sorption cross-sections at 976 nm (013 ~ 0.10 X o56). The (de-)population process of the 4115/2 and
4113/2 energy levels accelerated with pump intensity from 2.24 ms to 0.38 ms. The Er** ions were ad-
ditionally populated through the Yb**-to-Er** energy transfer process, i.e. “second-order excitation
mechanism’”; the dependence on the pump intensity tended therefore to be less linear. The transients
Nip(t) and No(t) were approximately mirror-symmetrical because the *I.; /> and 419/2 energy levels
were mostly empty. A total depletion of the 4115/2 energy level was possible because of the quasi-3-

level structure of the energy scheme and the Yb**-to-Er** energy transfer.

4.3 Estimation of EMO requirements

This section identifies the requirements of the system by using the results from Sec. [4.2] A
cladding-pumped high-power EYDFA] with 25/300 fibers was assumed. The approach is justi-
fied for the following reasons. Firstly, the pump intensities applied in Sec. 4.2 are similar to typical
pump intensity levels found in the fiber core of a cladding-pumped amplifier. As for example, the fiber
in reference [56] was pumped with approximately 0.34 MWcm™ at 940 nm; the from Sec.
were pumped between 0.08 MWcm™ and 2.22 MWem™. Secondly, the doping concentrations of the
(see table in Fig. 4.1.2) were also similar. For example, the fiber in reference [56] was doped
with Er** and Yb** doping concentrations of 3.7x10%> m™ and 1.3x 102 m™, respectively. As such,
it seems to be reasonable that the build-up time of the [ASE| power in double-cladding pump architec-
ture would be at least similar in scale to the results from the core-pumped Nonetheless, the
following analysis can merely provide an estimation; the shortcomings are discussed in Sec. §.5]

Parasitic lasing can occur if the optical gain exceeds the round-trip losses. Be g, the threshold
gain to meet this requirement. The following gives an estimation of gy, ; the outcoupling loss at a
perpendicular cleave is =15 dB loss per reﬂectio totalling to 30 dB loss per round—trilﬂ Scattering
losses (passive fibers: 0.2dB per km [61], Er**:Yb** doped fibers: 20dB per km [[132]) are negli-
gible. Therefore, it seems reasonable to define g, as 30 dB per round-trip. The actual threshold,
however, is difficult to specify because the actual losses depend on the configuration. Nonetheless,
the results of this approach were only marginally affected by the actual choice of gy,; the threshold
definition therefore holds for a crude estimation. The time window from the seed laser malfunction
i.e. pump pulse arrival in this casﬂ to the beginning of the parasitic lasing specifies the reaction time
requirement of the[EMO]system. Be t2; and t¢5 the time periods until the gain per round-trip exceeds
30dB for the Er** and Yb** wavelength bands, respectively. £o1 and tg5 can be obtained by solving

8Assuming Fresnel reflections with n.; ~ 1 and ngiass ~ 1.46.
® Assuming two perpendicularly cleaved fiber ends i.e. free-space seed coupling.
0The validity of the assumption that a seed laser failure is equivalent to pumping an unseeded fiber is discussed in

Sec.@
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the following implicit relation for ¢;;(\) by exhaustive searching:

|
Gthr ilO/ In (10) X gij()\ytij) X LlOdB (4.16)

|
= 6.91 iNYb/Er [Uij()\)Ni(tij) — O'ji()\)Nj(tij)] . (4.17)

A fiber length of 1 m according to ~10dB pump absorption for a pump wavelength of 976 nm was
assumed. Moreover, Ny (t), Na(t), N5(t) and Ng(t) were substituted with the calculated length-
integrals from Sec.[d.2]

Fig.[d.3.T|shows t»; and tgs versus the wave-
length; the following results were found. More  |[FUT| Pump intensity 1033nm 1531 nm

pl;Htl}[l) p;)wer aCEelerated thelpoplulatl(r)rri1 profcess FUT1 095MWem—=2 0.13ms 043 ms
of the laser-active energy levels. erefore, 135MWem—2  0.09ms  0.29 ms

fa1 and fes decreasid dw.lthlpumtl.’ mten;ﬁy ge- FUT2 095MWem™2  0.01ms  0.49ms
cause gy Was reached in less time. e de- 135MWem—2  0.08ms  0.39 ms
pendency on the pump power quenched signif-

-2
icantly above ~1 MWcm ™2 because of the in- FUTS 100 chm,Q o 2.06ms
. . o 1.31 MWcm n.a. 0.58 ms

verse proportionality of the excitation rate and
Total 201ms 2 0.3ms

saturation time, i.e if the pump absorption dou-
bles, the laser-active energy levels are saturated qop1e 4.1: Minima of t21(\) and f65(A) at 1531 nm and
in approximately half the time and vice versa. 1033 nm.

The quenching limiﬂ of ~1 MWcm™2 gives a

cautious estimation of the time period that must be addressed by a potential system. Moreover,
the minima of ¢; and tg5 were found at ~1033 nm and ~1531 nm stipulating the wavelengths that
probably encounter parasitic lasing first. Tab. [F.1] gives a list of 5 and t¢s at 1033 nm and 1531 nm
around ~1 MWcm™? pump intensity showing that the system ought to react faster than ~100 us
(and/or =300 ps). For FUT3, t5; was found to be larger than for FUT1 and FUT2 because the absence
of Yb>* resulted in the lowest pump absorption.
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Figure 4.3.1: Top, left: Yb* and Er** emission and absorption cross-sections. Bottom, left: ¢; and t6s for FUT1 at
different pump intensities. Right: minimum of ¢, and ts versus doping concentration of corresponding dopant (Yb**:
blue, Er**: red). ¢ and tes decreased with doping concentration because higher doped fibers provided more gain within a
specific period of time.

Tt must be noted that much shorter t2; or s are possible as a matter of principle. In practice, however, the laser diodes
to provide the required pumping power are virtually unavailable.
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The right plot in Fig. shows the dependency on the Yb>* and Er* doping concentrations,
respectively; the results suggest that the processes accelerate with the concentration of the corre-
sponding dopant. The reason may lie in the link between doping concentration and pump absorption
because in heavily doped fibers more ions are excited within a specific period of time. In turn, more
gain becomes available on a shorter time scale; the maximum gain also increases.

4.4 EMO prototype in PCB format

This section presents the characterization of an [EMO] system prototyped in [PCB| format. The setup
is depicted in Fig. 4.1} The contained a non-inverting Schmitt trigger (TLC372, Texas Instru-
ments Inc., delay: 0.2 us [144]), high-speed buffer (BUF634, Texas Instruments Inc.) and
(IXTH80N65X2, IXYS Corporation Inc.). The setup was toggled by a monitor signal generated from
a photo detector, i.e. in practice a pick-off of the seed beam must be aligned to the photo detector. The
monitor signal, however, was mimicked by a binary signal with sharp edge (on: 2.35V, off: 0V, fall
time: ~2.71 ns) to ease the characterization process. The output of the non-inverting Schmitt trigger
was buffered by the BUF634 buffer and toggled the[MOSFET] The D-S line of the MOSFET|became
conductive if the monitor signal falls to zero; the laser diode was short-circuited. The dissimilar on/off
levels resulting from the hysteretic logic of the Schmitt trigger prevented shortterm AC-modulations
around the toggle threshold to fast-switch the A laser diode (K976DNIRN, BWT Ltd.)
capable to deliver up to 140 W at 976 nm was used for the characterization process.
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Figure 4.4.1: Top, left: setup with (green, IXTH8ON65X2, IXYS Corporation Inc.) and pump diode
(red, K976DNIRN, BWT Ltd.). The non-inverting Schmitt trigger (yellow, TLC372, Texas Instruments Inc.) toggled the
and interlocked the pumping process. The photo detector monitored the seed input power. Bottom, left: external
trigger signal, voltage at[MOSFET] gate and output power of the laser diode versus time. The photo detector was replaced
by an external signal generator. Top, right: normalized transients N1(t), N5(t) and energy transfer rate. The sequence of
the pump and seed power is illustrated in the inset: the pump power was shutdown 1 ps after the simulated seed failure.
Bottom, right: transients of forward and backward directed Yb** and Er’** The simulation parameters were adopted
from reference [56].

12Metal-oxide-semiconductor field-effect transistor.
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Fig. #.4.T]also shows the transients of the binary signal and the output power of the laser diode.
The optical power of the diode declined with a delay of 0.491+0.04 us after the monitor signal’s de-
scend and approached zero after another 0.21+0.01 pﬁ The total shutdown time was much less
than t9; or tg5, i.e. 0.700.05 ps versus ~100 ps or ~300 us. The [EMO] prototype therefore meets
the requirements to protect a[GWD}compatible [EYDFA| The EMO] prototype was used as part of the
engineering-level amplifier prototype (see Chap. [6).

4.4.1 Verification of EMO prototype performance

The processes after a seed laser malfunction, e.g. optical power evolution and dynamics of the en-
ergy levels, that may occur regardless of a timely pump shutdown are analyzed in the following. The
analysis was performed with the [FEM] solver. A 25/300 gain fiber with 0.09 NA was assumed; the
total Er** and Yb** doping concentrations were 3.7 x 10* m™ and 1.3 x 10*m™ as the fiber in
reference [56]], respectively. The investigated pump power levels were 100 W and 200 W at a wave-
length of 940 nm; the seed power was 2.0 W at a wavelength of 1556 nm. The optical power levels
and energy level populations were pre-computed for 1 ms to meet steady-state conditions; only yW
power levels were found for the Er** and Yb>* because of the seeding process and ongoing
Yb**-to-Er** energy transfer. Seed and pump input powers were sequentially set to zero with a delay
of 1 ps to mimic the performance of the EMO] prototype (see Fig. f.4.1).
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Figure 4.4.2: Left: peak power of the Er** transients in forward and backward direction for various doping concen-
trations. The fiber parameters were adopted from reference [56]. Input powers were FPoump = 200 W and Pieeq = 2.0 W
with Ap = 940nm and A; = 1556 nm. The pump light propagated in counter-propagation direction. Right: fss(A) and
£21(\) versus starting population of laser-active levels. The inset illustrates the definition of ¢ and . The time to reach
gur decreased towards higher starting populations. Above a certain population, gmr Was reached during regular steady-state
operation.

The transients of the Yb** and the Er’* the energy transfer rate and the populations of
the laser-active energy levels are shown in Fig. .4.T} the transients of the forward (dashed) and
backward (solid) directed [ASE|were similar. No significant excitation took place throughout the short
unseeded time window before the system reacted. The Yb** decayed within /100 ps,
which is much faster than the spontaneous lifetime of the 2F5/2 energy level (745 = 1ms). This

was possible because the energy from the 2F5/2 level was additionally withdrawn through the Yb*-
to-Er’* energy transfer. Moreover, the Yb>*-to-Er’* energy transfer continued to populate the 4113/2
energy level even without pumping. The Er’* therefore peaked after 60.1 us with ~0.75 W peak

3The error was defined as the duration of the slope transition.
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power (200 W pump power). The peak power scaled with the ratio between the stored energy and the
number of receiving Er** ions, and thus with the Nyy-to-Ng, doping ratio as depicted in Fig.
More Yb>* dopants could store more energy so the peak power increased. In contrast, the total energy
required to provide a certain relative Er** inversion increases with the Er’* doping concentration; the
peak power of the Er** therefore decreased with higher Er** doping concentrations if the Yb>*
doping concentration remained constant. The analysis indicated that only tolerable sub-W peak levels
occurred for the assumed doping concentrations and pump power levels; highly Yb** doped fibers,
however, might produce higher, and possibly more destructive, peak power levels.

4.5 Discussion of the combined experimental and numerical approach

The following discusses the shortcomings of the conducted approach. The in Sec. #.2] were
unpumped and unseeded at the time of the pump pulse arrival; the laser-active energy levels were
therefore depleted. It is only reasonable to assume that the approach overestimated the minimum
reaction time (g5 ~ 100 us and t2; ~ 300 us) because less time would be required to exceed g, if
the energy levels are non-depleted in the beginning. This means that the requirements may be
stricter than estimated. The following, however, shows that the consequence of the overestimation is
rather insignificant.

Be to1 and tg5 defined as the interval from the moment at which a certain starting population in the
laser-active levels exists and the moment at which the exceed gyr. Moreover, be ]\72 and Nﬁ the
corresponding startmg populatlons of level 2 and 6. An illustration of these definitions can be found
in the inset of Fig. 4 The right body of Flg n shows the dependency of to1 and fg5 on Ny
and N6 An approx1mately linear decrease of 21 and tg5 with N2 and N6 was found. Per definition,
191 and tg; must intersect the y-axis at the values of the non-modified ¢2; and tg5; the crossing of the
z-axis was found at No = 62.7% and Ng = 16.2%. The crossing points with the x-axis constitute
the population levels at which g, would be exceeded without disruption of the seeding process; the
amplifier system would therefore provide enough gain for the parasitic lasing process during regular
steady-state operation. Values similar to the crossing points with the x-axis were also found by setting
Eq. and Eq. to go1 = 30dB and g¢s = 30dB, respectively, and assuming depletion of the
non-relevant energy levels, i.e. N1(t) = 1 — Na(t) and N5(t) = 1 — Ng(t); values of ~67.3 % and
~17.6 % were found. In agreement to that, Fig. shows that tremendous Yb3* power levels
occur if the ?F; /> energy level is populated between 7 % and 36 % (pumping at 976 nm, lasing effects
not included). Fig. however, also shows that average populations of ~52.4 % and ~7.5 %
(calculated from plotted data) can be expected during regular operation if the system is pumped at
940 nm. Referring to Fig. this would lead to t2; =~ 0.2 X to; and tg5 ~ 0.4 X tgs, which is
at least similar in scale. Hence, the interlock requirements from Sec. {.3] are assumed to hold as a
crude estimation for a pump wavelength of 940 nm. Moreover, a reasonable margin of safety was
demonstrated with the setup from Fig.[d.4.1]

Furthermore, the were pumped at a wavelength of 976 nm; off-peak pumping at 915 nm
or 940 nm, however, is preferred as argued in Chap. |3} The longer gain fibers would contain more
dopants on an absolute scale. The pump absorption rate, i.e. pump photons per s, would probably
remain the same (x00 W pump power). This means that it would take more time (dopants per exci-
tation rate) to populate the laser-active energy levels of an off-peak pumped fiber. Thus, #,; and t¢s
would increase; the investigated wavelength of 976 nm stipulates a worst-case estimate. The setup
from Fig.[4.4.T|demonstrated that even in this worst-case scenario a considerable performance margin
to the requirements from Sec. was achieved, i.e. 0.7010.05 ps versus ~100 us or ~300 ps. The
[EMO]| prototype from Fig. 4.4.T]is therefore suited to be used for the following work.
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4.6 Conclusion

The reaction time required to shutdown the pumping process after a seed laser failure has been stud-
ied by a combined numerical and experimental approach with power transients from Er’*:Yb>*
doped single-mode fibers. The backward directed transients, separated by a set of 2x2 wave-
length division multiplexers, were used to calculate the populations of the energy levels by a time-
dependent solver. The fibers were pumped in quasi-cw mode by a single-mode diode at a
wavelength of 976 nm. The pump intensities and doping concentrations were in accordance with
typical Er**:Yb>* doped fibers as used in high-power cladding-pump architecture.

The transients of the Yb** energy levels lasted between 0.14 ms and 0.69 ms depending on the
pump intensity. The Yb** inversion was limited to 50 % due to the quasi-2-level structure of the Yb3*
energy scheme. The transients of the Er’* energy levels lasted between 0.38 ms and 2.24 ms; full
inversion was reached due to the 3-level structure of the Er’* energy scheme. The populations of the
4111/2 and 419/2 energy levels were negligible.

It was estimated that a typical fiber would exceed a critical gain of 30 dB in ~100 us (Yb**
band at 1033 nm) or ~2300 us (Er** band at 1531 nm) decreasing with pump intensity and concentra-
tion of the corresponding dopant because of the larger pump absorption. As a result, more ions were
excited within a given period of time to the laser-active levels and, in turn, more gain was available
on a shorter time scale.

An prototype in format has been successfully tested to interlock a 140 W pump diode
with a wavelength of 976 nm in 0.70+£0.05 us. Nonetheless, it was found by simulations that the
Yb3*-to-Er** energy transfer continues after the shutdown of the pump diode; the population in Er**’s
laser-active level was also found to continue increasing. The simulated Er** therefore peaked
60.1 ps after the shutdown of the pump diode with 0.75 W peak power. It was found that large Yb**-
to-Er’* doping ratios might lead to W-level Er** pulses.
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Chapter 5

Laboratory-level EYDFA prototype

A non-exhaustive list of single-frequency compliant with the prospective power re-
quirements can be found in Tab. Both the thermal stress and its impact on fiber coating degrada-

tion were detrimental to the robustness of the listed systems. Therefore, various thermal management
concepts were used. Creeden et al. cooled the gain fiber by forming cold-contacted fiber spirals [55].
Varona et al. coiled the gain fiber on a water-cooled aluminum cylinder [56]. Matniyaz et al. even
had to immerse the fiber directly into water but power scaling was still limited by a fiber fuse [57].
Additionally, non{PM] fibers and free-space coupling of seed and/or pump were used that eventually
led to instabilities of the seed/pump input power or its polarization. This makes it inevitable to imple-
ment the amplifier with fibers, preferably without any free-space part, if the amplifier is planned
to be used as a[GWD)| laser. In 2015, Bai et al. achieved 56.4 W output power from a [PM| fiber but
had to implement the[EYDFA|with three amplification stage [104]. Furthermore, mpatible
low-noise seed laseri which are important because they can ease the post-stabilization procedure,
typically operate only at low power levels. This must be factored into the design process. So far, there
is no demonstration of the technology in all-fiber format with low seed power. There are
also no reports on any successful longterm operation (>1 day) at tens of W even of a non{PM]setup.

Table 5.1: Overview of relevant|EYDFA|publications.

Authors Power Beam quality Comments Reference

Creedenetal. | 207W M? =1.05 non fibers 53]
free-space seed coupling

Varona et al. 111W 94.8 % TEMy non{PM| fibers [56]
free-space seed coupling

Matniyaz et al. | 302W M2, =1/1.08 (244 W) non fibers 1571
free-space seed/pump coupling

Bai et al. 56.4W n.a. three amplification stages [104]

A laboratory-level two-stage single-frequency with fibers and low seed input power
matching to [GWD}compatible seed lasers is presented herein. The two-stage amplifier consisted of
a pre- and high-power amplifier and used the off-peak pumping technique. In the following, a cus-
tom pre-amplifier system is developed, although compatible pre-amplifier systems are procurable.
A custom-made pre-amplifier has the advantage that it gives access to individual components, en-
ables their exchangeability and therefore eases maintenance procedures. A detailed comparison with

!Carter et al. also demonstrated ~21 W (38 % slope efficiency) output power from a fiber by pumping at
976 nm [67]. However, the reported power levels were far below the state-of-the-art and Carter er al. neither specified
the beam quality nor used a low-power seed source.

In 2021, Meylahn and Willke studied compatible seed laser candidates, i.e. an external cavity diode laser
RIO3135-3-34-5, Redfern Integrated Optics Inc.) and an (Koheras Adjustik E15, NKT Photonics Corp.) [143].
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commercially available laser systems is presented in Sec.[5.1.3] Furthermore, Sec. contains a
comparison of the pre-amplifier performance with conventional pumping mechanismg’ Moreover,
Sec. discusses the optical beam properties of the complete laboratory-level two-stage
Additionally, an advanced system progressed to an intermediate engineering-level is presented in
Chap. [ The optical beam properties of the engineering-level amplifier and its longterm performance
are discussed. Power degradation was observed that is discussed in the context of photodarkening.
Furthermore, the fundamental mode power of the laser beam was analyzed with a 3-mirror-cavity.
All systems shown hereafter were implemented with commercial off-the-shelf standard fibers making
them easy to repair and/or replace. This work has been partially published in reference [146].

5.1 Pre-amplifier

The setup of the pre-amplifier - also referred to as SUTI in Sec. [5.1.3] - is shown in Fig. [5.1.1]
The pre-amplifier was seeded at 1556.65 nm by an 8/125 fiber-coupled single-frequency InGaS/InP
multi-quantum-well laser diode with distributed feedback structure (AA1401, Gooch & Housego Ltd.,
~25°C) [147]. The laser diode was derated to 8 mW to match the output power of [GWD}compatible
seed laser sources. The power slope and optical spectrum of the laser diode are depicted in Fig.
To obtain the data at higher seed power levels, the diode was replaced by an off-the-shelf fiber laser
(RFLSA-2000-3-1556.55-UNL-PM-N, NP Photonics Inc., ~2 W and <10kHz linewidth).
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Figure 5.1.1: Setup of the pre-amplifier. The pre-amplifier was off-peak pumped through the 2F5/2 energy level at 940 nm
in counter-propagation configuration. The figure shows the seed laser diode (AA1401, Gooch & Housego Ltd.), the optical
circulator (OC, CR-05-0766, Advanced Fiber Resources Ltd.), the cladding-light-stripper (CLS), the signal-pump-combiner
(SPC), the pump diode (element €03, nlight Inc., 35 W at 940 nm), the collimator lens and the long-pass filter (DMLP1180,
Thorlabs Inc.). The pump mechanism is illustrated on the right side.

The laser diode was protected from spurious back reflections by an in-line optical circulator (OC,
CR-05-0766, Advanced Fiber Resources Ltd.). The pre-amplifier was pumped in backward direction
at 940 nm through the cladding. The backward pumping technique was used to increase the
threshold as demonstrated by Hildebrandt et al. [113]]. The pump source was a high-brightness single-
emitter laser diode (element €03, nlight Inc., 35 W at 940 nm) launched through a matching (2+1)x1
signal-pump-combiner. The residual pump light was removed by a cladding-light-stripper fabricated
inhouse by periodic micro-structuring of the fiber cladding with CO, laser irradiation. The micro-
structured fiber was packaged with UV-curable adhesive for dust protection and stray light shielding.
Details on the fabrication process can be found in reference [148]. The 5m-long 6/125 Er**:Yb*
doped fiber (PM-EYDF-6/125-HE, Nufern Inc.) was coiled on a V-grooved aluminum cylinder
with 11 cm diameter. The fiber length corresponded to ~10dB pump absorption as determined by
experimental cut—backﬂ The splices were carefully recoated with a low index UV-curable polymer

3The term conventional pumping refers to pumping at 976 nm, around 1480 nm or at 1530 nm.
“The cut-back was conducted on a forward pumped amplifier at 940 nm. The pump absorption in reverse direction was
assumed to be similar.
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resin. The optical fibers were contacted to the mechanics with ceramic-based thermal grease. The pre-
amplifier was mounted on two water-cooled aluminum cold plates. The baseplate of the pre-amplifier
was placed inside an aluminum enclosure for acoustic shielding and the enclosure was decoupled
from the optical table with silicon dampers. The output fiber of the pre-amplifier was slanted with an
8° angle for the characterization process to suppress optical feedback from Fresnel reflections. The
pre-amplifier was spliced after the characterization process to the high-power amplification stage as
described in Sec.
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Figure 5.1.2: Power slopes and optical spectra of the pre-amplifier. Top, left: power slope of AA1401 laser diode. Inset:
spectrum of AA1401 laser diode at room temperature. Top, right: power slopes of the pre-amplifier. Further power scaling
was limited by lasing of the Er’** (8 mW seed power) or power instabilities (60 mW and 1190 mW seed power). Inset:
midterm power measurement close to maximum output power at 8 mW seed power. Middle, left: forward directed Yb**

at 8mW seed power. The long-pass filter was removed for the measurement of the forward directed Yb** [ASH
spectrum. Middle, right: backward directed Yb** at 8 mW seed power. Bottom, left: forward directed Er** at

8 mW seed power. Inset: zoom-in shows periodic pattern with ~0.35 nm spacing. Bottom, right: backward directed Er**
@ at 8 mW seed power.

5.1.1 Amplifier slope and optical spectrum

The power slopes plotted in Fig. [5.1.2] were measured with thermopile power heads (LM-10, Coher-
ent Inc. or 12A-V1-ROHS, Ophir Optronics Solutions Ltd. [149])) and their affiliated data acquisition
systems (Fieldmaster, Coherent Inc. and Pulsar-4, Ophir Optronics Solutions Ltd.). The optical spec-
tra in Fig. [5.1.2] were measured by dispersive grating spectroscopy (OSA] AQ6317C, Ando Electric
Co. Ltd.). A dichroic long-pass optic (DMLP1180, Thorlabs Inc.) filtered the forward directed Yb**
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power. The long-pass filter, however, was removed before the optical spectra were measured.
The power slopes were corrected by the losses through the long-pass filter and collimator lens. The
absorbed pump power was calculated from the launched pump power and residual pump powelﬂ
The pre-amplifier was capable to deliver 1.07 W optical power (21.3 dB gain) with 8 mW seed power.
Further power scaling was limited by lasing of the blue-sided Er** around ~1543 nm. The
showed a periodic pattern with ~0.35 nm spacing that originated from the seed laser diode (see Fig.
inset of top left plot). The Yb>* was only scarcely notable due to the use of off-peak
pumping. It must be added, however, that the fiber coupling to the spectrometer was optimized at
1.55 um. Thus, the Yb>* power levels plotted in Fig. may be slightly skewed by chromatic
aberrations. The notable red shift of the optical spectra was owed to the 5 m-long fiber and bleached
with higher pump and/or seed power. Thermal equilibrium was reached after ~4 h of operation as
shown in the inset, which was probably owed to the missing thermal stabilization of the pump diode.
The [polarization extinction ratio (PER)|of the pre-amplifier was ~18.3 dB after warm-up. An optical-
to-optical efficiency of only 21.0+£0.2 % was found by linear fitting that was far off the theoretical
quantum limit of 260 %. The reason for this shortcoming was probably unmet seed saturation condi-
tions that increased the effective lifetime in the *I,5 /, energy level. The efficiency could be recovered
to 42.3+0.6 % and 44.8+0.4 % with 1.81 W and 2.67 W output power by using 60 mW and 1.190 W
seed power from the fiber laser, respectively. The recovered efficiencies tie in well to a very similar
configuration examined by the fiber manufacturer [[150]]. Further power scaling with the fiber laser
seed, however, was discontinued to avoid any damage to the pre-amplifier.

5.1.2 Relative intensity noise and stimulated Brillouin scattering

The knowledge on the [relative intensity noise (RIN)|is necessary to design a potential power stabi-
lization system for the pre-amplifier, for example via fast pump power control as shown by Thies et
al. [48]. Furthermore, use modulated side-bands in the MHz frequency domain for the length
and alignment stabilization procedures, which is a second reason why low noise operation at MHz
frequencies is required [[151]]. The was therefore measured as follows. The pre-amplified beam
was attenuated by a set of fixed and tunable neutral density filters. The attenuated beam was pointed
to an InGaAs photo detector (PDA10CF-EC, Thorlabs Inc.). The photo detector was connected to one
of two spectrum analyzer instruments (SR78jﬂ Stanford Research Systems Inc. and E4440A, Agilent
Technologies Inc.), which were used to obtain the radio-frequency spectra from 1Hz to 102.4kHz
(SR785) and from 1 Hz to 100 MHz (E4440A). The rms, “root mean square”, of the optical power
noise was calculated from the power spectral density as follows:

(rms)2 = /foo [S(Hz/\/kﬂ)r af. 5.1)

It was found that the from 1Hz to 102.4kHz decreased with output power as plotted in
Fig. [5.1.3] possibly due to excess pump noise and the effective low-pass behavior of the pump-to-
signal transfer function [[152]. This explanation ties in well with the fact that a broad peak was notable
around 1.35kHz at 68 mW output power at which the pump diode operated close to its threshold
current. The of the pre-amplified beam was relatively uniform from ~10Hz to ~2.85kHz. A
single peak around ~10kHz contributed significantly to the total rms of ~0.32 % at the maximum
power level. The narrow peaks at multiples of 50 Hz matched the utility frequency and therefore
originated probably from the electronics.

>The residual pump power was measured with a forward pumped setup and may thus differ slightly in backward con-
figuration.

The was measured in sections from 1 Hz to 25 Hz, to 200 Hz, to 1.6 kHz, to 12.8 kHz and to 102.4 kHz with 3, 5,
30, 80 and 100 averages. The curves were joined by a LabVIEW script.
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Figure 5.1.3: Radio-frequency spectra of the pre-amplifier. Left: spectrum up to 102.4 kHz measured with SR785 instru-
ment. The excess noise at low power levels was probably caused by excess pump noise. Right: radio-frequency spectrum
up to 100 MHz measured with E4440A instrument. The [RIN] curves coincided and approached the shot noise limit. The
dark noise of the photo detector dominated the |KLN| above 60 MHz.

The onset of imprints a broadband intensity noise on the signal (see Sec.[2.3.1). Thus, the
onset and build-up of [SBS| can be monitored by detecting the RIN]in the MHz regime for a power
dependent noise increase [[113]]. The relative shot noise level has been calculated as in reference [56]
from the 4 V DC-level on the photo detector and its transimpedance gain 7' = 1 x 10* VA to be

Sg = g =2.83 x 10 Hz 2. (5.2)
The relative shot noise is depicted as a grey line in the right plot of Fig. [5.1.3|showing that the
of the pre-amplifier approached the shot noise limit in the range between ~20 MHz and ~60 MHz.
Above ~60 MHz, the [RIN] was dominated by the dark noise of the photo detector. The peaks below
~20MHz originated from the seed laser diode. The coinciding of the curves confirms that
the pre-amplifier operated [SBS}Hree at the studied power levels. The theoretical [SBS] threshold was
22.64 W, which supports this conclusion. The parameters Kg = 1.5, Agy = 36.3um? (MFD =
6.8um), go = 5 x 10"'mW" and Les = 1.01 m and Eq. (Z.41) were used for the calculation. Thus,
the pre-amplifier yielded much more power scaling potential in the perspective of particularly
because no [SBS|suppression techniques were used.

5.1.3 Assessment of pre-amplifier performance

The output power of the pre-amplifier - hereafter labelled as [system under test (SUT)| 1 - is well
below commercial off-the-shelf laser systems with[GWD}-compatible beam properties (see Tab. [5.2).
Nonetheless, the use of SUT1 has the following advantages; firstly, as per Fig.[3.2.3] SUT1 provided
enough seed power to seed saturate a subsequent 25/xxx fiber; thus, the benefits of higher seed power
are diminished. Secondly, SUT1 was fabricated from standard fibers and standard fiber components.
Hence, individual fiber components can be replaced easily if damaged. Thirdly, the design of SUT1
contains a single amplification stage only making SUT1 less complex. Fourthly, coupling losses
from SUTT1 to a subsequent high-power amplification stage can be reduced by fiber splicing; neither
free-space coupling nor fiber-to-fiber connections are necessary. The integrability of commercial
pre-amplifier systems depends greatly on their optical interface if the device must not be damaged.
Fifthly, the performance of SUT1, i.e. noise properties and beam quality, can be accessed where
necessary. Thus, information on the performance of individual components can be obtained.
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Table 5.2: Overview of commercially available single—frequencylaser sources at 1.5 um.

Product model Type Supplier Output power Reference
Koheras Boostik HP  Laser source ~ NKT Photonics A/S 15W [153]]
The Rock/RFLSA Laser source NP Photonics Inc. 5W [1154]
HOPA-1550 Laser amplifier Cybel LLC 25W [L155]]
CEFL-KILO Laser source Lumibird S.A. 15W [156]
LRL2 Laser source RPMC Lasers Inc. 1w [157]

In the following, the performance of SUT1 is benchmarked against alternative amplifier configu-
rations labelled as 2to 5. The include direct and indirect pumping of the 2F5/ (SUTT,
SUT2), *I1, (SUT3) and “Liz, (SUT4, SUTS5) energy levels. Details on SUT2 to SUT5 can be
found in Appendices [A]to[D] The results are summarized in Tab [5.3] and can also be found partly in
reference [146]. The following conclusions can be drawn.

Pumping at 940 nm offers lower power levels than pumping at 976 nm and therefore more
power scaling potential as evident from a direct comparison of SUT1 and SUT2. The relative Er**
and Yb>* power levels can be found in Tab. When evaluated at maximum output power, the
Er** levels from SUT1 were still 32.77 dB lower compared to SUT2 despite the fact that SUT1
delivered approximately twice the power. The Yb3* was at least 24.46 dB lower but obscured
by the sensitivity of the analyzer instrument. The differing levels could not be caused by spec-
troscopic differences of the used gain fibers because SUT1 and SUT2 were both implemented with
the same type of gain fiber from the same batch. For both further power scaling was limited
by parasitic lasing around ~1.53 um. The greatly differing power levels underline the efficacy
of the off-peak pumping technique and are in agreement with previous findings from Sec. [3.2.1 and
references [S3]], [56]] and [128]].

Pumping at 1475 nm, which was used in SUT4, reduces Er’*’s energy level scheme to a quasi-
2-level system, which resulted in the lowest Er** power levels from all without the risk
of detrimental Yb** Additionally, the power noise of SUT4 was exceptionally low. Pumping
at 1475 nm might therefore become of great interest as a future line to investigate in the scope of
[GWD}-compatible laser sources.

All[SUTs|had in common that their slope efficiencies were far off the theoretical quantum limit for
the used pump and seed wavelengths because of the low seed input power. It was found accordingly
for all SUTs that this shortcoming can be remedied by increasing the seed power as per Sec.
Sec.[A.T] Sec.[B.1] Sec.[C.T]and Sec.[D.1]

The investigated SUTs|showed acceptable noise levels with the sole exception of SUTS due to its
technical shortcomings as discussed in Appendix [D] On the contrary, the power noise of SUT4 was
exceptionally low.

The - including SUT1 - operated free of The long gain fiber used in SUT1 is there-
fore acceptable in the view of Indeed, no suppression techniques were used for all
Additionally, the achieved power levels were well below the theoretical thresholds. Therefore,
all could deliver more power in the view of It must be added, however, that [SBS}Hree
operation of SUTS could not be verified experimentally.

3+

"Only possible if the fiber is sensitized with Yb** ions.
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Table 5.3: Overview of the pumping strategies investigated in this work.

System under test SUT1 SUT2 SUT3 SUT4 SUTS
Pumped energy level 2F5/2 2F5/2 4111/2 4113/2 4113/2
Pump wavelength 940 nm 976 nm 976 nm 1475 nm 1530 nm
Pumping technique cladding cladding core core core
Pumping direction counter-propagating co-propagating counter-propagating co-propagating
Fiber type PM-EYDF-6/125-HE EDF50-PM EC TCF1500Y(11/125)HD Er80-8/125
Manufacturer Nufern Inc. OFS Fitel LLC Fibercore Ltd. nLight Inc.
Fiber doping Er¥*:Yb3* Er’* Er¥*:Yb3* Er**
Mode-field diameter at 1.55 um 6.8 um 5.4 um 10.8 um 9.5 um
Fiber length 5.0m 35m 1.0m 1.5m 1.5m
Pump absorption 10dB 7.2dB 10dB 10dB 10dB
Seed source InGaS/InP laser diode RFLSA-2000-3-1556.55-UNL-PM-N InGaS/InP laser diode

Seed power 8 mW 8 mW 8mW 8 mW 8 mW
Seed wavelength 1556.65 nm 1556.55 nm 1556.65 nm

Achievable power 1070 mW 633 mW 141 mW 159.5 mW 119 mW
Gain 21.3dB 19.0dB 12.5dB 13.0dB 11.7dB
Slope efficiency 21.0+0.2 % 27.1 %+0.8 % 30.4 %+0.8 % 44.5+0.5 % 25.841.2%
18.3dB 18.7dB 25.8dB 21.0dB 6.0dB

Scaling limitation

Parasitic lasing Available pump power Pump saturation

Er* t0 carrier
Yb3*|ASElto carrier

-51.43dB (1070 mW) -18.66dB (596 mW) -36.67dB (141 mW) -58.41dB (159.5mW) -13.56dB (111 mW)

less than —72dB (1.07W)  -47.54dB (0.60 W) n.a. n.a. n.a.
Stimulated Brillouin scattering free operation n.a.
Calculated [SBS|threshold 22.64 W 28.93W 43.89W 121.22W 86.16 W
%rms (1 Hz to 102.4kHz) 0.32 % 0.51% n.a. 0.01 % 3.60 %
Reference chapter m
Comments Used as pre-amplifier Free-space seed coupling Non ﬁbers Non ﬁbers



Moreover, the cladding pumping technique appears preferable in technological terms as per com-
parison of SUT1 and SUT2 with SUT3 to SUTS because suitable single-mode pump sources that
deliver multi-W power levels were unavailable in the scope of this work. A non-exhaustive list of
pump sources available on the market is depicted in Tab. [5.4} for example, Raman laser modules
(OFS Fitel LLC) can provide high power levels around 1480 nm with single-mode beam quality.
Nevertheless, Raman lasers have a high degree of complexityﬂ which might conflict with the idea
of easy maintainability and robustness of potential laser sources. On the contrary, the 976 nm
multi-stage master oscillator (MO)|jpower amplifier (PA)|laser system from the IR Series (Azur Light
Systems S.A.S.) is advertised with maintenance free - long life [158]. Core-pumping at 976 nm, how-
ever, appears to be only a moderately suited pump strategy because of the larger [ASE| power levels as
per results of SUT3.

Table 5.4: Overview of high-brightness (top) and single-mode (bottom) pump modules.

Product model Supplier Output power Wavelength Reference
D4F1J22 Dilas Diodenlaser GmbH 100 W 9xx nm [[136]
ST Series Lumentum LLC 140 W 908 nm - 950 nm, [135]]
K976BN1RN-140.0W | BWT Ltd. 140 W 976 nm, [159]
el8 Series nLight Inc. >135W 9xx nm, [160]
LM976B200GAAF1 | ADC Tel. Inc. 0.20W 976 nm [161]
S30 Series JDSU Ltd. 0.66 W 976 nm [162]
LC962UF74P-20R 1I-VI Inc. 0.68 W 976 nm [163]]
AC1409 Gooch & Housego Ltd. 0.70 W 976 nm [164]
BL976-PAG900 Thorlabs Inc. 0.90 W 976 nm [L65]]
1999CVX 3SP Technologies S.A.S. 0.95W 976 nm [166]
IR Series Azur Light Systems S.A.S. 10W 976 nm [158]
AF4B Series (C) Anritsu Corp. 0.40W 1480 nm [167]
S36 Series Lumentum LLC 0.60 W 1470 nm [168]
Raman laser module OFS Fitel LLC 100 W 1480 nm [169]

In conclusion, the comparison demonstrates the benefits of 940 nm cladding pumping as imple-
mented in SUT1. The results, however, also suggest that pumping at 1475 nm as used for SUT4
might be suited as well if a multi-W pump source is available. SUT1 was used as a pre-amplifier in
the following.

5.2 High-power amplifier

The setup of the two-stage amplifier is shown in Fig. [5.2.1] A description of a similar non{PM]|setup
can be found in reference [56]. The description of the pre-amplifier can be found in Sec. The
pre-amplifier was operated at 1.07 W output powelﬂ for at least ~4 h warm-up time before characteri-
zation. The pre-amplifier was protected from spurious back reflections by an optical Faraday isolator
(IO-J-1550, Thorlabs Inc.). The mode-field-adapter fitted the LPy; mode from a passive 10/125
fiber to a 25/300 fiber. The cladding-light-stripper was fabricated into the very same
piece of passive fiber by the method described in Sec. [5.1] to avoid the additional splice. The heat
was removed from the housing of the cladding-light-stripper by a water-cooled aluminum heat sink.
The 4.5 m-long 25/300 Er**:Yb** doped fiber (PLMA-EYDF-25P/300-HE, Nufern Inc.)

8Raman lasers are typically pumped by Yb®" lasers that are red-shifted in multiple conversion steps to 1480nm
(=13.2 THz per step). Hence, Raman lasers include at least pump diodes and fiber Bragg gratings for the Yb>* laser, a
Raman cavity, the auxiliary fiber components and the electronics required to operate the system.

“Maximum pre-amplified power without onset of parasitic lasing, see Sec. Hfor details.
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has a 44.7 umx43.2 um index pedestal around the fiber core (extracted from end-view images). The
doped fiber was contacted with ceramic-based thermal grease to a V-grooved aluminum spool with
19 cm diameter. Two 106.5/125 fiber-coupled pump diodes (ST940B, Lumentum LLC) delivered up
to 2x 140 W pump power at 935 nnm; the diodes were stabilized to 298 K by Peltier elements. The
pump light was launched in counter-propagation configuration through a matching (4+1)x1 signal-
pump-combiner made by the side-fuse technique. Already Matniyaz et al. found that the splice sur-
roundings are the critical weak points with respect to the thermal load; the splice of the gain fiber and
the matching passive fiber of the signal-pump-combiner was therefore cooled on a separate V-grooved
water-cooled heat sink. A sample splice of the passive and active fiber was furthermore examined by
X-ray microscopy. The images are depicted in Fig.[G.0.1] Appendix[G|and confirm the accurate align-
ment of the fiber stress rods with no indication of fiber damage, air or particle inclusions. The splices
were recoated to avoid pump light leakage and to protect the fiber from particle contaminations. The
cladding-light-stripper at the output was implemented to remove forward propagating cladding light,
which would otherwise deteriorate the optical beam quality. The output fiber was slanted with an
8° angle to suppress optical feedback from Fresnel reflections. The optical beam was collimated by
an aspherical lens (A397TM-C, Thorlabs Inc.) with a focal length of 11 mm. The reflections from a
wedged glass window were used in the following to analyze the optical beam properties.

PLMA-EYDF-25P/300-HE

PM-EYDF-6/125-HE

AA1401 PT100

Figure 5.2.1: Setup ofcompatible two—stagesystem with pre- and high-power amplifier. The figure contains
the pre-amplifier, optical isolator (OI, 10-J-1550, Thorlabs Inc.), mode-field-adapter (MFA), cladding-light-stripper (CLS,
FiberBridge Photonics GmbH), signal-pump-combiner (SPC), pump diodes (ST940B, Lumentum LLC), collimator lens
and wedged glass window (BSF2550, Thorlabs Inc.).

5.2.1 Amplifier slope and optical spectrum

The power slope of the two-stage amplifier shown in Fig. [5.2.2] was measured by a thermopile
power head (FL300A-SH, Ophir Optronics Solutions Ltd.) and the affiliated data acquisition system
(Pulsar-4, Ophir Optronics Solutions Ltd.). The optical spectra plotted in Fig. [5.2.3| were measured
by dispersive grating spectroscopy AQ6317C, Ando Electric Co. Ltd.). The absorbed pump
power was calculated by assuming a cladding light attenuation of ~2.17 dB per m at 940 nm as cal-
culated from reference [130] and assuming 90 % coupling efficiency of the pump light. The power
slopes were corrected by the losses due to the glass wedge and the collimator lens. The two-stage
amplifier delivered up to 110 W optical power. A slope efficiency of 44.440.3 % was found by a
linear fit. The slope efficiency was close to the theoretical quantum limit of ~60 % for the used seed
and pump wavelengths and similar to references [55], [56] and [57]]. In fact, the efficiency was higher
than achieved, for example, by Yb** suppression through a co-pump-propagating Yb>*-band
auxiliary signal [170]. A slight kink appeared in the power slope around ~50 W output power after
turning-on the second pump diode, which is probably a calibration error of the actual launched pump
power. The optical spectra plotted in Fig. [5.2.3| confirm that the amplifier operated free of parasitic

10See Sec. for details.
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lasing. The Er** showed a periodic pattern with ~0.35 nm spacing that originated from the seed
laser diode. The extinction ratio of the Er** was 48.34dB at 110 W, while the power of the

Yb* was negligible. This underlines the Yb** suppression effectiveness of the off-peak
pumping technique.
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Figure 5.2.2: Left: simulated transverse temperature gradient in the core of a 25/300 Er**:Yb’* fiber and the resulting
birefringence. Right: power slope (left axis) and [PER] (right axis) of two-stage EYDFA] system. The power scaling was
limited by a fiber-burn at the splice between the signal-pump-combiner and gain fiber of the high-power amplifier. The
beam images were measured at 5 W and 110 W output power.

A fiber-burn in the gain fiber limited further power scaling; the fiber-burn occurred ~10 cm away

from the pump end similar to references and The applied pump power at 110 W (power
limit) matches the findings from Fig. showing that the simulated fiber heated to more than 80 °C,
which is a critical temperature for the coating, already at around 200 W pump power i.e. =100 W
output power. The simulations further indicated that the fiber temperature may peak slightly distant
from the pump end if the Yb** is considered. In contrast, 207 W output power was achieved by
reference [55]] with the non{PM]| counterpart of the gain fiber and a similar cooling approach.
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Figure 5.2.3: Optical spectra of two-stage Left: forward directed Er** The periodic pattern originated from
the seed laser diode. Right: forward directed Yb** The colors correspond to different output power levels. The data
were measured with an optical spectrum analyzer @ AQ6317C, Ando Electronics Co. Ltd.).

"Reference studied Yb** doped fibers.
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Furthermore, the output beam appeared to be of low beam quality at lower power levels as can
be seen on the images obtained from a phosphor-coated IR-camera (SP503U-1550, Ophir Spiricon
LLC). The beam quality with this particular fiber is further discussed in Sec.|6.3

The[PER]|shown on the right axis of Fig.[5.2.2]ranged from 9.8 dB to 12.6 dB. Similar values were
reported by Varona et al.m defying the fact that Varona et al. used non fibers [56]. The authors,
however, reduced the elliptical component of the beam’s polarization with a A /4-rotator in front of the
polarization measurement. In contrast, Bai ef al. demonstrated 21 dB using the very same
fiber as herein. The following steps were taken to recover the polarization. A deterioration of the po-
larization from component fabrication flaws was unlikely; the fiber components including the optical
isolator (PER} ~ 26 dB), the combined cladding-light-stripper and mode-field-adapter module
~ 27dB) and the signal-pump-combiner >18dB at 1064 nm) were independently tested to
maintain the optical polarization. The correct angular alignment of the stress rods was confirmed by
the X-ray images of the splice sample (see Fig. [G.0.1)) showing no indication of misalignment during
the splicing process. Furthermore, the properties of the fiber chain were verified as follows. A
~94.3 mW probe beam at 1616.9 nm (FPL1054P-SP1, Thorlabs Inc., >20dB) was injected at
the input end of the high-power amplifier; no pre-amplifier was used. The absorption cross-sections of
Er** are ~14 times smaller at that wavelength compared to 1556.65 nm making it possible to measure
the of the unpumped fiber chain. This technique therefore eliminates any influence of thermal
stress and/or the amplification process. The transmitted 1616.9 nm signal showed an acceptable po-
larization of ~15.1 dB. It was therefore assumed that the polarization deterioration arose either from
thermal stress and/or unwanted gain of the light in orthogonal polarization e.g. from scattering at the
splice. It was found moreover with the three-term temperature-dependent Sellmeier equation that the
birefringence resulting from the transverse temperature gradient across the fiber core amid operation
(see Fig. was close to the inherent birefringence value of theﬁber, which is 1.5x 10 [130].
The Sellmeier coefficients were extrapolated from reference [[172]] and the transverse temperature gra-
dient was found by the solver from Chap. [3] Therefore, thermo-optical processes could have
influenced the [PM]properties of the fiber. Similar unsatisfying polarization properties were also found
with a thulium-doped pedestal fiber (PLMA-TDF-25P/400-HE, Nufern Inc.) [173]], which also raises
the possibility that the problem was associated with the pedestal. At the time of submission, the ori-
gin of the unsatisfying polarization properties of this particular fiber is not completely understood.
Further investigations of this fiber are therefore necessary, albeit the promising results from its
non{PM] counterpart [56].

5.2.2 Relative intensity noise and stimulated Brillouin scattering

The[RIN]of the two-stage amplifier was measured by the procedure from Sec.[5.1.2as follows. A pick-
off beam attenuated by a variable grey filter NDC-50C-4, Thorlabs Inc.) was pointed to an InGaAs
photo detector (PDA10CF-EC, Thorlabs Inc.). The photo detector was connected to one of the two
spectrum analyzer instruments (SR785, Stanford Research Systems Inc. and E4440A, Agilent Tech-
nologies Inc.), which were used as explained in Sec. The plotted in Fig. decreased
from ~103 Hz~ "2 (1 Hz) to ~10°Hz~ "> (102.4 kHz). The peak at 870.59 Hz with 668.11 Hz full-
width-half-maximum contributed greatly to the rms power noise of ~ 0.36 % (calculated as described
in Sec.[5.1.2). The [RIN|from ~5 MHz to ~50 MHz was dominated by the shot noise (calculated as
described in Sec. and above ~50 MHz by the dark noise of the photo detector. The overlapping
of the curves at the shot noise level without any power dependent excess noise indicates
free operation of the amplifier. This conclusion is supported by the theoretical power threshold
of 214.08 W from Eq. (2.41)), which is far higher than the achieved output power of the amplifier. The
used parameters were Kg = 1.5, Aeir = 327 pm2, Legr = 0.96m (L =4.5mand 1.07W to 110 W
signal evolution) and g = 5 x 107! mW-!.

">The authors demonstrated an average of 12.8 dB over the course of 1 h from a non fiber.
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Figure 5.2.4: Radio-frequency spectra of two-stage Left: spectrum up to 102.4 kHz measured with SR785 instru-
ment. The rms power noise is shown in the inset. A peak appeared around 870.59 Hz. Right: spectrum up to 100 MHz
measured with E4440A instrument. The overlapping of the curves at the shot noise level from 5 MHz to 50 MHz indicates
[SBS}free operation of the amplifier.

It must be noted that the two-stage amplifier was implemented without any suppression
techniques besides backward pumping [113]]; for example artificial thermal gradients can
be integrated without modifying the fundamental design. In contrast, the application of mechanical
stress [116], phase modulations [117] or doping variations [118] may require major modifications.
However, the linearity of the power slope, the optical-to-optical efficiency in line with the litera-
ture [55] [56] and the absence of the Yb** indicate further power scaling potential of the two-
stage amplifier. A further developed prototype with improved thermal management is therefore under
development at LZH e.V. as described in Chap. 6]
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Chapter 6

Engineering-level EYDFA prototype

The setup of an engineering-level prototype - developed from the system from Sec. [5.2]- is depicted
in Fig. [6.0.1] and described in the following. The system was on an advanced engineering-level and
featured a revised cooling concept to mitigate thermal fiber damage. Nonetheless, the characterization
has been carried out at an intermediate power level of 50 W to guarantee failure-free operation during
the characterization process. Two types of suitable gain fibers have been tested, hereinafter referred
to as Nufern (0.7 wt% Er, 4.9 wt% Yb) and iXblue fiber (1.0 wt% Er, 5.4 wt% Ybﬂ

Water
RFLSA-2000 l

() Ol MFA
<N — NN (———{ ===

iXblue

Figure 6.0.1: Setup of the engineering-level prototype. The setup was implemented with a commercial off-the-shelf seed
laser (RFLSA-2000-3-1556.55-UNL-PM-N, NP Photonics Inc.), optical isolators (OI, 10-J-1550, Thorlabs Inc.), water-
cooled cladding-light-stripper (CLS), signal-pump-combiner (SPC) and pump diodes (ST940, Lumentum LLC,2 x 140 W
at 940 nm). The fiber chain was terminated with an[AR}coated Corning-7980-0F glass window (Nufern fiber) or by cleaving
with an 8° angle (iXblue fiber). The gain fibers were coiled on Ni-Cr-III-coated Cu mechanics. Right: images of used gain
fibers; the Nufern and iXblue fibers are 25/300 and 25/250 Er**:Yb*" doped fibers, respectively. The iXblue fiber
provides more pump absorption per unit length because of its smaller cladding diameter.

The setup was seeded with a commercial off-the-shelf fiber laser (RFLSA-2000-3-1556.55-UNL-
PM-I\ﬂ, NP Photonics Inc.) derated to 1.71 W. The seed laser featured a power stabilization system
based on internal feedback loops and an integrated noise suppressor. Moreover, mode-hopping amid
operation was prevented by piezoelectrical actuation of the laser oscillator length. The laser wave-
length was tuned to 1556.55 nm by heating the laser oscillator to 73.5 °C. The seed powers launched

!Obtained by energy-dispersive X-ray spectroscopy with Quanta 400 FEG (FEI Company Inc.) instrument.
2Specifications: 2 W at 1.55 um with <10 kHz linewidth.

63



into the gain fibers were 0.95 W (Nufern) and 0.92 W (iXblue) with an rms and of 0.13 % and
19.3 dB, respectively. The seed powers were sufficient to omit further pre-amplification leading to
less complexity compared to the setup from Sec. [5.2F| The connection between the seed laser and
amplifier was established via FC/APC connectors to maintain the operability of the seed laser for fu-
ture experiments. The seed laser was additionally protected against backward propagating power by
a second optical Faraday isolator (I0-J-1550, Thorlabs Inc.ﬂ As in Sec. a mode-field-adapter
was used to excite only the LPy; mode at the input of the amplifier. The mode-field-adapter and
Faraday isolators were mounted on a vibration decoupled breadboard to increase the power stability
of the coupled seed power. The cladding-light-stripper was fabricated as described in Sec. and
mounted on a water-cooled cold plate. One of two different 25/xxx Er**:Yb** doped fibers
was used: a 4.5 m-long piece of PLMA-EYDF-25P/300-HE (Nufern Inc.) or a 4.2 m-long piece of
IXF-2CF-EY-PM-25-250 (iXblue S.A.S.).

The front-end of the Nufern fiber relative to the amplifier output was prone to thermal damage
as per Sec. the cooling concept has therefore been revised as follows. The front-end of the
Nufern fiber (50 cm-long, including splice) was enclosed between two straight 70 cm-long V-grooved
Cu cold plates to increase the fiber’s physical contact with the cooling interface. The front-end of
the iXblue fiber was embedded on the base plate only without cover to reduce the risk of mechanical
breakage and because thermal breakdown was not observed with that fiber yet. The remainders of the
gain fibers were coiled on a V-grooved Cu cylinder with 19 cm diameter. The thermal conductivity of
Cu is 240 Wm'K"! to 380 Wm™'K"! [[174] [173]]; the heat flow within the revised cooling mechanics
was therefore larger than in the Al-based mechanics (205 Wm 'K [175]]) used in Sec. The Cu
mechanics have been furthermore coated with a Ni-Cr-III layer to prevent corrosion and increase
their mechanical robustness. The gain fibers were contacted to the cold plates/cylinder by highly-
conductive Al-nanoparticle-based thermal paste (k = 14.2 Wm™'K™!). The revised cooling mechanics
were placed on a 17 °C water-cooled breadboard.

The pump power was launched into the gain fibers through matching signal-pump-combiners
(Nufern: (4+1)x1, iXblue: (2+1)x1) made from passive fibers. The pump diodes (ST940, Lumentum
LLC, 2x140 W) were heated to 30 °C to reduce the thermal load per unit length compared to the
system from Sec.

The setup was equipped with the system from Sec. the system mitigated the risk for
total destruction amid operation by interlocking the pump diodes if strong output power degradations
would have occurred. Furthermore, a cladding-light-stripper was integrated close to the output end
of the Nufern fiber to remove residual cladding light, for example from spontaneous emission, and
to increase the beam quality. Additionally, a Corning-7980-0F glass window with 12.7 mmx6 mm
dimensions was spliced with a COs laser to the output end of the Nufern fiber. A picture of the
glass window is depicted in Fig. Appendix [G] The glass window was coated with an
[reflectance (AR)|coating that reduces residual back reflections at 1.0 um and 1.5 pm to less than 0.2 %
and 0.15 %, respectively. The output end of the iXblue fiber was slanted with an 8° angle and glued
with UV-curable adhesive in a custom-made 1-inch adapter as depicted in the setup figure.

6.1 Amplifier slope and power stability

The characterization of the engineering-level prototype included a 2-week period of continuous op-
eration. The system’s beam properties were recorded at the beginning and at the end of that 2-week

3The benefits of using SUTI as outlined in Sec. were not deemed important enough to outweigh the use of the
commercial seed laser.

“The total attenuation of the backward propagating power was ~246 dB and 77.6 dB around 1.0 um and 1.5 pum, respec-
tively.

>The pump wavelengths (Yb** absorption cross-sections) of the engineering- and laboratory-level prototypes were
937nm (5.12x 10~ ** m*) and 935 nm (5.39x10>* m?).
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period. The output power was measured with a FL300A-SH power head and the affiliated Pulsar-4
(Ophir Optronics Solutions Ltd.) data acquisition system. The seed power was monitored by a photo
detector integrated in the laser device. The 2-week operation period with the Nufern fiber was split
in three operation cycles, i.e. two 24 h-cycles and one 10-day cycle. The second operation cycle was
terminated due to a failure of the laboratory’s climate control system; the 10-day operation cycle was
shutdown intendedly. The iXblue fiber was tested in a continuous 13-day operation cycle without
interruption. The experimental results are summarized in Tab.[G.I] Appendix [G] No deterioration of
the optical beam properties with the sole exception of the optical efficiency was observed at the 50 W
level during the operation period(s) of both fibers. The results are discussed in the following.
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Figure 6.1.1: Left: power slopes of engineering-level prototype with Nufern and iXblue gain fibers. The slope efficiencies
were 46.4+0.5 % and 39.640.6 % (Nufern) as well as 44.2+0.4 % and 42.24+0.4 % (iXblue). The slope efficiencies of the
Nufern and iXblue fibers deteriorated during the longterm test by 14.7+2.2 % and 4.5£0.8 %, respectively. Right: output
power during 2-week period. The 2-week period was split for the Nufern fiber in three measurement cycles. The first
and third operation cycle was terminated intentionally; the second operation cycle was terminated due to a failure of the
laboratory’s climate control system to protect the amplifier. The iXblue fiber was tested over 13 days without interruption.

The slope efficiencies were 46.4+0.5 % (Nufern, pristine) and 39.6+0.6 % (Nufern, longterm)
as well as 44.2+0.4 % (iXblue, pristine) and 42.2+0.4 % (iXblue, longterm); the slope efficiencies
degraded over the 2-week period by 14.74+2.2 % (Nufern) and 4.5+0.8 % (iXblue) despite being op-
erated only at the intermediate SOW level. The efficiency loss was permanent in both fibers and
could not be recovered by a temporary system cool-down. At the time of writing, the reasons for this
growing power loss are not completely understood. Pump diode degradation or damage to the opti-
cal isolators were ruled out as the problem because the optical properties of both components were
found intact in the final component inspection process. Furthermore, a degradation of the signal-
pump-combiner is unlikely at the 50 W level (=135 W total pump power) because its durability was
successfully tested at 405 W throughput power (maximum 150 W per port at 976 nm [[176]). The
efficiency loss was most probably caused by a gradually growing attenuation in the fiber - called pho-
todarkening - that is induced by intense light irradiation or ionizing radiation. Koponen et al. [177]
pointed out that photodarkening can be explained on the atomic level by the generation of structural
deformations of the glass or the formation of color centers as described by Glebov [[178]. The phe-
nomenon was comprehensively studied in Yb>* doped fibers but is also known to exist in Ce* [179],
Pr3* [180], Eu* [180], Tb** [181]] or Tm** [182] fibers. It is well known from these studies that the
rate and magnitude of the photodarkening process depend on the glass composition of the fiber [[183]]
and the population inversion [[184, [185]]. It is also known that photodarkening occurs primarily at
high power levels. Photodarkening in Er’*:Yb>* fibers was first observed by Robin et al. [186]. The
process was attributed to the formation of P1 type color centers (PO32") that form from phospho-
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rous oxygen hole centers (POHC, PO,2~ [187]). This process accelerates at high temperatures [[188],
which would explain why the power loss tends to be more severe at high power levels as reported in
references 186, [189]. Robin et al. argued that the proposed formation mechanism is supported by
the well-known existence of POHCs in X- or ~y-ray irradiated phosphorous doped silica [188]]. It is
also well known by optical spectroscopy investigated by Regnier et al. that the absorption band of the
P1 color centers lies at 1620 nm [[190]. Robin et al., however, emphasized that further spectroscopic
analysis is necessary to provide evidence. Moreover, the power stability of the engineering-level
amplifier up to the 100 W level is also not known.

6.1.1 Assessment of P1/POHC hypothesis

The following presents evidence that the growing power loss was indeed caused by photodarkening
as proposed by Robin et al. A more detailed examination of the underlying physical photodarkening
mechanism in these particular Er**:Yb3* fibers, however, is out of the scope of this work.

Firstly, the characteristics of the power loss observed herein are similar to the work of Robin et
al. [186]. For example, the time scale of the process ties in well to last from a few days to months
(herein: 14.7£2.2 % per 13 days for the Nufern fiber). Furthermore, the power loss occurred at
15.21 MWem™2 (Nufern) and 15.17 MWem™ (iXblue) signal intensity. In reference [186]], the pho-
todarkening process already started around 6 MWcem™ to 9 MWem™ but no later than 17.7 MWem™
(derived from publication). Reference [[189] found evidence in another study that the photodarkening
process may not start below ~21 MWcm™. However, only a time period of ~4 h was recorded with-
out covering longterm degradations from days to weeks like in reference [[186]. Moreover, the fiber
burn of the laboratory system in Sec. occurred at ~33.6 MWcm2; therefore, it may be possible
that the photodarkening process played a crucial role in the damaging process.

Secondly, the atomic composition was analyzed by energy dispersive X-ray spectroscopy reveal-
ing 13.6 wt% of P in the Nufern ﬁbelﬂ; 2.8 wt% of Al and 11.8 wt% of P were found in the iXblue
fiber. The lower P content may have led to less P-related defects, which would explain why the grow-
ing power loss was less evident with the iXblue fiber. Moreover, the Al doping in the iXblue fiber
reduces the phosphorous-oxygen double-bonds, which act as POHC precursor sites [191]. The Al
doping therefore decreases the P-related defect susceptibility as argued by Girard et al. [[191]. The
incorporation mechanism of the Al in the phosphosilicate lattice can be found in reference [[192]].

Thirdly, a growing attenuation at 1556.55 nm was found for two phosphosilicate fibers - including
the iXblue fiber - in Appendix |F| This finding supports the proposed POHC-to-P1 formation mecha-
nism through heat.

Fourthly, reference [57]] suspected coating degradation as the origin of the fiber damage. In this
work, however, no visible coating degradation was found. Additionally, a =5 dB lower core transmis-
sion, which cannot be affected by the coating condition, was found without pumping. The transmitted
power, however, was only some tens of mW, which is close to the minimal resolvable power of the
FL300A-SH power head. Furthermore, the observed attenuation of the unpumped fiber might have
been further skewed by the strong small signal absorption of Er>*.

6.2 Optical spectra and PER

The optical spectra are shown in Fig. [6.2.1] The optical spectra from both fibers were free of parasitic
lasing up to 50 W output power. The Er’* extinction ratio was 48.59 dB (pristine), 50.82 dB
(longterm) for the Nufern fiber and 51.16 dB (pristine) and 51.54 dB (longterm) for the iXblue fiber.
The Er** from both fibers held more power at shorter wavelengths compared to the system from
Sec. due to the omission of the pre-amplifier. The total Yb>* power levels from spectral

The non fiber showed 1.6 wt% of Al and only 9.1 wt% of P [S7] which may explain why much higher power levels
of 302 W were possible with that fiber.

66



integration can be found in Fig. An Yb** [ASE]extinction ratio of 60.02 dB (pristine), 58.77 dB
(longterm) was found for the Nufern fiber; 42.19dB (pristine) and 39.88 dB (longterm) was found
for the iXblue fiber. The somewhat lower Yb* [ASE] extinction ratios from the iXblue fiber were
probably a result of the fiber’s larger pump absorption (Nufern: 2.9+0.5 dB per m at 915 nm, iXblue:
3.9£0.7 dB per m at 915 nm) that distributed the pump energy less homogeneously along the iXblue
fiber and diminished the benefits of the off-peak pumping technique.
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Figure 6.2.1: Left: optical spectra of Nufern (green) and iXblue (blue) fibers at 50 W output power. The spectra were
measured with the AQ6317C (Ando Electric Co. Ltd.) spectrum analyzer instrument; the resolution bandwidths were 2.0 nm
and 0.1 nm. The spectra were normalized to the signal peak at maximum output power. Right: [PER]from the Nufern and
iXblue fibers measured with A/2 rotator and polarizing beam splitter.

The is shown in Fig.[6.2.1} The beam from the Nufern fiber was polarized between 6.4 dB
and 12.3 dB; the range was similar to the results from Sec. [5.2.1] i.e. a range between 9.8 dB and
12.6 dB. This was probably a result of the beam’s low fundamental mode power as per Sec.[6.3] The
output from the iXblue fiber was acceptably polarized between 15.2 dB and 20.7 dB.

6.3 Beam characterization by diagnostic breadboard

A [GWD}compatible laser source must provide
excellent beam quality. This characteristic is
not guaranteed from fibers because their
V-number is larger than 2.405 (see Sec. 2.1).
This has the consequence that - even if the seed
light is perfectly launched in the LPg; mode at SP503U s

the fiber input - microscopic defects, environ- PCM Shutter
mental perturbations or can transfer en- TpDé -
ergy from the fundamental mode into AN

2 : V] Y
The M* parameter can be used to characterize Test beam Mode-matching

the beam quality if it is important for the ap-

plication. The M? parameter compares the di- Figure 6.3.1: Setup of the instrument with 3-mirror

vergence of the laser beam with the divergence optical ring resonator, photo detectors RPD, TPD, QPDI

of an ideal fundamental mode. Wielandy, how- and QPD2 and piezo-tiltable mirrors PZT1 and PZT2 [193]].
. . . The resonator can be scanned by a piezo-controllable mirror

ever, demonstrated that single-mode operation is called PCM. The transverse beam profile was imaged with an

not guaranteed even for low M? parameters of [R-camera (SPS03U-1550, Ophir Spiricon LLC).

1.1 [194]. Also Kwee et al. pointed out that the
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fundamental mode powelﬂ is a better criterion to characterize the beam quality in some fields of
applications [193]]. Therefore, the power in the fundamental mode is used in this work.

The fundamental mode power was analyzed by the |Diagnostic Breadboard (DBB)| instrument
developed at the Albert-Einstein-Institute, Hanover. The setup is shown in Fig. [6.3.1} details of a
similar instrument for a wavelength of 1064 nm can be found in reference [193]]. The instrument
contains a non-confocal 3-mirror optical ring resonator with finesse F = 250 for p-polarization and
a free spectral range of 714 MHz. The instrument also contains four germanium-based (quadrant)
photo detectors to measure the optical properties of the laser beam, labelled as RPD, TPD, QPD1 and
QPD2.

The fundamental mode content was obtained with the mode scan procedure. The laser beam was
expanded in the optical ring resonator into the Hermite-Gaussian transverse electro-magnetic (TEM)
modesﬂ The optical ring resonator therefore acted as a selective mode filter because each M
mode has a different resonance frequency. Additionally, a phosphor-coated IR-camera (SP503U-
1550, Ophir Spiricon LLC) was used for beam imaging.

The pointing and frequency noise was obtained as follows. The round-trip length of the optical
ring resonator was stabilized to the laser frequency of the fundamental mode by dithering the piezo-
controllable mirror labelled PCM [195]. The resulting phase-modulated laser beam was superposed
on QPD1 with the unmodulated input beam. The demodulated signal from QPD1 was used to actuate
the PCM mirror. The two tiltable piezo-actuated mirrors, namely PZT1 and PZT2, were used for the
alignment and pointing stabilization procedure. The optical ring resonator was used as a pointing
reference. The associated servo loop signals from QPD1 and QPD2 were used to acquire the pointing
noise data. More details on all measurement procedures can be found in references [193, [193]].

The fundamental mode content is shown in
Fig.[6.3.2] The fundamental mode content from

the Nufern fiber recovered partly from 49.0 % at 4 /6 Q . q
5.38 W to 73.0 % at 49.68 W. The low fundamen- 100 y { )
tal mode power is also clearly reflected in the . Vv v
beam images. The mode scan showed that sig- S 1 §
nificant power was confined to the modes 80

of higher order despite careful optimization of 5 7 Q /r“'—"‘"".

the mode-matching. Kwee et al., however, al- = 60 K 1

ready pointed out that the manual mode-matching i V e ¢
procedure cannot arbitrarily reduce the measured 40 Noformn (pristing)  —— Xbwe (pristind)
power of modes that originate from astigmatism —e— Nufern (longterm) —w— iXblue (longterm)
and/or ellipticity of the laser beam [196, 193] 0 ' 1'0 ' 2'0 ' 3'0 ' 4'0 ' 5'0
Moreover, the cladding-light-stripper at the fiber (W)

output failed to recover the fundamental mode
power; parasitic cladding modes can hence be Figure 6.3.2: Fundamental mode power of Nufern and
dismissed as the origin. Nonetheless, the ori- iXpiue gain fibers with beam images.

gin of the unsatisfying fundamental mode content

from the Nufern fiber is unknown at the time of submission. It has been shown, however, that the
non{PM] counterpart can provide acceptable beam quality. For example, Varona et al. demonstrated
a fundamental mode content of 94.8% (111 W, 1556 nm) from the non{PM] fiber [123]. Creeden et
al. also showed with the same non fiber that an M? parameter of 1.05 is possible at 207 W [55];
however, no mode decomposition was performed. Matniyaz et al. reported an M? parameter of 1.40
with the non fiber at S0 W (ISO11146 standard) [S7]. Matniyaz et al. also reconfirmed that M 2
parameters close to 1 are possible at higher power levels. Kuhn et al. achieved 85 % fundamental

"The fundamental mode content is the power in the fundamental mode compared to the total power.
8The spatial mode at the fiber output is intrinsically an LPo; mode, which is close but not identical to a Gaussian TEMgo
mode.
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mode content from the non{PM] fiber around 1 W output power at 1535 nm [197]. It is furthermore
reasonable to assume that the unsatisfying polarization from the Nufern fiber was linked to the low
fundamental mode power from that fiber. The Nufern fiber is therefore not suited to be used in a
[GWD}-compatible laser source. The fundamental mode content from the iXblue fiber ranged between
93.5 % and 95.7 % at the investigated power levels; the fundamental mode content was thus similar
to that of the non—@ counterpart of the Nufern fiber (see reference [56]).

Fig. [6.3.3|shows the relative pointing noise of the laser beam from the iXblue fiber; no relevant de-
pendency on the output power was found. Indeed, the fiber baseline revealed somewhat less pointing
noise than the free-space amplifier system of the [aLIGO] detectors taken from reference [198]]. Be-
cause vibrations of the free-floating fiber end can contribute greatly to the pointing noise, the follow-
ing improvement measures are feasible. Firstly, the susceptibility to mechanical disturbances can be
mitigated by splicing a glass window to the fiber output. With this technique, Wellmann et al. demon-
strated that Yb** doped fiber amplifiers are capable to provide pointing noise levels of ~10 Hz '/
around 1Hz at a wavelength of 1064 nm [199]]. Secondly, Kwee et al. noted that the pointing noise
below 20 Hz is dominated by the characterization environment [195]]. Further improvements of the
pointing performance may therefore be achievable by insulation measures.

Fig. [6.3.3] shows the frequency noise of the laser beam from the iXblue fiber; no relevant im-
pact of the amplification process was found by comparing to the frequency noise of the RFLSA-
2000-3-1556.55-UNL-PM-N laser (taken from reference [56l]). The laser linewidth was calculated as
described in reference [[189] by the following equation:

@an?= [N or. 6.1)

0

fo is the inverse time at which the linewidth is specified and FN the measured frequency noise spec-
trum. The calculated laser linewidth (120 us delay time) is shown in the inset of the figure and ties
in well with the manufacturer specification of less than 10 kHz obtained from a self-heterodyne mea-
surement (120 ps delay time).
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Figure 6.3.3: Left: relative pointing noise of the laser beam from the iXblue fiber at 22.8 W (dashed) and 44.1 W (solid)
output power. The pointing noise of the aLIGO] high-power oscillator was taken from reference [198]. Right: frequency
noise of the laser beam from the iXblue fiber. No excess noise was added by the amplification process. The corresponding
laser linewidth is shown in the inset and in agreement with the specifications from the seed laser manufacturer (<10 kHz,
120 ps delay time).
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6.4 Relative intensity noise and stimulated Brillouin scattering

The radio-frequency spectra are shown in Fig.[6.4.1] The method described in Sec.[5.1.2]and Sec.[5.2.2]
was used to test for[SBS} the curves coincided in the MHz frequency regime at all investigated power
levels without any power dependent excess noise. This is a strong indication that the engineering-level
prototype operated free of [SBS| This result was indeed expected given the findings from Sec. [5.2.2]
(similar fiber and length) and ties in well with the theoretical thresholds that are 184.60 W
(Nufern) and 208.89 W (iXblue). The theoretical thresholds were calculated from Eq. (2.41)) with
Kg = 15, g0 = 5 x 10"mW and Ay = 326.9um? (Nufern) or Aer = 339.8 um? (iXblue);
effective lengths of 1.12m and 1.02m were found with Eq. (2.42)) for the Nufern and iXblue fibers,
respectively.

— 1073 B Power 315W Output power
< 10t SOW  —409W — 52W 315W
e 174W  —46.5W 11L5W — 40.9W
= 107 e cail- - v 2USW  — S0.6W . 174W —46.5W
; 10°¢ _—Shot noise 24.5W — 50.6W
= 10 —
10 In T T T TTTT0 1 T T TTITIT N T T TTTI0T 3 T T IIIIIII s LLLULLRLLL - T i T T I T
10 10 107 10 10 10 0 40 60 80 100
A;  (H2) f (MHz)
10" ] Pow 243W -6 Output power
D 1073 _J_ SEEE 50.4\?\/r —3a0w| & 10 s.rwu —34.0W
TN s 22W —4LsW [ T 122W —415W
= 10 ( o 175w —a07wW = o | Shot ndi ;ix :god:kw
10™ - >
& = g
= 107 = ot
10’8 I“ T T TTTT 1 T T TTTITI 5 T T TTTIm 3 T T IIIIIII s T T TTTTr - 10?’ y I T
10 10 107 10 10 10° 0 20 40 60 80 100

f(Hz) f (MHz)

Figure 6.4.1: Radio-frequency spectra of the laser beams from the Nufern and iXblue fibers. Left: spectra up to 102.4kHz
measured with SR785 instrument. A peak appeared around 850 Hz. Right: spectra up to 100 MHz measured with E4440A
instrument. The overlapping of the curves in the range from 5 MHz to 60 MHz at the shot noise level indicates [SBS}ree
operation of the amplifier.

A peak (=850 Hz, full-width-half-maximum of 556 Hz) emerged in the radio-frequency spectrum
of the laser beam from the iXblue fiber. The peak appeared as well with the Nufern fiber (904 Hz,
full-width-half-maximum of 723 Hz) but only above ~50 W output power (see Sec.[5.2.2)). The peak
was also notable in the radio-frequency spectrum of SUT2 at ~783 Hz with 143 Hz full-width-half-
maximum (see Appendix . The following observations tentatively imply a link to the Yb>* At
the time of submission, further investigation is needed to identify the underlying physical mechanism.

Firstly, the peak’s onset power was ~50 W for the Nufern fiber and ~25 W for the iXblue fiber,
which ties in well with the respective onset power of the Yb>* shown in the top left plot of
Fig. Moreover, SUT?2 also produced the highest Yb>* output of all

Secondly, the peak magnitude was counter-correlated to the coupled seed power as shown in the
bottom left plot of Fig. [6.4.2} the peak magnitude increased if the seed power decreased and vice
versa. This supports the hypothesis that the Yb3* was responsible for the peak because less seed
power also means more Yb>* and vice versa.

Thirdly, a wavelength division multiplexer was added between the mode-field-adapter and opti-
cal isolators to co-seed the setup with a fiber-coupled single-mode laser diode (BF-A64-0180-SSF,
Sheaumann Laser, Inc.). The laser diode provided ~180 mW at a wavelength of 1064 nm. The laser
diode was protected from spurious back reflections by a fiber isolator. More details on the auxiliary
seeding technique can be found in reference [123]). Fig. [6.4.2]shows that the peak was also suppressed
by the co-seed injection. It is also well known that auxiliary seeding reduces the Yb** @ which
further supports the link between the noise peak and the Yb**
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Lastly, Fig. [6.3.3| clearly shows no excess pointing noise around 850 Hz e.g. from the suspended
fiber end. This observation was supported by a simplified numerical FEM] analysis of a one-end fixed
suspended fiber carried out by CATIA software; the first eigenfrequencies were found at 2013 Hz,
thus apart from the peak’s center frequency. Pointing noise can therefore be ruled out as the origin.
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Figure 6.4.2: Radio-frequency spectra of the laser beam. Top, left: forward directed Yb** power integrated from
spectra. Bottom, left: radio-frequency spectrum of the laser beam obtained from iXblue fiber. The plot shows that the
peak at ~850 Hz increased at lower seed input power and vice versa. Top and bottom, right: radio-frequency spectra of
the laser beam from the iXblue fiber excluding (top) or including (bottom) the co-seed injection. The peak at ~850 Hz was
suppressed by the co-seed injection.

6.5 Conclusion

A high-power single-frequency [EYDFA|with a wavelength of 1.55 um in all-fiberPM]format has been
developed on a laboratory- and advanced engineering-level. The laboratory-level system consisted
of a pre- and high-power amplifier; both were pumped off-peak at 940 nm in backward direction.
The pre-amplifier provided 1.07 W output power free of parasitic lasing and The pre-amplifier
showed the most power scaling potential benchmarked against conventional pumping mechanisms.
The high-power amplifier was implemented with an Er’*:Yb** doped 25/300 fiber from Nufern.
The laboratory-level system provided 110 W output power with 44.44+0.3 % slope efficiency. The
amplifier operated free of with low power levels. The however, only ranged from
9.8 dB to 12.6 dB. Moreover, beam images revealed unsatisfying beam quality at low power levels.
Further power scaling was limited by thermal fiber damage ~10 cm away from the pump end.

The advanced engineering-level amplifier was also off-peak pumped at 940 nm; the pre-amplifier
could be omitted by seeding with a commercial off-the-shelf laser source. The engineering-level am-
plifier featured a refined thermal management; nonetheless, the characterization has been carried out
at an intermediate power level of 50 W to guarantee failure-free operation during the characterization
process. The performance of the system was tested based on the original Nufern and an alternative
iXblue fiber. The iXblue fiber performed reliably at the 50 W level without significant power loss;
thus, the iXblue fiber seemed more heat resilient under operation than the Nufern fiber. The noise
properties of the iXblue fiber were also acceptable. Furthermore, the [PER] was recovered to up to
20.7 dB with the iXblue fiber and the beam quality was improved to up to 95.7 %. Moreover, the Er**
and Yb>* power levels were low and no indication of was found. It is concluded that the
iXblue fiber is suited to be used in a[GWD}compatible laser source; the characterization on the 100 W
power level has to be still carried out.
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Chapter 7

Summary and outlook

In 2015, the space-time distortion caused by GW 150914 was found - a pivotal event that inaugurated
the era of interferometric gravitational wave astronomy. As of today, gravitational wave observations
are routinely made with proper sky localization by the world-wide operating detector network of the
second generation. The audio-band sensitivity of today’s detectors is limited by the quantu and
coating thermal noise. The quantum noise can be suppressed by frequency dependent squeezing and
higher laser powers. The coating thermal noise can be mitigated by cooling the detector to cryogenic
temperatures. Cryogenically cooled detectors, however, must use optics made of materials other
than fused silica, e.g. crystalline silicon. Crystalline silicon is opaque at the currently used laser
wavelength of 1064 nm but transparent around 1.55 um. Er*-based fiber amplifiers - the workhorse
devices for optical power amplification at 1.55 um - may therefore play an important role in the next
detector generation.

Up-conversion processes within clustered Er’* ions and/or non-linear effects can limit the achiev-
able output power of purely Er’* doped single-frequency fiber amplifiers. The cluster formation can
be prevented by codoping the Er®* fibers with Yb3* ions. The Yb3* ions also provide strong pump
absorption at 9xx nm and transfer the absorbed energy to the Er** ions via the Yb**-to-Er** energy
transfer. The energy transfer can stagnate at high power levels; then, Yb>* can occur, which re-
duces the efficiency of the device. Pumping at wavelengths with low absorption suppresses the Yb>*
but requires longer gain fibers; hence, further power scaling might be limited by at some
point.

This work found by numerical simulations that the achievable output power is limited by the
Yb3* for pump wavelengths from 880 nm to 990 nm; limits the output power for pump
wavelengths shorter than 880 nm or longer than 990 nm. Pumping at 940 nm was found to provide
good power scalability; suitable pump diodes can be procured as off-the-shelf products with proven
reliability.

Catastrophic Yb** or Er’* power levels, e.g. during a seed laser failure, can damage the
amplifier; the implementation of a protective[EMQ|system is therefore necessary. This work identified
the reaction time that a potential system must comply with by using a combined numerical and
experimental approach with transients from single-mode fibers. It was found that the [EM
system must react within ~100us and/or 2300 us to prevent catastrophic Yb>* and/or Er3+%
power levels. An[EMO|prototype in format was developed; the prototype had a reaction time of
0.7040.05 ps and was found capable to meet this requirement. The prototype was installed as
part of the engineering-level amplifier.

A compatible single-frequency |[EYDFA|made with ﬁber from Nufern was presented

"The quantum noise is dominated by radiation pressure noise at low frequencies; photon shot noise dominates the
quantum noise at high frequencies.

The latest progress on high-power single-frequency was made using non fibers which makes the latest
systems unsuited as laser sources.
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in Chap. [5] The system was on a laboratory-level and consisted of a pre- and high-power amplifier;
both amplifiers were pumped off-peak at 940 nm in backward direction. The pre-amplifier provided
1.07 W output power with low [ASE|power levels and operated free of A comparison of different
pumping mechanisms showed that pumping at 940 nm provided the highest output power under the
criteria of comparison. The high-power amplifier delivered up to 110 W output power at 1.55 pym
with 44.440.3 % optical-to-optical efficiency. The amplifier operated [SBS}Hree; the [ASE power lev-
els were low emphasizing the efficacy of off-peak pumping. Further power scaling was limited by
thermal fiber damage assumed to originate from photodarkening; further evidence, however, must
be provided. Moreover, the polarization of the system was only /11 dB probably owed to deficient
polarization properties of the used Nufern fibers.

An engineering-level amplifier was characterized in Chap. [f] The amplifier featured a refined
cooling concept and was implemented with a fiber from iXblue; the fiber performed reliably at the
50 W level without significant power loss. Thus, the fiber seemed more heat resilient under operation
than the Nufern fiber. Furthermore, the noise properties were acceptable, the Er’* and Yb**
power levels were low and no indication of [SBS| was found. Additionally, the [PER] recovered to up
to 20.7 dB with that fiber. The beam quality improved to up to 95.7 %. The iXblue fiber is therefore
suited to be used in a[GWD}compatible laser source. The promising results highly motivate to follow-
up with the characterization at higher power levels.

As shown and argued throughout Chap. [6] the optical beam properties from the iXblue fiber
are in line with the foreseeable laser requirements of the third detector generation. The thermal
stress and/or fiber coating degradation, however, remain challenging obstacles for further power
scaling; the quantum defect between the 4111/2 and 4113/2 energy levels is the main heat source and
thus constitutes an inherent shortcoming of the 9xx nm pump band. Furthermore, a growing power
loss associated with thermal stress has been observed; the mechanism may play a crucial role for
catastrophic fiber damage at high power levels. Therefore, it seems only reasonable to investigate
pump wavelengths with smaller quantum
defect in future activities. For example, a
pump wavelength of 1480 nm has a quan-
tum defect of only ~5 %; moreover, no Yb3*
can occur thanks to the lack of Yb>*
absorption at 1480 nm.

At the time of writing, the following
high-power pump sources are available at
1480 nm: Raman lasers with /=100 W output
power and single-mode beam quality (see
reference [[169]) as well as laser diode stacks

Figure 7.0.1: Image of 12/125 Er** doped phosphate glass fiber with ~40 W output powelﬂ from 200/220

made by Fondazione LINKS, Turin. The contrast of the fiber fibers (see reference ﬂm])
cross-section was increased with image post-processing showing Er**’s low absorption at 1480 nm can be

a potential glass inhomogeneity around the fiber core. compensated by using non-standard fibers
with higher Er** doping limits. For exam-
ple, the LZH e.V. has conducted a research collaboration with Fondazione LINKS, Turin (formerly
Istituto Superiore Mario Boella - ISMB) in 2018 to develop a 12/125 phosphate glass fiber with
0.09 NA. The phosphate glass fiber was doped with 2.60x 1026 Er** ions per m? (2.0 mol%) without
notable lifetime quenching i.e. cluster formation [201} 202]]. A picture of the delivered fiber is shown
in Fig.[7.0.1}
In total, the availability of non-standard fibers with high Er** doping concentrations and suitable
pump sources strongly motivates to study pumping at 1480 nm as a second line of investigation.
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3A total pump power of ~160 W can be achieved if used with a (4+1)x1 signal-pump-combiner.
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Appendix A

Conventional pump strategy - cladding
pumping at 976 nm

SUT?2 to SUTS are investigated in the following; the chapters contain the setups of the their
power slopes as well as optical spectra and noise properties. The pump strategies include pumping of
the 2Fs/, (SUT2), “I1/, (SUT3) and *Iis, (SUT4, SUTS5) energy levels. The key results can be found
in Tab. [5.3]and partly in reference [[146].

2 4
FS/Z lII/Z

EYDF-6/125-HE
PM-EYDF6/125- A FRET S,

Seed laser

976nm
1556nm

2 4
F7/2 llS/Z

Figure A.0.1: Setup of SUT2. The commercial off-the-shelf seed laser (RFLSA-2000-3-1556.55-UNL-PM-N, NP Photon-
ics Inc.) was attenuated by a A /2-rotator and polarizing beam splitter (PBS). The system consisted of 2x2 fiber splitter (FS,
1 % splitting ratio), cladding-light-stripper (CLS), Er**:Yb*" doped gain fiber (PM-EYDF-6/125-HE, Nufern Inc.), (2+1)x1
signal-pump-combiner (SPC) and pump diode (BMU-25-975-01-R, Oclaro Inc.). Right: illustration of the pumping mech-
anism with Yb**-to-Er** energy transfer using the cladding pumping technique.

The setup of the system presented herein - also referred to as SUT2 - is shown in Fig.
The system was seeded at 1556.55 nm by a derated commercial off-the-shelf single-frequency fiber
laser (RFLSA-2000-3-1556.55-UNL-PM-N, NP Photonics Inc., 1.69 W with <10kHz linewidth). A
full description of the seed laser can be found in Chap. [f] Free-space seed coupling was used to
be able to reuse the seed laser for future experiments. A combination of a tunable \/2-rotator and
a polarizing beam splitter cube was used to set the seed power. A second \/2-rotator was used to
align the seed input polarization to the PM}axis of the fiber chain. A 2x2 fiber splitter (1 % splitting
ratio) allowed throughout monitoring of the coupled seed power amid operation of the system. If
not explicitly specified otherwise, the results presented hereafter were obtained by using 8 mW seed
power. The 3.5 m-long 6/125 Er**:Yb* gain fiber (PM-EYDF-6/125-HE, Nufern Inc.) was coiled
on the optical table with a diameter of 10 cm. The Er**:Yb3* energy system was pumped at 976 nm
using the cladding pumping technique. The fiber length of SUT2 was relatively short in comparison
to SUT1 because of Yb**’s high absorption at 976 nm. A single emitter based 105/125 fiber-coupled
laser diode (BMU-25-975-01-R, Oclaro Inc., 25 W at 976 nm) placed on a 52.4 °C Peltier-controlled
heat sink was used as a pump source. Backward pumping was used to increase the threshold
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as it was already demonstrated by Hildebrandt et al. [113]. The pump light was coupled into the
fiber cladding through an in-house manufactured (2+1)x1 signal-pump-combiner. The pump light
absorption was determined by experimental cut-back to be 81+£5%, which was somewhat less than
that of SUT1 from Sec.[5.1] All fiber components were carefully spliced with a fusion splice station
(S183P, Furukawa Electronic Co. Ltd. or FFS-2000, Vytron LLC). The fiber splices were recoated
with the sole exception of the splice between the Er’*:Yb3* fiber and the 2x2 splitter, which was
submersed in refractive index matching epoxy glue to remove residual pump light from the cladding.
The output fiber of the system was cleaved with an 8° angle to suppress optical feedback from Fresnel
reflections. The output beam was collimated by an f = 8.0 mm lens (C240TME-C, Thorlabs Inc.)
and spectrally filtered by a dichroic long-pass optic (DMLP1180, Thorlabs Inc.). The optical spectra
of the system were measured by optical grating spectroscopy (OSA] AQ6317C, Ando Electric Co.
Ltd. [203]]) without the long-pass filter.
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Figure A.0.2: Power slopes and optical spectra of SUT2. Top, left: power slopes of SUT2. The results are color-coded
from blue to red according to the used seed power. The power slopes show a saturation pattern due to the generation of the
Er** The inset shows the longterm performance of the system with 8 mW seed power. Top, right: optical and radio-
frequency spectra at 633 mW output power (lasing threshold). Bottom, left: optical spectra in forward direction showing
the Er’* and Yb* Bottom, right: optical spectra in backward direction. The colors correspond to different output
power levels. The backward propagating@was measured at the idle port of the fiber splitter. The spectra were measured
with an optical spectrum analyzer AQ6317C, Ando Electric Co. Ltd.). The fiber coupling to the instrument was
optimized at 1556 nm.
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A.1 Amplifier slope and optical spectrum

The power slopes of SUT2 were measured with a thermopile power head (LM-10, Coherent Inc.) and
its affiliated data acquisition system (Fieldmaster, Coherent Inc., total accuracy of ~3 % [149]). The
acquired data was corrected for the 5.2 % signal loss through the long-pass optic and lens to represent
the output power at the fiber end. The power slopes plotted in Fig. showed a significant satu-
ration pattern, which was probably due to gain depletion through the Er’* which was apparent
in the optical spectra. It is hence only reasonable that further power scaling of SUT2 was limited by
parasitic lasing of the blue-sided Er** near 1536 nm as evident in the top right plot of Fig.
The lasing was also apparent in the radio-frequency spectrum at 28.05 MHz corresponding to a to-
tal round-trip length of 10.71 m, which roughly accords to twice the length of the gain fiber and the
passive fibers. A fit to the linear part of the power slope gave 27.14+0.8 % slope efﬁciencyﬂ which
deviated from the theoretical quantum limit of ~62.7 % for the pump and seed wavelengths of 976 nm
and 1556 nm. The slope efficiency was somewhat similar to the efficiency achieved with SUT1 and
also recovered to 34.741.7 % by increasing the seed input power to 322 mW. The maximum lasing-
free output power of SUT2 was 633 mWE] (19.0dB gain), and thus less compared to SUT1. SUT2
was operated over a period of 12h without any sign of power degradation as evident in the inset.
Further power scaling potential might be achievable by using a longer gain fiber. This would also
help to increase the overall efficiency of SUT2, although such was not of interest in this analysis.
The reduction of the threshold associated with a longer gain fiber would be acceptable in the
view of the achieved power levels and the theoretical @ threshold (see Sec. |A.2). The Yb3*
arose at relatively long wavelengths, i.e. ~1060 nm in forward direction and ~1080 nm in backward
direction, probably due to re-absorption in the seed-sided end of the gain fiber. More pump power
bleached the signal absorption and thus shifted the backward [ASE]|towards shorter wavelengths. The
Yb*t power was ~230 dB lower than the Er’* power; therefore, the Yb* was not the
reason for the decay of the slope efficiency. It must be noted, however, that the beam coupling to
the spectrometer was optimized at 1556 nm. Thus, the Yb>* power levels may be affected by
chromatic aberrations or the wavelength dependent properties of the fiber splitter leading to different
absolute power levels at the spectrometer input. The [PER|of SUT2 was 18.7 dB comparable to SUT1
pumped at 940 nm.

A.2 Relative intensity noise and stimulated Brillouin scattering

The of the free-running SUT?2 system is important to design the feedback loops required for
potential post-stabilization systems. Thus, the of SUT2 was characterized as described in the
following. The reflection from an 8° wedged glass window was aligned to an InGaAs photo de-
tector (PDA10CF-EC, Thorlabs Inc.ﬂ The power level of the reflected beam was attenuated by a
tunable neutral density filter wheel (NDC-50C-4, Thorlabs Inc.) to a constant Vpc ~ 9V DC-level
on the photo detector. The power spectral density of the beam’s AC-signal was analyzed by an elec-
trical spectrum analyzer instrument (SR785, Stanford Research Systems Inc. and E4440A, Agilent
Technologies Inc.) similar to Sec. [5.1.2] All spectra shown hereafter were averaged to eliminate
low-frequency fluctuations of the DC level. The rms noise level was also calculated by Eq. as
described in Sec.

The of the SUT2 system is shown in Fig.[A.2.1] The seed noise was notably damped by one
order of magnitude around tens of Hz. This damping behavior is typical for the Er**:Yb>* amplifica-

IReferring to the linear part of the power slope at 8 mW seed power.

2A maximum output power of 409 mW (19.1 dB gain) and 2.25 W (8.4 dB gain) was possible with 5 mW and 322 mW
seed power.

3The photo detector is sensitive in the wavelength regime from 800nm to 1700nm and for frequencies of up to
150 MHz [204].
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tion mechanism because of the effective high-pass behavior of the seed-to-output transfer function as
reported by Steinke ef al. [152]] and explains why the amplified beam showed a somewhat lower rms
noise than the seed at lower power levels. The comb-like pattern around hundreds of Hz originated
from the internal power stabilization of the seed laser. A peak appeared at 782.56 Hz that narrowed
down with increasing pump power; the peak probably arose from fluctuations of the Yb** power.
A more detailed discussion on the origin of that peak can be found in Chap.[6] The peak contributed
notably to the rms noise level of ~0.51 % making the resulting total noise larger than that of SUT1
with an rms noise level of ~0.32 %. Hence, the occurrence of the peak appears to be a disadvantage of
SUT2 when compared to the off-peak pumped SUT1 system. The peak near at 699.7 kHz originated
from the relaxation oscillation of the seed laser [56] as explained by Varona et al., who used the same
seed laser [56]]. The peaks at multiple of S0 Hz were a result of the electrical utility frequency but
contributed only insignificantly to the total rms noise of the output beam.
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Figure A.2.1: Radio-frequency spectra of SUT2. Left: spectrum up to 102.4 kHz. The inset shows the rms noise obtained
by integrating the power spectral density. Right: spectrum up to 75 MHz. The data were measured with an InGaAs photo
detector and E4440A instrument. The origin of the peak at 782.56 Hz is discussed in Chap. [6] The absence of excess noise
indicates @free operation of SUT2.

The approached the shot noise limit - depicted in the right plot of Fig. [A.2.T] as the dashed
line - up to ~50 MHz but was dominated by the dark noise of the photo detector at higher frequencies.
The relative shot noise level was calculated as in Sec.[5.1.2] All spectra coincided well at all power
levels without excess noise indicating that no was present at the studied power levels. This
conclusion is supported by the fact that no backward propagating Stokes peak was observed in the
optical spectrum. The theoretical threshold was calculated to be 28.93 W with Eq. (2.41)) using
Kg = 1.5, At = 36.3 um? (MFD = 6.8 um), Legr = 0.79 m (L = 3.5 m and 8 mW to 633 mW signal
evolution) and go = 5 x 10""'mW!, which significantly exceeds the power levels achieved herein
and supports the conclusion that no [SBS| was present at the studied power levels. This result is not a
considerable advantage against SUT1 because SUT1 also operated [SBS}Hree. It is also worth noticing
that no [SBS| mitigation technique was applied; thus, there is further potential for power scaling of
SUT2 in the view of

A.3 Summary

The amplifier system presented herein was pumped at 976 nm in backward direction using the cladding
pumping technique. The system was seeded by a commercial off-the-shelf fiber laser at 1556.55 nm.
The seed power was attenuated to 8 mW by a free-space power tuning stage. The system showed
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higher power levels than SUT1 from Sec. 5.1} which used the off-peak pumping technique. A
slope efficiency of 27.14+0.8 % was achieved deviating from the theoretical quantum limit of 62.7 %
for the pump and seed wavelengths of 976 nm and 1556 nm. The efficiency recovered by increasing
the seed power to 322 mW. Further power scaling was limited by parasitic lasing of the blue-sided
Er’* near 1536 nm. The of SUT2 was 18.7dB. The followed a damped high-pass be-
havior at hundreds of Hz as expected from the Er**:Yb3* amplification mechanism. A peak appeared
in the radio-frequency spectrum at 782.56 Hz contributing to the overall rms of the output beam. The
was close to the shot noise limit in the MHz regime and coincided well at all power levels. The
absence of any power dependent excess noise indicates [SBSHree operation of SUT2. This conclu-
sion is in agreement with the theoretical [SBS] threshold of 28.93 W. In conclusion, a single-frequency
backward cladding pumped amplifier at 976 nm can provide 633 mW (19.0dB gain) output power
with 8 mW seed input power without the onset of @ or lasing of the Yb3* and/or Er** There-
fore, this concept is regarded as moderately suited as a pre-amplifier, although it could not provide
the same or higher power levels as achieved with the SUT1 system pumped at 940 nm.
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Appendix B

Conventional pump strategy - core
pumping at 976 nm

The setup of the system shown in Fig. - also referred to as SUT3 - is described herein and
discussed in the following. The system was seeded at 1556.55nm by a commercial off-the-shelf
single-frequency free-space coupled fiber laser (RFLSA-2000-3-1556.55-UNL-PM-N, NP Photonics
Inc.). The seed laser - described in more detail in Chap. [6] - was derated to 1.69 W and further
attenuated by a combination of a tunable ) /2-rotator and a polarizing beam splitter cube. The coupled
seed power was monitored throughout the characterization process at the idle port of a wavelength
division multiplexer. Unless explicitly stated in the text, all results presented hereafter were obtained
by using 8 mW seed power. A second \/2-rotator was used to align the input polarization to the
axis of the fiber chain. Using free-space coupling between the seed laser and SUT3 made it possible
to use the seed laser without splicing and thus maintained the reusability of the device.
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Figure B.0.1: Setup of SUT3. The commercial off-the-shelf seed laser (RFLSA-2000-3-1556.55-UNL-PM-N, NP Pho-
tonics Inc.) was attenuated by a \/2-rotator and polarizing beam splitter (PBS) cube. The amplifier system consisted of an
in-house fabricated wavelength division multiplexer (WDM), purely Er** doped fiber (EDF50-PM EC, OFS Fitel LLC) and
pump diode (AC1409, Gooch & Housego Ltd.). The pump mechanism is illustrated on the right side and was implemented
with the core pumping technique.

SUT3 was pumped at 976 nm using the core pumping technique, which led to relatively short
fiber lengths. Thus, a co-propagating configuration of seed and pump light could be implemented
because [SBS| was not expected in this configuration. This avoided the necessity to remove residual
backward propagating pump light, which reduced the overall complexity of the system. A single-
mode 7/125 fiber-coupled laser diode (AC1409-0600-0980-PM, EM4 Inc., 540 mW at 980 nm)
operating at 298 K was used as a pump source. An in-house fabricated 2x2 fiber-fused wavelength
division multiplexer (custom, LZH e.V.) was used to combine the pump and seed light. The 1 m-long
purely Er** doped fiber (EDF50-PM E OFS Fitel LLC) was coiled on the optical table with a
diameter of 10 cm. The fiber length was optimized in a cut-back experiment to correspond to 90+1 %

!The fiber has an elliptically shaped core and a mode-field diameter of 5.4 um at 1530 nm [203].
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pump light absorption. The fiber was much shorter than the fiber used for the 940 nm pumped SUT1
thanks to the 976 nm pump wavelength and use of the core pumping technique. The end of the gain
fiber was cleaved with an angle of 8° to suppress optical feedback from Fresnel reflections. The
output beam was collimated by an f = 8.0 mm lens (C240TME-C, Thorlabs Inc.). The residual
pump light was filtered with a dichroic long-pass optic (DMLP1180, Thorlabs Inc.).

B.1 Amplifier slope and optical spectrum

The power slopes of SUT3 were measured with a thermopile power head and its affiliated data acqui-
sition system (LM-10 and Fieldmaster, Coherent Inc.). The optical spectra referred to hereafter were
measured by optical grating spectroscopy (AQ6317C, Ando Electric Co. Ltd.). The power slopes
plotted in Fig. [B.1.1| showed a mild saturation pattern probably due to pump saturation. Gain deple-
tion through the Er’* was ruled out because the Er** @ power levels showed a linear behavior
at the investigated power levels as evident in the inset of Fig. m moreover, the Er’* power
levels were generally much lower for example compared to SUT2. Nevertheless, the relative
power levels were still somewhat higher compared to SUT1, which was pumped at 940 nm, making
the pump configuration used for SUT3 disadvantageous with respect to the Er** No statement,
however, can be made on the backward directed Er’* of SUT3 due to the system’s lacking ac-
cessibility to the backward propagating power. It must be noted that the different [ASE| power levels,
albeit depending on the used pump strategy, might also have originated from spectroscopic differ-
ences of the used fibers. The maximum achievable output power was 141 mW (12.5 dB gain) limited
by available pump powelﬂ Linear fitting of the power slope found 30.44-0.8 % slope efficiency, which
is less than the theoretical quantum limit of ~62.7 % for the pump and seed wavelengths of 976 nm
and 1556 nm. The same shortcoming was observed with the 940 nm pumped SUT1. The different
efficiencies of the power slopes at 5 mW and 8 mW, however, suggest that this shortcoming can be
recovered by increasing the seed input power. The [PER|of the system was 25.8 dB; thus, the was
comparable to the SUT1 system pumped at 940 nm.
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Figure B.1.1: Power slopes and optical spectrum of SUT3. Left: power slopes of the system showing that the efficiency
declined at higher output powers due to pump saturation. The different slope efficiencies at 5 mW and 8 mW suggest that
the efficiency can be recovered by using sufficient seed power. Right: forward directed optical spectrum measured with
AQ6317C (Ando Electric Co. Ltd.) at different output power levels from 17 mW to 141 mW. The relative [ASE]power levels
of SUT3 were higher compared to the SUT1 system presented in Sec. @

2A maximum output power of 125mW (11.9 dB gain) was achieved by using 5 mW seed power.
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B.2 Relative intensity noise and stimulated Brillouin scattering

The of a free-running laser system is required for the design of the servo loops for potential
post-stabilization systems. The of SUT3 was therefore characterized similar to Sec. in the
following way. The output beam was pointed to an InGaAs photo detector (PDA10CF-EC, Thorlabs
Inc. The laser power was attenuated by neutral density filter glasses and a tunable neutral density
filter wheel (NDC-50C-4, Thorlabs Inc.) to correspond to =9 V on the photo detector. The power
spectral density of the AC-signal was obtained with the electrical spectrum analyzer E4440A (Agilent
Technologies Inc.). Each power spectral density curve shown hereafter is the result from averaging
over hundred individual spectra to eliminate low-frequency power fluctuations. The relative shot
noise level was calculated from Vpc = 9V and the detector’s transimpedance gain 7' = 1 x 10* VA'!
as in Sec. t0 be 1.88x 108 Hz /2.

The peak at 699.7 kHz resulted from the re-
laxation oscillation of the seed laser as explained

. Output power

by Varona et al. [56]. The was dominated _ 17mwW 106mW]
by the dark noise of the photo detector above 107 —— 38mW 119mW|

~50 MHz, which limi h 1 r 3 ——55mW  —— 130mW|
50 , whic ted the detectable power 3 SsmW 130mw
noise. Nevertheless, no excess noise was ob- < i 91mW Dark

served that is a clear indication that no o 10°
was present in SUT3 at the power levels stud-
ied herein. This result is indeed anticipated be- i
cause the fiber length used herein was as short 10" \Shot Abise
as ~20 % of the length that was used for SUT1,
which also operated free of furthermore, e arrer AV A e
the power levels herein were also much lower.
No statement can be made on the presence of
backward propagating Stokes scattering due to
the unavailability of the optical spectrum in Figure B.2.1: Radio-frequency spectrum of SUT3. The spec-
backward direction. The theoretical [SBSIthresh-  {rum was measured with InGaAs photo detector and E4440A
old was calculated to be 43.89 W according to instrument. The absence of excess noise at MHz frequencies
Eq. using Kg = 1.5, Agr = 229 me indicated that SUT3 operatedfree.

(MFD = 5.4um), Leg = 0.33m (L = 1.0m

and 8 mW to 141 mW signal evolution) and g9 = 5 X 10" " mW!; thus, the theoretical thresh—
old is much larger than the investigated power levels. This supports the conclusion that no was
present. The absence of however, is not a considerable advantage against the 940 nm pumped
SUT!1 system because SUT1 also operated SBS}Hree. It is worth noticing that no[SBS|mitigation tech-
nique was used so that SUT3 has much more power scaling potential in the view of Albeit no
characterization of the power noise is available in the low-frequency range for this particular system,
the Albert-Einstein-Institute found excellent noise properties of less than ~10°° Hz "'/ in this regime
by investigating a resembling system developed by the LZH e.V. [145]], i.e. similar seed power levels
and implemented with the same gain fiber.

RIN (

B.3 Summary

The amplifier presented herein, denoted as SUT3, was core pumped at 976 nm in co-propagation
configuration. The setup was seeded by a commercial off-the-shelf single-frequency fiber laser at
1556.55 nm with 8 mW seed power obtained by free-space attenuation of the laser beam. The sys-
tem showed somewhat higher power levels than SUT1 from Sec. which used the off-peak

3The detector is sensitive in the wavelength regime from 800 nm to 1700 nm and frequencies up to 150 MHz [204].
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pumping technique. The power slopes showed a mild saturation pattern due to pump saturation. Gain
depletion through the Er** was ruled out because the Er** power levels showed a linear behavior
and were generally low. The maximum achievable output power was 141 mW (12.5dB gain) with
30.4+0.8 % slope efficiency; further power scaling was limited by the available pump power. The
of the system was 25.8 dB, which was similar to that of SUT1. The noise spectrum indicated
that SUT3 operated free of Albeit no characterization of SUT3’s power noise is available for the
low-frequency regime, the Albert-Einstein-Institute found excellent noise properties by investigating
a similar system developed by the LZH e.V. Nevertheless, power scaling into the W range is not ex-
pected with SUT3; therefore, the system is assessed as not suited as a pre-amplifier for a[GWD]laser
source.
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Appendix C

Conventional pump strategy - core
pumping at 1475 nm

The setup of the system characterized herein - also referred to as SUT4 - is shown in Fig. [C.0.1]and de-
scribed in the following. The system was seeded at 1556.65 nm by an InGaS/InP multi-quantum-well
laser diode with integrated distributed feedback structure (AA1401, Gooch & Housego Ltd., 60 mW,
sub-MHz linewidth, spectrum in Sec.[5.1I). The diode was protected from back reflections by a fiber-
based optical isolator (OI, I0-J-1550, Thorlabs Inc.). A fiber-fused 2x2 fiber splitter (PN1550R1A2,
Thorlabs Inc., 1 % splitting ratio) allowed throughout monitoring of the seed power amid operation.
The amplifier system was pumped at 1475 nm leading to a quantum defect of only ~5.2 %. Further-
more, the core pumping technique was used, which led to relatively short fiber lengths without the risk
of occurring. A single-mode fiber-coupled laser diode (AF4B140CD75L type C, Anritsu Corp.,
400 mW at 1475 nm) with built-in isolation was used as a pump source. A 2x2 fiber-fused wavelength
division multiplexer from SIFAM Fibre Optics Ltd. was used to combine the pump and seed light. The
1.5 m-long 11/125 Er’*:Yb codoped triple-clad fiber (TCF1500Y(11/125)HD, Fibercore Ltd.) was
coiled on the optical table with 10 cm diameter; the fiber length corresponded to 10 dB pump absorp-
tion. It must be noted that the fiber was a non{PMI fiber and must be substituted with a suitable
fiber if SUT4 is integrated as a pre-amplifier in the laser. The output end of the gain fiber was
cleaved with an 8° angle to suppress feedback from optical Fresnel reflections. The output beam was
collimated by an f = 8.0 mm lens (C240TME-C, Thorlabs Inc.) and filtered from residual pump light
by a dichroic long-pass optic (FF01-1535/LP-25, Semrock Inc.).

TCF1500Y(11/125)HD
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I13/2
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AA1401

o

4
I15/2
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1556nm

Figure C.0.1: Setup of SUT4. The system was seeded by a distributed feedback laser diode (AA1401, Gooch & Housego
Ltd.). The diode was protected by an optical isolator (OI, I0-J-1550, Thorlabs Inc.). The seed power was monitored through
a 2x2 fiber splitter (FS, PN1550R1A2, Thorlabs Inc., 1 % splitting ratio). A single-mode diode (AF4B140CD75L, Anritsu
Corp.) was used as a pump source. The pump and seed powers were combined by a 2x2 wavelength division multiplexer
(WDM, SIFAM Fibre Optics Ltd.). A 1.5m-long 11/125 Er**:Yb** codoped triple-clad fiber (TCF1500Y(11/125)HD,
Fibercore Lid.) was used; the fiber was non{PM] The pump mechanism is illustrated on the right and exploits the core
pumping technique.
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C.1 Amplifier slope and optical spectrum

The power slopes of the system were measured with a thermopile power head (3A-FS, Ophir Op-
tronics Solutions Ltd.) and its affiliated data acquisition system (Pulsar-4, Ophir Optronics Solutions
Ltd.). All results presented hereafter were obtained with 8 mW seed power if not noted otherwise.
SUT4 performed with the lowest Er** power levels (see Fig. out of all systems investi-
gated in this work. It must be noted that these low [ASE]| power levels - albeit depending on the used
pump strategy - might also have originated from spectroscopic differences of the used fibers. The
power slopes plotted in Fig. [C.I.1] showed a linear behavior at the power levels investigated without
notable saturation. The maximum output power was 159.5mW (8 mW seed power, 13.0dB gain)
limited by available pump power. Linear fitting found 44.51+0.5 % slope efficiency, which increased
to 52.6+0.4 % with 25 mW seed power. This was the highest efficiency of all tested systems and in
particular higher compared to SUT1. This is especially astonishing considering that the used fiber has
the largest mode-field area of all studied fibers, which led to the lowest seed intensity; the quantum
defect, however, was only ~5.2%. The output beam was polarized with an extinction ratio of 21.0 dB,
which is a fairly good result given that a non{PM]fiber was used. These findings and the low quantum
defect suggest that the system has far more power scaling potential.
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Figure C.1.1: Power slopes and optical spectra of SUT4. Left: the power slopes show a linear behavior; the slope efficien-
cies were the highest out of all systems investigated in this work ranging from 44.540.5 % to 52.640.4 %. Right: optical
spectra of the Er** power measured with optical spectrum analyzer AQ6317C, Ando Electric Co. Ltd.). The
Er** |ASE|power levels were the lowest of all SUTS.

C.2 Relative intensity noise and stimulated Brillouin scattering

The of SUTH4 is an important characteristic for the design of potential post-stabilization systems.
Thus, the output beam of SUT4 was attenuated by a set of fixed and tunable neutral density filters
and pointed to an InGaAs photo detector (PDA10CF-EC, Thorlabs Inc.) connected to a spectrum
analyzer instrument (E4440A, Agilent Technologies Inc.). All spectra shown hereafter are the result
of averaging over hundred individual spectra to eliminate low-frequency fluctuations of the DC-level.
The system herein showed the lowest[RIN]levels in the low-frequency range of all[SUTS| particularly
somewhat lower than the RINJof SUT1, which is probably a consequence of SUT4’s low [ASE]levels.
Thus, the system herein proved promising in terms of its noise properties. The rms level of the beam’s
power noise was calculated as in Sec. the rms noise was 0.14 %o at maximum output power and
therefore the lowest of all The narrow peak(s) at (multiple of) 50 Hz matched the utility
frequency and originated probably from the electronics. Additional noise, however, was observed up
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to ~10kHz at low output power levels. The peaks between ~10 kHz and ~20 MHz were also present
in the spectrum of the seed diode.

The relative shot noise was calculated as in Sec. to be 2.83x 108 Hz /2. No excess power
noise was observed in the MHz range that indicated [SBS}ree operation of the system, although the
power noise was somewhat limited by the dark noise of the photo detector towards higher frequencies.
The absence of [SBS|ties well with the theoretical[SBS|threshold of 121.22 W calculated by Eq. (2.41)
with Kg = 1.5, Aer = 91.6 me (MFD = 10.8um), Legg = 0.48m (L = 1.5m and 8 mW to
159.5 mW amplification) and gg = 5 X 10""mW-!. Therefore, SUT4 also showed further power
scaling potential with respect to
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Figure C.2.1: Radio-frequency spectra of SUT4. Left: spectrum up to 102.4 kHz. The inset shows the rms noise obtained
by integrating the power spectral density. Right: spectrum up to 100 MHz. The data were measured with an InGaAs photo
detector and E4440A (Agilent Technologies Inc.) spectrometer. The absence of excess noise indicates @free operation.

C.3 Summary

The system investigated herein was pumped in co-propagation direction at 1475 nm by using the core
pumping technique. The system was seeded by a distributed feedback laser diode (AA1401, Gooch
& Housego Ltd.) at 1556.65 nm with sub-MHz linewidth. The system performed with the lowest Er3*
[ASE power levels out of all systems studied in this work. The maximum output power was 159.5 mW
with 44.51+0.5 % slope efficiency; further power scaling was limited by available pump power. SUT4
showed the highest efficiency of all tested systems. Furthermore, SUT4 proved promising in terms of
its noise properties without excess noise in the MHz range that indicates that the system operated[SBS}
free. This ties well with the theoretical power threshold of 121.22 W. This pumping strategy is
therefore highly interesting for a pre-amplifier, although it could not provide the same or higher power
levels as achieved with the SUT1 system pumped at 940 nm because of the limited pump power.
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Appendix D

Conventional pump strategy - core
pumping at 1530 nm

The setup of the system presented herein - also referred to as SUTS - is shown in Fig. The sys-
tem was seeded at 1556.65 nm by an InGaS/InP multi-quantum-well laser diode with distributed feed-
back structure (AA1401, Gooch & Housego Ltd., 60 mW, sub-MHz linewidth, spectrum in Sec. .
The optical isolator protected the laser diode from spurious back reflections. The 2x2 fiber splitter
(1 % splitting ratio) allowed monitoring of the coupled seed power during operation of the system.
The system was pumped at the absorption maximum of Er** around 1530 nm by using the core pump-
ing technique. An in-house developed monolithic fiber laser was used as a pump source; more details
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Figure D.0.1: Setup of SUTS. The pump laser was in-house fabricated from an TC1500Y(11/125)HD fiber and two
fiber Bragg gratings with 99.997 % and 5 % reflectivity near 1530 nm. The pump laser was pumped at 915 nm through a
signal-pump-combiner (SPC) and the residual pump light was removed by a cladding-light-stripper (CLS). The amplifier
was seeded by a laser diode (AA1401, Gooch & Housego Ltd.). The wavelength division multiplexer (WDM), which was
spliced to the Er** doped fiber (Er80-8/125, nLight Inc.), combined the pump and seed light. The 2x2 fiber splitter (FS, 1%
splitting ratio) allowed throughout monitoring of the coupled seed power. The pump mechanism is illustrated on the right
using the core pumping technique.

can be found in reference [206]. A 4.2 m-long piece of the 11/125 Erlt:Yb* doped triple-clad fiber
(TC1500Y(11/125)HD, Fibercore Ltd.) was coiled on a water-cooled aluminum cylinder with 12 cm
diameter. The fiber was pumped by a 105/125 fiber-coupled laser diode at 915 nm (K915FA5SRN-
70W, BWT Beijing Ltd., 70 W at 915 nm) through a (2+1)x1 signal-pump-combiner. The laser process
was enforced by two fiber Bragg gratings (P59272 and P325509, TeraXion Inc., 99.997 % and 5 %
reflectivity near 1530 nm). The residual pump light was removed by a CO, laser micro-structured
cladding-light-stripper. The pump laser provided 15.7 W single-mode output power at 1530 nm with
42.54+1.0 % slope efficiency. The power stability of the pump laser was successfully tested over a 3h
period. The pump and seed light was combined by an in-house fabricated fiber-fused 2x2 wavelength
division multiplexer. A 1.5m-long 8/125 Er** doped fiber (Er80-8/125, nLight Inc.) coiled on an
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aluminum cylinder with 10 cm diameter was used as a gain fiber. The fiber was a non{PM| fiber and
must be substituted by a suitable PM] counterpart if the system is integrated in a[GWD]laser source.
The fiber ends were either terminated with FC/APC connectors or cleaved with an angle of 8° to
suppress optical feedback from Fresnel reflections. A long-pass optic (FF01-1535/LP-25, Semrock
Inc.) was used to filter residual pump power.

D.1 Amplifier slope and optical spectrum

The power slopes of the system plotted in Fig. [D.I.1] were measured with a thermopile power head
(BA-FS, Ophir Optronics Solutions Ltd.) and its affiliated data acquisition system (Pulsar-4, Ophir
Optronics Solutions Ltd.). The achievable output power was limited by pump saturation at 119 mW
(11.7dB gain) with 25.84+1.2 % slope efﬁciencyﬂ Therefore, further optimization of the fiber length
is required. The slope efficiency was one of the lowest of all systems investigated in this work and
far off the theoretical quantum limit of ~98 % for the used pump and seed wavelengths. This was a
consequence of the quasi 2-level structure of the Er’* energy levels and the almost identical emission
and absorption cross-sections (0721 /012 ~ 0.93) at 1530 nm. This limited the achievable inversion
to ~50 % and poses a fundamental drawback of this pumping strategy. This shortcoming could be
remedied with increasing seed power but did not recover for the seed power levels investigated herein.
Additionally, parasitic lasing was observed in the optical spectra at 1561.40 nm at all power levels
probably because of insufficient isolation between the amplifier and the pump laser. The lasing was
also apparent in the radio-frequency spectrum at 18.64 MHz corresponding to a total round-trip length
of 16.09 m; the total length of the fiber chain i.e. half the round-trip length was ~8 m. The parasitic
lasing probably originated from a spurious reflection from a fiber component or splice inside the
pump laser chain. Adding an optical isolator between the pump laser and the amplifier could solve
the lasing issue; however, further investigations were not performed due to the prospective poor power
scalability of SUTS. The[PER|of SUTS5 was 6.0 dB confirming that the use of a[PM|fiber is necessary.
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Figure D.1.1: Power slope and optical spectra of SUTS. Left: power slopes and residual pump power showing strong
pump saturation particularly notable at lower seed power. This shortcoming did not recover with the seed power levels
investigated in this work. Right: optical spectra in forward and backward direction. Parasitic lasing was observed in the
optical spectra at 1561.40 nm at all investigated power levels. The relative [ASE] power levels were higher compared to
SUT1, which is presented in Sec. @ The grey curve is the optical output spectrum of the pump source.

"Maximum output powers of 81 mW (10.1 dB gain) and 167 mW (13.2 dB gain) with 21.24-0.8 % and 33.14-1.4 % slope
efficiencies were achieved with 5 mW and 10 mW seed power.
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D.2 Relative intensity noise and stimulated Brillouin scattering

The [RIN|of SUT5 was characterized in the following way. The beam was attenuated by a set of fixed
and tunable neutral density filters and focused on an InGaAs photo detector (PDA10CF-EC, Thor-
labs Inc.). The photo detector was connected to one of two spectrum analyzer instruments (SR785,
Stanford Research Systems Inc. and E4440A, Agilent Technologies Inc.). The spectra shown hereafter
were obtain by averaging to equalize low-frequency fluctuations of the DC-level. The rms noise level
was calculated by Eq. (5.1)) as described in Sec.[5.1.2]

The radio-frequency spectra depicted in Fig.[D.2.T|showed severe rms noise of ~3.60 % at 119 mW
output power and numerous peaks around 100 Hz as a consequence of the parasitic lasing process,
which was observed in Sec. The peaks at multiple of 18.64 MHz can also be explained by the
lasing process. The relative shot noise depicted as a dashed line was calculated as in Sec. [5.1.2] to
be 2.83x 108 Hz 2. The laid significantly above the shot noise level; thus, any noise caused by
[SBS] might not be detectable. However, the theoretical [SBS] threshold was calculated by Eq. 2.41) to
be Py = 86.16 W with Kg = 1.5, Aegr = 70.9 um? (MFD = 9.5 um), Legr = 0.52m (L = 1.5m and
8 mW to 119 mW signal evolution) and gy = 5 X 10""mW-!. Therefore, it is reasonable to assume
that the system operated free of this assumption is consistent with the results from Appendices
[Alto[Cland Sec.[5.11

Nonetheless, the noise characteristics of SUTS5 were not compliant with the requirements of a
laser system. The excessive noise was probably caused by missing optical isolation between
SUTS and the pump laser. This shortcoming was therefore probably of technical origin and indepen-
dent of the investigated pump strategy. The shortcoming was not remedied because of SUT5’s lack
of prospective power scalability.
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Figure D.2.1: Radio-frequency spectra of SUTS. Left: spectrum up to 102.4 kHz. The inset shows the rms noise obtained
by integrating the power spectral density. SUT5 showed the highest [RIN] of all which was probably caused by
missing isolation between the pump laser and the amplifier. Right: spectrum up to 100 MHz. The excess noise obstructed

any noise originating from

D.3 Summary

The system investigated herein was pumped at 1530 nm in co-propagation direction by an in-house
assembled pump laser and by using the core pumping technique. The pump laser was implemented
with a 4.2 m-long Er**:Yb3* doped triple-clad fiber pumped by a 105/125 fiber-coupled laser diode
at 915 nm and fiber Bragg gratings with 99.997 % and 5 % reflectivity. The system was seeded by
a distributed feedback laser diode (AA1401, Gooch & Housego Ltd.) at 1556.65 nm with sub-MHz
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linewidth. A maximum output power of 119 mW (11.7 dB gain) and a slope efficiency of 25.84+1.2 %
was achieved. The [PER] was only 6.0 dB probably owed to the use of a non{PM]fiber. Parasitic las-
ing was observed in the optical spectra at 1561.40 nm, which caused considerable noise; the noise
obstructed the detection of any noise originating from Nevertheless, it was concluded from the
theoretical [SBS|threshold that the system probably operated[SBS}Hree. Albeit SUT5’s technical short-
comings, e.g. missing isolation and non{PM]fiber, may be remedied, the pump strategy is unsuited to
be used in a[GWD]laser system because of its low power scaling capability, particularly compared to
the SUT1 system pumped at 940 nm.
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Appendix E

ASE transients and mapping functions

Fig. shows the Er** and Yb3* (if applicable) transients of FUT2 and FUT3. The bot-
tom right plot shows the relative deviation of each mapping function (see color code) versus rela-
tive change of doping concentrations or fiber length. For example, a black data point at (z,y) =
(1.1,2.8 %) means that the mapping function f; (black) deviates by 2.8 % when the fiber length
changes by 10 %. The mapping functions are shown in Fig. [E.0.2]
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Figure E.0.1: Top, left: Yb** transients of FUT2. Top, right: Er** transients of FUT2. Bottom, left: Er**
transients of FUT3. Bottom, right: relative mean deviation of the six mapping functions f; under variation of decisive
simulation parameters such as the Yb* and Er** doping concentrations or the fiber length. The colors correspond to the
parameter that was varied. For example, the purple curve corresponds to the mean difference of f; under variation of the
Yb** doping concentration. The mean deviation is zero if no parameters are changed, namely (z + Az)/z = 1.0.
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Appendix F

Thermal effects in phosphosilicate fibers

The following presents the thermal degradation of two Er**:Yb** doped phosphosilicate fibers. The
test setup is shown in the inset of Fig[F.0.1} Samples from a single-mode fiber (TC1500Y(6/125)HD,
Fibercore Ltd.) and@ﬁber (IXF-2CF-EY-PM-25-250, iXblue S.A.S.) of 1 m and 0.5 m length were
tested. The fibers revealed 12.3 wt% and 11.8 wt% of P by energy dispersive X-ray spectroscopy,
respectively. Furthermore, 2.8 % of Al was found in the LMA] fiber; the single-mode fiber showed
no evidence of Al. The test fibers were contacted with thermal grease on a 300 °C heat plate (PZ-28-
1T, Harry Gestigkeit GmbH). The light from a commercial off-the-shelf fiber laser (RFLSA-2000-
3-1556.55-UNL-PM-N, NP Photonics Inc.) with 1.25 W at 1556.55 nm was launched into the test
fibers. The laser was connected via FC/APC connection to maintain the operability of the device.
The transmitted power was recorded with a 3A-SH power head and the affiliated Pulsar-4 (Ophir
Optronics Solutions Ltd.) data acquisition device. A mode-field-adapter was added for the [LMA]
fiber to only excite the fundamental mode in that fiber. The coupling to the fundamental mode was
prone to be affected by external thermal influences; the measurement period of the LMA] fiber was
therefore limited to a =5 h window where the temperature was constant within the day-night cycles of
the laboratory’s climate control system. Instead, the experiment with the fiber was performed
thrice to increase its conclusiveness. Any spurious cladding light was reduced by embedding the fiber
tips in high-index liquid. The fiber ends were slanted with an 8° angle to prevent optical feedback
from Fresnel reflections. The test setup was placed in an aluminum enclosure for environmental
shielding.

101
100 RFLSA-2000 Heati4g plate
T = | T-300°C — -0.13%=0(01 per h
96 A 100
IS S
& S
92 W N 99
-4 Exponential fit 1E ti K
A =(10.8451.28)%| | T=Ax€™C - mang /
|B =(0.10£0.02)d" 1—# -0-16+0.011% per h 0.28+0.01% per h
C = (87.92+1.40)% —#3
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0 3 6 9 12 0 1 2 3 4

Figure F.0.1: Normalized throughput power of test fibers. The test setup is shown in the inset. The fibers were heated
to 300 °C during the measurement period. Left: measurement with TC1500Y(6/125)HD fiber. Right: measurement with
IXF-2CF-EY-PM-25-250 fiber (repeated thrice).
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A growing power loss was observed while heating; an exponential fit to the transmittance gave
a decay constant of B = 0.10 4 0.02d"! for the single-mode fiber i.e. a loss of 0.02 % to 0.04 %
per hour. The loss rate was somewhat similar to Fig. where ~0.05 % and ~0.01 % loss per
hour was found for the Nufern and iXblue fibers, respectively. It must be added, however, that a
direct comparison to Fig. is obstructed due to unknown parameters such as the absolute core
temperatures and/or the thermal distribution.

The power through the fiber decreased immediately after heating by ~15 % (not shown),
which can be explained by the well-known increase of the Er’* absorption cross-sections around
1.55 um at high temperatures [207]. The transmittance was approximated by linear fitting (no expo-
nential fit for fiber) because of the short measurement period. The linear fit revealed a power
loss of 0.134+0.01 % to 0.28+0.01 % per hour.

The growing power loss can be explained by the heat-induced formation of P1 type color centers
(PO3%7) from phosphorous oxygen hole centers (POHC, PO,2~ [187]). This mechanism is supported
by the well-known existence of POHCs in X- or «y-ray irradiated phosphorous doped silica [188]].
The absence of Al made in fact the single-mode fiber particularly prone to POHC precursors [191];
nonetheless, a lower loss rate was found for that fiber. Both magnitude and time scale of the power loss
tie in well with the observations from Chap. [6] This suggests that - if the underlying loss mechanisms
were the same - the fiber cores in Chap. [0 exhibited severe temperatures despite the vigorous cooling
approach. The results reinforce the proposed loss mechanism; further spectral analysisE] can likely
provide additional support for this theory.

!The absorption of POHCs is centered around 540 nm; the absorption of P1 type color centers is centered around
1620 nm [190].
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Appendix G

Miscellaneous

Table G.1: Comparison of alternative gain fibers at 50 W output power.

Fiber PLMA-EYDF-25P/300-HE  IXF-2CF-EY-PM-25-250

Pump absorption at 915 nm 2.9dBm™! 3.6dBm’!

Length 45m 42m

Mode-field radius at 1.55 pm 10.2 um 10.4 um

Seed source RFLSA-2000-3-1556.55-UNL-PM-N

Seed power 0.95W 0.92W

Slope efficiency Pristine: 46.4+0.5 % Pristine: 44.2+0.4 %
Longterm: 39.61+0.6 % Longterm 42.2+0.4 %

PER 6.4dB to 12.3dB 15.2dB to 20.7dB

Er** to carrier Pristine: 48.59 dB Pristine: 51.16 dB

Longterm: 50.82 dB Longterm: 51.54 dB
Yb** |ASE] to carrier Pristine: 60.02dB Pristine: 42.19 dB

Longterm: 58.77 dB Longterm: 39.88 dB

Stimulated Brillouin scattering

Calculated threshold
rms noise
Fundamental mode content

free
184.60 W 208.89 W
~0.1 % ~0.2 %
73.0 % 94.6 %
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L 1 0.2mm

Figure G.0.1: X-ray microscopy image of fiber splice between the PLMA-EYDF-25P/300-HE (top) and PLMA-GDF-
25/300 (bottom) fibers. Left: cross-sections through the zy-plane confirming the accurate alignment of the stress rods.
Right: cross-sections through the xz-/yz-plane. The bright region is the fiber pedestal.

Figure G.0.2: Corning-7980-0F glass window spliced to the PLMA-EYDF-25P/300-HE fiber with a CO2 laser.
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