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ADVANCED TECHNIQUES OF CHARACTERISATION FOR
HIGH POWER FIBRE LASERS AND AMPLIFIERS
By Vincenzo Scarnera

We present advanced techniques to optimise splices between dissimilar fibres and to
characterise High Power Fibre Lasers (HPFL). Developed in an industrial context of volume
manufacturing and supported by academia, these techniques aim to improve HPFL efficiency
and stability, understand causes of failure, increase the yield on the production line and deliver

working prototypes in shorter times.

An innovative high power test-kit has been purposely built to perform advanced
characterisation on HPFLs and amplifiers. The high power test-kit can concurrently record data
from a multitude of sensors connected to various parts of the laser whilst conditioning the
pump power in continuous wave or pulsed regime. Concurrent data logging has allowed
unveiling failure’s mechanisms and has given us precise clues on how to resolve instability and
efficiency related problems. An innovative non-destructive technique has been invented to
resolve, along the active fibre length and during high power operation, quantities such as

pump absorption, atomic inversion, signal power and non-linear effects evolution.

Splicing of the various components composing the optical systems plays a very important role,
especially when splicing dissimilar fibres inside the laser cavity. An S? (Spatial and Spectral)
test-kit has been developed with the intent of optimising splices. The S?test-kit allowed us to
measure the modal excitation of multimode fibres in presence of SM-MM splices. We have
experimentally discovered, repeatedly re-produced and theoretically justified the existence of
an optimal splice between SM and diffusing MM fibres. Application of the so called optimal
splice has proven to lead to measurable and positive effects in terms of HPFL’s performance.
The splice optimisation criterion seems quite counterintuitive and contradicting some common

beliefs related to fundamental mode excitation in multimode fibres.

The optimal splice discovered in this work is now adopted in the mass production cycle of

lasers at SPI Lasers.
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1 Introduction

In the introduction of this thesis, we review some key concepts related to the
technology and physics of HPFLs, namely optical fibore modes, pumping schemes, doping
schemes and non-linear effects. The salient applications of HPFLs will follow. Finally, we will
describe what motivates our efforts trying to place our work in the complex work of HPFLs

design and power scaling.

1.1 The topic area

1.1.1 Optical fibre modes

Any electromagnetic field propagating into an optical fibre can be expressed as a
weighted sum of modes. Fibre modes are the eigen-solutions of the Maxwell’s wave
equation, resolved with opportune boundary conditions in the optical fibre. Generally
speaking, we resolve the Helmholtz scalar equation, obtained by separation of the spatial
and temporal variables from the Maxwell’s wave equation [1]. The electric field of a mode

of order y is represented as:

E,(x,y,2,t) = E,(x,y)e” L (©t=Fy?) (1.1)

Modes depict a transversal distribution of field E, (x,y) propagating unchanged along the
fibre axis (z), with angular frequency w = 2mf and propagation constants f8,. The number
of guided modes is finite. From a ray optics point of view, modes are the resultant power
distribution of rays trapped into the optical fibre. Trapping of the rays is due to the total
internal reflection occurring at the interface between the core and the cladding. For this to
happen, the index of refraction of the core n; must be bigger than that of the cladding n,.
It can be shown that each mode corresponds to a set of rays forming a predefined angle

9y with the axis fibre.
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Figure 1. Mechanism of total internal reflection in step optical fibres.

In this view of reflecting rays resides the significance of the effective index of refraction
n]‘iff for a mode. Given the core index of refraction of the core n., the propagation

constant 8, for a mode is expressed as:

2n 2n (1.2)
By = - e cos(6,) = - ngff
This defines n¢f = n. cos(6,) . The phase velocity of the mode is therefore:
p_®w_ € (1.3)
Vy = B neff
¥

The higher the order of the mode y, the higher the inclination of its rays 6,.. Given a step

index fibre, the number of modes guided can be inferred by consulting the normalised

dispersion chart.
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Figure 2. Normalised dispersion curve for a step index optical fibre. Taken from [1]




Figure 2 depicts the so called dispersion curve of a step index fiber. Although in this work
we will not use only step index fiber, the consideration made on figure 2, taken from [1]

still apply. In figure 2, the x axis is represented by the normalised frequency V, defined as

21 (1.4)
V= - /n% —n3

The quantity m is defined as Numerical Aperture (NA). NA is related to the critical
total reflection angle at the interface between core and cladding; this ultimately limits the
number of modes guided by the fibre. NA also represents the maximum inclination an
incoming ray can have when entering the fibre, to be subsequently guided therein. In (1.4)
T is the core radius and A is the wavelength. In Figure 2, the y-axis, called 'b’, is a

normalised version of 8 defined as:

) ngff — n% (1.5)
T n2 —p2
1 2
eff

When the ‘b’ parameter for a mode is high, it simple means thatn,’” is close to n, ; in this

Y

case the mode propagates for most of the time in the core of the fibre and it is well guided.
Viceversa, if ‘b’ approaches zero, it means that nsz is close to n, ; in this case the mode
propagates most predominantly outside the core. Finally, if ‘b ‘equals zero (i.e. the curve
does not exist), it just means that mode is no longer guided; its rays are too oblique to
undergo total internal reflection, and mode leaks its energy outside the core. From Figure
2, it can be seen that the number of supported modes depends on the value of V. If V is
smaller than 2.4048, fibre guides only one mode (SMF) as there is only one curve. It can be
shown that bending the fibres perturbs the field distribution of the modes and shifts their

‘b’ parameter toward zero [2]. Therefore, bending a fibre can be a way to filter out modes.



0.8 - —
LPO1
0.6 - _—
LP11
o ///—'
0.4 4 LP21
0.2 4
D T T T T
0 1 2 3 4 5

Effective Bend Radius {¢m)

Figure 3. Normalised propagation constant ‘b’ versus bend radius for a multimode fibre. [inspired by 2]

From Figure 3 it can be seen that the fundamental mode (LPO1, in blue) is the most
resilient to bends as its ‘b’ parameter curve is above the other modes (LP11s, LP21s) and
that the first modes to be leaked out upon progressive bending will certainly be those with
higher order. In this work we will use Active Fibres (AF) with V numbers at least equal to 6,
so guiding at least 6 modes or more. The maximum An of our fibres is in the order of 2x1073.
If An is small (An ~ 10°3), the so called linearly polarised (LP) solutions can be calculated[3].
In this approximation, the polarization of the field lays on the transversal x, y plane of the
fibre and does not have any component along the fibre axis z. The appearance of the
intensity of the LP modes |E, (x, y)|? is shown in Figure 4. In the LP nomenclature (LPy,), the
‘I’ number is the azimuthal number and the ‘p’ number is the radial number. The azimuthal
number is the number of axis the modes has around its circumference, whilst the radial

number is the number of zeros the mode has along its radius.

o

Figure 4. LP modes shape (Intensity) calculated for a generic multimode step index fibre.



1.1.2 Pumping schemes.

In the 1988 E. Snitzer developed a “cladding pump” pumping scheme able to inject
efficiently pump light efficiently into fibre lasers [4]. In cladding pumping schemes (Figure
5), low-brightness pump light is launched into a large NA and large size cladding. The so
launched pump light propagates into the MM cladding and gets progressively absorbed by
interacting with the inner active core. The light generated in the core is guided by a much
smaller size and lower NA structure; as a result, the cladding-pumped amplifier or laser
output is much brighter and intense than the diodes that pump it. Fibre structured in such

way are described in Figure 5 are referred as Double Clad fibers (DCF).

coating

outer
cladding

© [2014] IEEE

Figure 5. Cladding pumping scheme [taken from 5]

The technique currently used at SPI Lasers to pump the core it somewhat similar to the
cladding pump scheme, but here the pump cladding is actually separated from the core
(blue fibre in Figure 6). This technique is either called Distributed Side Coupled Cladding-
Pump (DSCCP) or Grudinin-Turner Wave GTW [6-8].

@ =

Figure 6. GTW Fibre. Left: GTW Frontal view. Right: Side view.




In GTW technology (Figure 6) , the Pump fibre (in blue) and the Signal fibre (in yellow) are
held together by mean of a low index polymeric coating (white part encircling fibers). In
GTW technology there could be more than one pump fibre (Figure 7). In some variants of
both DC and GTW pumping schemes, fibres claddings can be multifaceted (i.e. AF of Figure
7) or the core can be not located in the exact centre of the fibre; this proves to improve

pump absorption [5, 9], that otherwise tends to saturate after a certain fibre length [10].

Figure 7. GTW Active fiver with three pump fibres (blue) and octagonal core fibres (yellow) [inspired by 11]

DC and GTW based AF have different ways to be embedded in the laser (see section 1.2.). It
can be noticed from now that in DC fibres, one single splice must accommodate for both
pump and signal fibres whilst in GTW fibers there are two different kind of splices: one

optimised for the pump fibre(s) and one optimised for the signal fibre.

1.1.3 Doping scheme.

In this thesis, we consider CW HPFLs based on Ytterbium as the active dopant for
the fibre core. The Yb ions embedded in the silica host have their 4f orbital partially filled
that, under the effect of the electric field of the host become split (the Stark effect removes
the energy level degeneracy of the states associated with the 4f orbitals). The energy levels
of interest of the Yb in silica are depicted in Figure 8 [12]. The states of the ground state

manifold 2F,,, are labelled a,b,¢,d and states of the excited state manifold 2Fs/,, are labelled
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e f,g. The optical transitions between the individual states of the ground and excited state
manifolds are used for lasing. In reality, the energy transitions and respective absorption
and emission lines are not discrete because of homogeneous and inhomogeneous

broadening in the glass host [13].
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Figure 8. Energy level diagram for Yb ion in silica [as reported in 8]

Typical co-dopants used in AF are alumina and phosphorous. Absorption and
emission cross sections are dependent on the host glass [14]. Figure 9 shows the typical
emission and absorption cross-sections in aluminosilicate and phosphosilicate fibres [5].
The sharp peak at 975 nm in both the absorption and emission spectra is due to transitions
between both lowest levels in the ground state and excited state manifolds, labelled a and
e in Figure 8. The lifetime of this energy level is circa 0.85 ms. The emission peak around
1030 nm is due to transitions from state e to the higher states of the ground state b, c and
d. In turn these three states decay to the ground state a by fast non-radiative transitions.
With these transitions, it is possible to have gain at from around 1 um to 1.2 um. Pumping
at 975nm is a common pumping configuration used with Yb-doped fibre lasers. A broad
peak in the absorption spectrum can be also found at around 915 nm with transitions from
the ground state a to the excited state manifold levels f and g. In the case of
phosphosilicate fibres, the absorption region around 915nm is quite flat and for this
reason, it can be preferred in case pump diodes’ wavelength is not stabilised. No matter
which pumping scheme is used, the signal wavelength must always be longer than the
pump wavelength as in the amplification process, pump photons are converted into signal

photons of lower energy. This energy difference, known as the quantum defect, is acquired
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by the phonons of the host and hence converted into heat. Since the refractive index of
silica is sensitive to temperature, the heating caused by the quantum effect leads to
thermal nonlinear effects. As we will see, in the non-linear effects section, this effect can
have a deep impact on the performance of the amplifiers, leading to Transversal Mode
Instability.

Compared to other rare-earth dopants, Yb has a relatively small quantum defect

and is therefore well suited for high power fibre amplifiers.

2.5 ,

| |
© [2014] IEEE
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Figure 9. Typical emission and absorption cross-sections in aluminosilicate (thicker lines) and phosphosilicate

(thinner lines) fibres (the arrow shows the peak emission and absorption for both type of fibres)[taken from 15]

Aluminosilicate and phosphosilicate hosts were developed to mitigate a light-induced
optical loss, affecting HPFLs, known as photo-darkening (PD). The physical origins of PD are
still under dispute [16-18]. However, the occurrence of photo-darkening depends on the
materials composing the fibre core [19]. The Yb3+ concentration and co-dopants such as
aluminium [20, 21], phosphorous [22] or cerium [23] can reduce significantly or even

eliminate PD. In this work, we will utilise phosphosilicate fibres.

1.1.4 Non-linear effects in HPFLs

Optical fibre technology allows the achievement of unprecedented beam qualities,
thanks to the small core area used and of efficient heat dissipation, thanks to fibre length.

However, long fibre length and reduced area size constitute at the same time the main



performance limitation of HPFLs architecture; this is due to the presence of non-linear
effects. In this section, we will discuss, with some detail, the non-linear effects that we will
encounter in the course of this work, namely: Stimulated Raman Scattering (SRS),

Transversal Mode Instability (TMI) and Modal Assisted four Wave Mixing (MAFWM).

The SRS and the Stimulated Brillouin Scattering (SBS) both originated from
scattering processes. In these processes, incident beam and glass host exchange energy by
means of inelastic scattering. The most likely process is that where the radiation energy is
transferred to the glass host in the form of vibration modes. This results in the excitation of
phonons and the release of lower energy photons (Stokes process). Host vibrations can also
disappear by transferring their energy to the incoming light; creating a photon with higher
energy (anti-Stokes process). However, anti-stokes processes are thermodynamically less

favoured.

For the SRS, we have excitation of optical phonons, whose vibration modes tend to oscillate
symmetrically around a centre of mass without creating any wave, so without transporting
acoustic energy. The re-emitted energy reduced- photons have a spectral shift of about 13
THz. From a quantum mechanics point of view, SRS emission can be associated with the
existence of a virtual quantum level of energy. This level has a gain and it is accountable
for stimulated emission; at its shifted wavelength. If the medium is pumped hard enough,
due to stimulated emission, the SRS energy level will produce an increasing number of
photons at the shifted wavelength. This process will be at the expense of the pump, which
in this case is the incoming light. The SRS threshold P£Tis defined by calculating in which
situation the incident light power becomes equal to the generated forward propagating

SRS power([24].

Aeff (1.6)
8rLesr

PST = 16

Where g, is the Raman gain at the peak, PS" is the critical incident power, Aqfs is the
effective area of the fibre and L¢¢r is the effective length of the fibre. Aq¢r and Lggr both
influence the HPFLs design. In order to increase the critical incident power, that is the

critical power inside a fibre laser, the only solutions are either to increase Aqff, working



with bigger cores or to decrease L, working with shorter fibres. SRS power in a laser
cavity must be minimised. In fact, the presence of any spurious reflection at the SRS
wavelength could make SRS photons reach threshold and lase. Presence of an SRS cavity,

coexisting with the primary cavity would be detrimental, as laser output stability would be

affected negatively. This will be shown in the last chapter of this thesis.

In SBS, the vibrations of the host oscillate asymmetrically around their centre of
mass and can collectively create acoustic waves propagating along the fibre axis. These
acoustic waves are kept alive by the coherence of the incoming light; it can be proved that
the photons produced by SBS only propagate backward. Acoustic waves can be so strong to
damage the optical fibre [5]. SBS is not a major limitation for the laser of this work as this
SBS becomes dominant over SRS only if the radiation is coherent, with a bandwidth BW <

0.1 GHz. As we will see the bandwidth of our lasers are in the order of the 10 nm or even
more.

Transverse mode instability (TMI) is a recently observed nonlinearity [25] proving to be a
major power-scaling limitation in high-power fibre lasers and amplifiers [26-28]. TMI
provokes a sudden output beam break-up and beam-quality degradation above a certain
output power threshold. TMI is widely attributed to a refractive index (RI) grating

formation due to transverse mode beating and coupling between the fundamental mode
(FM) and high order modes (HOM) [28-35].
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Figure 10. Empirically characterised TMI threshold in various works [taken from 36]
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Empirically, as shown in Figure 10, TMI threshold decreases with core diameter and it is
more severe in case of coherent signals [36]. In a recent work, a stability analysis in the
presence of thermal and inversion-related effects has been performed, showing that the
amplification process of the FM in multimode fibres is fundamentally unstable above a

signal power threshold [27, 36]. The derived TMI power threshold formula of [27, 36] is:

P = kUZ (U — Ugy) (ﬁ)z . (1.7)
s 2T n Nheat 4N \d,
/T Nigser dT

Where U1l and UO1 are the transverse wavenumbers of the perturbation (LP11 mode) and
fundamental LPO1 mode (FM), respectively, k is the silica thermal conductivity; (dn/dT) is
the thermo-optic coefficient and n. s is the FM effective index. A is the signal wavelength
and d is the core diameter. N4+ is the quantum defect and 1,45, is the slope efficiency.
For P = Prm the amplification process becomes unstable, leading to TMI. Another non-linear
effect thought to be a limitation for HPFLs is Thermal Lensing (TL). The formula for the TL
threshold in [37] is comparable with that derived for the TMI in [38], however TMI
threshold is systematically lower [39], revealing to be the real limitation in HPFL power
scaling. Furthermore, TL threshold is defined as the power for which, due to thermo-optic
effect, the effective area of the fundamental mode become 80% of when the fibre is at
room temperature, without proving that this is the real cause of instability. For these
reasons, the concept of TL as a limiting effect in HPFLs power scaling is now out of use. The
TMI threshold fits well the data reported in the literature and provides useful information
about HPFLs design. First of all: small cores and long fibres both increase the TMI threshold.
This conflicts with the need of working with big cores and short fibres to avoid SRS.
Secondly, if the quantum defect 1,4 approaches zero, the TMI threshold diverges: this

can only be practically obtained in tandem pumping configurations [40, 41].

Another non-linear process occurring in HPFLs and MOPAs is the Modal Assisted Four Wave
Mixing (MAFWM). The process of FWM is a direct consequence of the polarizability of
silica[24]. More specifically, the amorphous silica host has a centrosymmetric potential,
null second order susceptibility, but a small third order susceptibility. The third order
susceptibility ()((3)) is mathematically represented by a 4" rank tensor (81 operator

elements) that depends on both time and space.
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ﬁNL = 80)((3) : EEE (18)

Under the approximation of localised nature of the interaction and instantaneous wave-
matter interaction, and far away from resonances, third order susceptibility tensor in silica
reduces to a scalar number. The non-linear polarizability Py (w) response to a

field E(r, t) = Ee'(@t=A2) will be

1 1 -
PNL — 505 Xflll E3el3(wt B2) (1.9)

The non-linear polarizability Py; oscillates at 3w and has propagation constant 3. Without
loss of generality, we can imagine a single transversal mode field composed by a subset of

4 wavelengths.

E(r,t) = Elei(w1t—312) + Elei(wzt—ﬁzz) + Elei(w3t—,83z) + Elei(w4t—,84z)+c_c_ (1.10)

Here 8, = [ (w,), depends on wavelength, but the transversal mode is one and common
to all four wavelengths; this is the case of a SM fibre. As result, the non-linear polarizability
associated with this incoming field will be a very complicated cube of a quadrinomial,

including numerous terms. Particularly, there will be a term of this type:

3 ) L
Py (w,) = % Xi111|Eal?Ey + 2(|Ey |? + |E5|? + |E5|?)E, +2E, E,Eze'%+ +2E,E,Eje'- (1.11)
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With

0r =B+ P2+ B3 — Pz — (w1 + wy + w3 — wy)t (1.12)

And

0= (B1+ P2 — B3 — Pu)z — (w1 + Wy — w3 — wy)t (1.13)

It can be demonstrated that if 6, or 6_ are null, then the non-linear interaction
between waves will produce a field oscillating at w, = wq + w, + w3. This condition is
called the phase matching condition. In this condition, the new produced wave has the
same speed, frequency and propagation constant of the polarizability that produces it. For
SM fibres, phase matching condition is achievable only in 8_ and in the case degenerate
case where w; = w,. In that case, two photons of the main peak annihilate, producing two
other photons (stokes and anti-stokes peaks). In case of MM fibres, the spectral
component of the field in equation (1.10) may well be associated to different transversal
modes. In that case phase matching can be possible achieved in many other ways in both
0, and 0_ [42], we refer to this mechanism as Modal Assisted Four Wave Mixing

(MAFWM).
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Figure 11. MAFWM as reported in [taken from 42]
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In Figure 11(left) two pump photons at the same wavelength and both guided by
the LPO1 produce two photons at different wavelength guided by different transversal
modes; LPO1 and LPO2. In Figure 8 (right), two pump photons at the same wavelength one
guided by LP01 and one by LP02, produce two photons at different wavelengths and guided
by different transversal modes. In [43] it was shown how that the broadening produced by
the MAFWM can be bigger than that provoked by SRS. This effect clearly impacts on the
design of HPFLs, as if the core is not properly designed, the advantage of having reduced
the SRS by adopting a MM fibre, could be degraded by the occurrence of massive
broadening due to MAFWM, occurrence HOM coupling and possibly TMI.

1.1.5 Applications

Laser technology can process many materials, such as plastics, metals and wood and
allows processing of dissimilar materials (for instance, welding of different metals).
Increasing of the average power of such tools allows performing the above-mentioned
applications at higher speeds. During the last twenty-five years, gas lasers such as CO,
lasers utilised in the steel industry, have been progressively substituted with more efficient
solid state Yb fibre lasers[44]. Several advantages distinguish fibre lasers from CO; lasers;
these include more compactness, zero maintenance, higher wall plug efficiency and higher
brightness [5, 45]. The applications of HPFLs are numerous: 2D cutting, welding, additive
manufacturing, precise machining, paint and rust removal and marking to name a few [46-
49]. In cutting, the high brightness and optimised beam profile of HPFLs produce neat
borders; most of the time these borders do not need any further processing. Commercial
kW class HPFLs can cut metal sheet of thickness up to 25mm. The variety of metals that can
be cut is quite vast: copper, brass and aluminium to name a few. Some materials have very
high reflectivity (e.g. copper) and can destabilise HPFLs due to back reflections. To prevent
such drawbacks, intelligent light probes, hardware logic and fine optical engineering have
been developed; in this way laser manufacturers can add further value to the build
systems, ensuring laser stability in any reflectivity condition. Other advanced features
implemented are the measurement of the piercing time and the embedded measurement
of the distance from the work piece [50]. The presence of these features differentiates the

laser market; these features are often defined as Unique Selling Points (USP). The following
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picture illustrates the performances of kW seeds and incoherently combined multi kW

systems in terms of cutting at various powers.
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Figure 12. Cutting thickness for various metals at different power levels [Courtesy of SPI Lasers]. Above 2kW,

laser beams are here obtained combining incoherently multiple seeds.

In Figure 12, it is possible to spot that, higher power allows cutting higher thickness. At any
power, materials with higher/lower reflectivity (i.e. copper/steel), result in smaller/bigger
cutting thickness. On top of that, at high power and with thick metal sheets, cut quality
starts to degrade. This is partly due to the excessive quantity of melt involved in the
process (this disturbs the light-material interaction) and partly because very high powers in
commercial lasers is achieved combining incoherently several lasers (combining lasers
incoherently worsens beam quality). As per the welding, HPFLs have net advantages
compared to other techniques. Advantages include versatility and speed. Versatility is given
by the long reaching action of the beam; light delivery can be far from the work piece (e.g.
remote welding). One of the most important advantages compared to classic welding
techniques is the reduced amount of thermal distortion. In fact, given the small beam size
and the high intensity of the interaction, the heat laid on the work piece is quite low and
the altered part is very confined. This is very important in presence of dissimilar material in
electronic devices, where the thermal contraction of the weld part should not affect the
surrounding dissimilar parts. On the other hand, welding can be intentionally made
between dissimilar materials[51]. Generally speaking , welding does not require the same
beam size and quality needed for cutting, however, also single mode lasers can be adopted
to weld by utilising the so-called wobble welding [52, 53]. HPFL are also the favourite

choice to implement additive manufacturing [54, 55]. This is substantially due to the
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stability of the laser and in the granularity with which power can be delivered on the
various powders (stainless steel, titanium, gold etc). Clearly, also in this case fine
engineering is required to ensure protection from back reflections, fine beam positioning at
high speed and great positioning reproducibility. The capability of switching the beam
profile instantly, during any of the processes above listed, is of pivotal importance and it is
gaining increasingly more interest [56]. Several laser manufacturers are including the
possibility of beam morphing as added capability; this makes all the process faster as
switching beam property (e.g. size and shape) would ideally allow the user to carry on
working without changing the delivery optics, hence saving time and increasing
productivity. To contextualise better the role of HPFLs we report a chart from [1], showing
the applications of various HPFLs as function of their beam quality, expressed with the

beam parameter product (BPP = w¢60) and power (Figure 13.)

© [2014] IEEE
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Figure 13. Summary of lasers applications [taken from 1]

In Figure 13, the various applications occupy a certain range in the BPP and power domain.
The applications shown are substantially based on thermal processes (heating, melting and
vaporization) and based on lasers operating predominantly in CW or relatively long pulse
mode. Another class of lasers that have become increasingly used in the industry are the so
call ultra-fast lasers. The high peak power of femtosecond lasers, for instance, allows the
3D printing inside transparent materials by mean of nonlinear processed (e.g. multiphoton

absorption).
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1.2 The motivation

In the arena of CW Yb HPFLs, average power has increased from 10W in the 1995 to
100kW in the year 2014[1]. The Electro Optical efficiency, which is prerogative of HPFLs, is
very important from energy consumption and pollution prospective, the stability factor is
important to obtain repeatable results on the work piece. Good efficiency and stability
need to be achieved together. Non-linear effects must be kept under control to avoid
unreliable behaviour of the laser: for instance, it is not easy to make arbitrarily long
delivery fibres, conserve beam quality, have kilo-Watt level powers and not incur in non-
linear effects. The design of a SM HPFL is an arduous task as many technological and
fundamental limitations, very interrelated between them, need to be resolved before
realising arbitrarily powerful and stable systems. Without claiming to be exhaustive, the
following image attempts to describe the correlations between fundamental limitations
and the design parameter of a SM HPFL. In Figure 14, the design parameters of a HPFL (in
lower case) are surrounded from top and bottom by physical limitations / unwanted effects

(In Upper Case). The origin of all issues in SM HPFLs power scaling is at the top of the chart,

in Italic fonts.
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Figure 14. Correlation between fundamental limitation and design parameter in the design of HPFLs.

Achieving increasingly higher output power from a low moded oscillator implies

achieving increasingly higher brightness. However big, the brightness enhancement factor
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of a laser is a finite number; therefore, the laser’s output brightness will always be directly
correlated with the pump brightness. Diodes’ technology and their brightness have evolved
during the past two decades, increasing from 20mW/um?/ste in the year 2008 to
200mW/um?/ste in the year 2018[27, 37]. Nonetheless, at any defined technologic era for
the diodes, brightness can be considered as a fundamental limit in HPFLs brightness scaling.
The entry “Pump power scaling, with constant brightness”, in Italic font, is placed on the
top of this chart to represent the fundamental limit in SM HPFLs power scaling. In
commercial HPFLs, pump power scaling is achieved by combining incoherently the power
of several diodes thought High Power Combiners (HPC). Due to brightness conservation,
when combining diodes, the bigger the number of pump diodes, the bigger the fibre size at
the output of the HPC. The HPC output fibre is then spliced to the size matching pump
cladding of the AF.

For the AF there are two main technologies, namely GTW [6] and double clad fibres
(DC) [57]. In both technologies, the relative size of the pump cladding and core diameter
affects the pump absorption. When scaling up the pump power, not only we have to
increase the HPC fibre size, but also the matching AF pump cladding attached to it. If the
other design parameter of the AF are not opportunely adapted, scaling up the pump power
without increasing the brightness, results immediately in low absorption and therefore low
efficiency. For this reason, the low efficiency label in Figure 14 is annexed in the
fundamental limitations. To recover absorption and efficiency we can substantially alter the
AF length, the core size, the pump wavelength and the Yb concentration. The AF's length
cannot be arbitrarily long, as eventually SRS lasing will occur in the cavity; this would in turn
destabilise the laser. Increasing the core size will intrinsically deteriorate the beam quality
and expose the laser to Transversal Mode Instability (TMI)[33]. Likewise, increasing Yb
concentration above certain values becomes unpractical due to the arising of PD[20],
broken cores and irregular IOR [58]. Broken cores imply lack of rotational symmetry for the
fibre’s IOR with consequent loss of power and stability (this aspect will be clarified later).
Choosing a pump wavelength resonant with the sharp Yb absorption (e.g. at 975nm)
increases greatly the pump absorption, however, the wavelength must be stabilised at any
pump power and external temperatures to prevent sudden variation of the absorption and
therefore efficiency. Utilising wavelengths increasingly close to 975nm has proven to create
problems of stability [59, 60]. According to [37], the maximum power extractable by a
broadband fibre laser (SRS dominates over SBS) is of 36kW. The theoretical limit in [15] is

obtained by increasing the core area to capture more pump light and increasing the fibre
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length to preserve a 20dB of pump absorption. A balance of SRS and TL dictates such limit.
Subsequently, power scalability has been reduced to 27kW acknowledging that TMI is the
real effect related to instability, rather than Tl [16]. Further scalability can be accomplished
by removing the limit assumed at the very beginning of this chapter, which is the limit on
the brightness. In Tandem Pumping (TP) configurations [41, 61], Yb fibre lasers (wavelength
~ 1060nm) are used to pump Yb laser. In TP, the lack of spectral absorption at 1060nm is
entirely compensated by the high brightens of the laser source used as pump, allowing the
usage of little cores and longer AF, yet achieving enough absorption. Overall tandem
pumped HPFLs are less prone to SRS and have also intrinsically lower quantum defect
(more quantum efficiency). The low quantum defect of TP increases the TMI threshold [36]

and allows, at least theoretically to increase the theoretical power scaling limit up to 52kW.

Most HPFLs adopt DCF [62-64] with pump combiners placed outside the cavity (Figure
15). In these configurations, pump light reaches the active medium passing across the
gratings. The output combiner has a dedicated fibre to bring the signal’s light out of the
system [65-67]. The AFs and the passive fibres of such systems are usually few moded, but
matched. The typical AFs used for these configurations are similar or coinciding with the
commercially available “Nufern LMA matched” series (with typical NA =0.06, and cores
ranging from 20 um to 30 um) [68]. A common approach, to reduce modality in presence of
big effective areas, proven to mitigate TMl is to coil the fibres appropriately; in such way

High Order Modes (HOM) are filtered [69, 70].
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Figure 15. HPFLs with DCF and combiners placed outside the gratings[taken from 5] .

Conversely, other lasers manufacturers such as IPG and SPI Lasers use GTW technology
[71]. In GTW, pump light is injected from the side of the active medium and light exits the

oscillator without having to pass through the combiner (Figure 16).
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Figure 16. HPFLs with GTW fibres. In this case gratings are placed outside the cavity [taken from 5].

SPI use few modes active cores as well, but modality is filtered by splicing the MM
active medium to SM fibres [72], rather than by coiling the fibres. In GTW with SM used
fibre as modal filters, SM output is intrinsically guaranteed. In DCF schemes the output is
not necessarily SM as coiling can filter HOMs, but at the same time can also re-couple
them([73], with potential degradation of the output beam quality. GTW technology allows
more flexibility when it comes to splicing as the pump and the signal splices can be
optimised separately. The pump combining scheme is simpler in GTW than in DCF as GTW
does not require a dedicated pass-through fibre for the signal in the HPC. GTW scheme is
also convenient as pump light does not pass through the gratings, like in the DCF scheme,
exposing the gratings to less thermal strain. From a theoretical study, it has been concluded
that DCF and GTW schemes can achieve the same laser efficiency [8]. SPI lasers produce
and use active LMA fibres as AF [74]. Splicing SM fibres to active MM fibre is not a trivial
task when the target of the splice is that of minimising the HOM excitation in the MM fibre.
As it will also be clarified later, HOM excitation in HPFLs leads to instability and reduces the
efficiency of the laser [75, 76], therefore splicing reliability and optimisation proves to be
crucial for the high volume production HPFLs. To deliver high power, the output of several
oscillators is combined incoherently. This ‘n” combination of multiple lasers, on top of
degrading the beam quality, leads to the requirement of multiplying, accordingly to ‘n’, all
components of the single lasers (pump combiners, fibres, gratings, etc). If only a single
oscillator could deliver all the required power, this would result in a massive manufacturing
saving; this makes the realisation of increasing higher powers out of a single oscillator of

our interest.

-20-



Various R&D groups and leading manufacturers around the world have for years kept
breaking records in terms of power extracted from single oscillators, MOPAs, combined
lasers, finding out new ways of mitigating unwanted effects such as SBS, SRS and TMI. We
can distinguish two types of oscillators, namely: narrow bandwidth and large bandwidth.
Narrow bandwidth lasers find application in coherent beam combination [77, 78] and non-
linear frequency generation [79] and have as a main limitation their low SBS threshold.
Coherent combination has the potential of adding up the power of several lasers and keeps
the beam quality as high as that of a single laser. Power scaling of narrow bandwidth
systems embraces several mitigation techniques including, modulation of the seed,
adoption of two tones for the amplifier and inducing strains in the AF, have all been
demonstrated to work [80-82]. Broad band fibre lasers are used in various applications
where there is no requirement of coherence and polarisation such as cutting and welding.
In Figure 17, we can see the evolution of high power systems from the 1993 to the year
2014, including incoherently combined systems (MM), single mode diode pumped
oscillator (SM — DP), single mode MOPAs tandem pumped MOPA (SM-TP) and coherently

combined systems (CBC).
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Figure 17. Power scaling of high power fibre lasers[taken from 5]

Currently, the maximum power for SM-DP lasers is in the order of 5kW, reported by
FUJIKURA [83], further power scaling up 20kW has been obtained by IPG adopting tandem
pumping [83, 84]. On the other hand, if a pure beam quality is not necessary, MM
incoherent combining can provide an easy way to scale the power; IPG already reported

100kW in 2014 [85]. In SPI, the author of this thesis has personally experienced an increase
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of power from 250W in the year 2011 to 2.4kW in the year 2018 (with 10 meters of SM
delivery fibre), out a SM oscillator and an increase of power from 500W to 3500W (with 7
meters of SM delivery fibre) in the case of SM MOPA. From a construction point of view,
HPFLs consist of several optical components such as high power laser diodes, high power
combiners, AF, gratings, mode-strippers, and delivery fibres. Correspondently the choice
and design of the construction parameters is vast and includes pump wavelength, pump
brightness, pump combining architecture, index of refraction profiles, doping
concentrations, fibre lengths, fibre concentricity, gratings’ peak wavelength and strength,
appropriate coiling and routing of the fibres and up-tapered zones for the beam delivery
section. The motivation behind this work is to discover methodologies to deploy high
power HPFLs on a vast scale; this involves the reliable achievement of top performances, at
an industrial level; therefore, with a very high First Pass Yield (FPY). Specifically, we will
focus our attention on the methodology of splice optimisation between dissimilar fibres.
Understanding SM-MM splicing inside the laser cavity is of paramount importance in
achieving high optical / optical efficiency, stability and good first pass yield during the

fabrication process.

1.3 Layout of the thesis

In chapter 1 we reviewed the topic of HPFLs and their applications. In the review, we
emphasise the parts of this vast topic that most overlap with this work. In chapter 2 we
revisit the splice concept as it was conceived in the telecom industry and anticipate the
need of thinking about splices in a more exhaustive way. In chapter 2, we introduce the
tools developed to study and optimise splices and the tools developed to verify the splices’
repercussion on the laser’s performance, during high power operation. In chapter 3 we
describe the advances we made in the splicing technology. We introduce the fibres used in
the thesis and we explain with a simple model how dopants’ diffusion and Index Of
Refraction (IOR) alteration works. After introducing some immediate application of the S?,
we present a less immediate application of the S2: its usage in splice optimisation. S? usage
for splice optimisation is per se a novelty. The remaining part of chapter 3 is focused on
splice optimisation and can be divided in two sections: the empirical and the theoretical.
The two sections are very interrelated since measured phenomena on the sample

produced (in paragraph 3.3), are subsequently analysed theoretically (in paragraph 3.4).
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We derive a principle to have pure SM excitation in a MM fibre that, besides constituting
novelty, has the basis to nullify the claims of a patent. In chapter 4, we present an
innovation in terms of HPFLs characterisation: the vertical probing technique. With the
technique, we demonstrate the ability of measuring, in real time and along the laser length,
guantities such as: absorbed pump power, inversion, signal power and non-linear effects.
The technique is non-destructive and never reported before. In chapter 5 we characterise
the HPFLs’ functioning. We initially describe the generic structure of an SPI HPFLs and we
give details about the testing methodology adopted with the developed high power test-
kit. Three classes of lasers are presented by means of the testing of three typical lasers, one
representative for each class. Testing of the first laser will highlight the problems
encountered with the old technology, adopted prior to 2017. Thanks to the usage of the
high power test-kit, we determined that the cardinal problem affecting the old technology
was the presence of a parasitic HOM cavity, cause of TMI. The study of this laser
constituted the basis for the conference paper presented at CLEO 2017 and for a journal
publication in Jan 2019. In the second laser, we show how the concept developed for
splicing in chapter 2, are related to laser performance and are used to maximise optical to
optical efficiency. The testing of the third laser, built by adopting all the understandings
gathered in this thesis, results in the most efficiency CW HPFLs developed at SPI. The
output power of the third laser is limited by SRS, rather than by TMI. In the conclusions of
the thesis, we retrace the advances made in this work and propose future works in both
the field of splice optimisation and HPFLs testing. At the end of the conclusions chapter, we
make a list of the concepts, tools and volume manufacturing methodologies developed in

this thesis and constituting nowadays core technology at SPI Lasers.
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2 Background and tools developed.

Splicing technology development started at the beginning of the 80s for SM fibres,
with the advent of optical communications [86]. Nowadays splicing technology is evolving
to assist the development of high-power systems where usage of MM Large Mode Area
(LMA) fibres has become increasingly popular. Vendors such as Fujikura, Furukawa, 3SAE
are developing systems that help with the technological advance of multi-core structures,

high power combiners and tapers[87].

2.1 Review of prior art

One of the most comprehensive works for fibre splicing can be found in the book
written by Yablon in 2005[88]. In the book, fibre splicing technology is described in terms of
fibre preparation (e.g. cleaving and stripping), mechanisms associated with the fusion (e.g.
heat transport and dopant diffusion), optics of the splice (e.g. splice loss, reflection) and
stress related effects. The optical behaviour of the splice is described extensively for SM-
SM splice and briefly for SM-MM splices. As in many other papers written in the period of
the telecom boom and after [70, 89-91], the figure of merit for splices refers to the
Fundamental Mode (FM). Loss between fibres is calculated, in proximity of the splicing

point, as a local overlap integral between the FMs of the two fibres.

2 (2.1.1)
IL(dB) = —10Log

jfﬂ Py * 1P, dO)

Here, in formula (2.1.1), ¥ , are the normalised fields associated with the FMs of the two
spliced fibres and the integration domain  is the transversal section of the fibres. This
formula was quite appropriate for the times as most of the fibres were SM, based on few
dopants and not prone to diffusion upon arc discharge. In the absence of dopants diffusion
during the splice a formula describing the sole contact’s point was sufficient, even in case
of SM-MM modes[90]. As we will see in Chapter 3, dopants diffusion make a splice behave

like a taper, so the simple formula (2.1.1) no longer applies. On the other hand, however,
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the behaviour of tapered areas and bifurcation of optical paths in planar waveguide was
described theoretically since 1975 [92]. In the field of planar waveguide, in [93] a very
handy recursive formula was derived allowing the calculation of the power of each mode as
they propagate in the taper, in this work we have revisited this theory and applied it to
optical fibres. Other ways of calculating modal evolution in tapers are based on coupled
equations [42]. Various models and approximations have been attempted to describe fibre
optics based tapers with the aim of calculating a close formula and establish in which
condition the taper does not induce a loss on the fundamental mode [94, 95] . Many of
these papers insist on the fact that, if the taper’s transition is not too abrupt, there is
negligible loss for the FM (e.g. negligible coupling toward the HOMs). A taper that does not
couple HOM is usually referred as an adiabatic taper [42, 89]. To reduce the modality of our
HPFLs, we make use of SM fibres and diffusing LMA fibres, spliced together, to form a SM-
MM joint. We announce that the formula (2.1.1) is not able to describe SM-MM splices in
presence of dopant diffusion, as it does not take into consideration the tapered nature of

such splices.

To the author’s knowledge, the first attempt to describe the mechanism of field
propagation in a SM-MM diffused region can be found in the work of [96]. In [96], Luo
simulated the diffusion of a MM fibre in a SM-MM joint, demonstrating, not only that a
precise level of diffusion leads to optimal splicing, but also that that light de-phasing plays
an important role in the optimisation splicing process as well. The results of simulation
work in [96] are the closest we have found in the literature to the results we present in this
work. Differently from [96], our work is both theoretical and empirical and reveals some

general principles in the design of a SM-MM splices.

Image processing for HOM excitation has in the past been used for the
characterisation of tapers. For instance, already in the year 1999 [97], to validate the mode
coupling theory in tapers, a down tapered area was progressively cut back with its outgoing
field imaged on a CCD camera. Imaging obtained at any taper length was then fitted to
reconstruct the modal content evolution across the taper length and to validate mode
coupling theory. Modal reconstruction in [97] and in other papers of that period [98] were
based on a priori knowledge of the modal shape and fitting was made using incoherent
superimposition of modes. It is easy to imagine how, these sort of fittings, especially if
modes involved are numerous and phase is used, can lead to ambiguous, non-univocal
fittings. Subsequently, in the year 2008, the S measurement was proposed and

demonstrated [99, 100]. The S’ measurement is based on both spatial and spectral
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measurements. The advantage of the S?theory is that it allows modal reconstruction in
terms of image and power, without having any a priori information about the modal shape
or supposed presence. After few years from its initial development the S?technique was
improved in the sense that the acquisition speed became one order of magnitude faster
(thanks to the usage of CCD cameras) and much easier to set up [101]. S?can be used to
detect localised scattering, but also distributed scattering [102] and micro-bending [103]. In
this work, we have developed our own fast S?measurement kit (hardware and software)
and used it to develop our HPFLs splicing technology. The speed of the S? measurement
makes the characterisation time compatible with the splice duration allowing us to use the
S?whilst materially conducting the splicing process. As per the state of the art, it is worth
mentioning that Convolutional Neural Networks (CNN) have been trained to recognise the
modal content of beams. With these ultimate techniques based on artificial intelligence (Al)
modal content and shapes can be evaluated in presence of 10 eigenmodes at the speed of
hundreds of Hertz [104]. However, also in the CNN based techniques, modal shape must
be known a priori as part of the CNN training. In general, therefore, CNN must be trained
for each different fibre under test. The S?, as it will be detailed shown in the (paragraph
2.2.2) can reconstruct the modal shape and power without any information about the fibre,
making this technique the most suitable for this work as it is capable to process seamlessly

any kind of fibre.
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2.2 Test-kit and techniques adopted and developed.

2.2.1 IFA-100
This instrument is developed by Interfibre Analysis and it is capable of measuring the IOR of

fibres via transversal interferometry [105-108]. The IOR measurements can be 1D or 2D.
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Figure 18. IFA: 1D measurement of a typical SPI LMA fibre

Since cores are never exactly centrosymmetric (intended as rotational symmetry), the 1D
IOR measurements can vary with the position of the fibre at the moment of the acquisition.

A 1D measurement, excluding fibre positioning, takes about one minute.
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Figure 19. IFA: 2D measurement of typical SPI LMA fibres. X, Y axis in meters, IOR in the colour scale is relative to
silica.

The 2D IOR measurements reveal the core’s symmetry of the fibre. For instance in Figure

19, on the left we have a low centrosymmetric fibre and on the right we have a high

centrosymmetric fibre. As it will be clearer later, LMA AF having poor centrosymmetry will

result in poor fundamental mode excitation when spliced to SM pigtails.
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2.2.2 S?Technique and test-kit description

The S? is a measurement technique that allows evaluating the modal contents of the field
propagating in FMF. We use this technique to characterise the power and the shape of
each mode coupled at the SM-MM splice. We briefly report here the theory of the

measurement; this is important to understand how S? software is implemented.

2.2.2.1  S? Theory of measurement

The original paper presenting the S?technique dates back in the year 2008[100]; S? theory
is here quickly presented. Parallel polarisation for the modes is assumed. Let us consider
the fundamental mode LPO1 propagating in a FMF fibre. At the end of the fibre we will

have

Ey1(x,y, ) = Eg1(x, y)e ¢ (2.2.2.1)

At the end of the fibre any higher mode ‘b’ can be expressed as

E;(x’ v, (,_)) =q (x’ y)E’:E;l (x’ Y, w)e_iw'[b (2.2.2.2)

Where a;, (x, y) is a mask transforming, point by point, the LPO1 transversal distribution

into the HOM transversal distribution and 7, is the delay of the HOM respect to the LPO1.

The intensity resulting from the beating of LPO1 and any HOM is:

I(x,y,w) =< |Eo1 + Ep|* > = Ipa(x,y, 0)[1 + ap*(x,¥) + 2a(x,y) cos(wT,)] (2.2.2.3)

Where Iy, (x,y, w) =< |Egq|? >.

The Fourier transform of the beating’s intensity is equal to

F(x,y,7) = (1 + ap*(x, J’))F(n(x: Y, 7) + ap(x, ) [For1 (x,y, T — 1) + Foq (x,y, T + 7)] (2.2.2.4)
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We then define a function f as

F(x,y,,T) (2.2.2.5)

feoy,t) = F(x,y,0)

When calculated in= 1}, Fy1(x, v, 27,) = 0 and the mask a;, (x, y)can be easily extracted

from (2.2.2.4) as

1-— /1 _ 4f2(x, y) (2.2.2.6)
2f(x,¥)

ab(ny) ~

Under the hypothesis that most of the light is in carried by the LPO1,

(2.2.2.7)
Iy1 (x,y) Ef I1(x,y,w)dw = F(x,y,0)
Q

and knowledge of a;, (x, y) permits reconstructing an approximate image of the HOM.

Ib (x, Y) = |ab(‘xl Y)lz F(‘xl Y, 0) (2.2.2.8)

Under the same hypothesis, the relative power of the HOM with respect to the total can

also be evaluated.

Py _ J[lap(xy) JF(x,y,0) |dxdy (2.2.2.9)

Pror ff Iror(x,y)dxdy

MPI, =

The power of one mode over the total is in the literature referred as MPI (multi path
interference). Another very important piece of information is the shape of the Zero
Picoseconds (“0 ps”) Image, Iy, (x,y), as described in equation (2.2.2.7). Clearly, if the HOM
content is minimal, the shape of the “0 ps” image resembles closely that of the LPO1 mode.
The shape of the LP01, as it will be clear later, depends on the IOR rotational symmetry and

plays an important role in characterising AF suitability for HPFLs.
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2.2.2.2 Implementation of the S? techniques

Figure 20 shows the implementation’s arrangement of the S in its first demonstration. The
technique’s setup consisted of a broadband ASE source igniting light into the FMF under
test. The output of the FMF test was imaged with a near field system, creating a beam
waist. At the beam waist, the beam was probed by an SMF moving along the transversal
dimensions (x, y) by means of a 2D motorised stage. The other end of the SMF was
connected to an OSA. For each position (x, y) within the beam waist, the spectrum of the
probed part of the field was measured. Space and spectra of the field were in this way
measured, hence the name S2. After the acquisition of the data, the algorithm presented in
2.2.2 was applied on every trace of the OSA and from these; modal excitations and modal

shapes were evaluated.

Source SMFibre 1M Fibre i ", EMIFibre

Motoris ed \
X, 5tage |

OSA

Figure 20 First implementation of the S? technique.

Drawbacks of this first implementation were certainly due to the slowness of the
measurement, the laborious initial process of alignment of the SMF within the beam waist
and the possible misalignment due to vibrations occurring during the time-consuming
measurement. Indicatively, the typical time for a modern OSA to perform a sweep across
20nm of bandwidth with low sensitivity is about 2 seconds. To acquire 625 sweeps across
the beam waist, saying a mere resolution of 25 X 25 equivalent pixels, the whole acquisition
process would take as long as 20 minutes. Since 2008, other implementations of the S?
technique have been demonstrated. New techniques adopt a narrow band tuneable laser
as source and a beam profiler acquiring the whole beam waist image at once [109]. The
setup developed entirely by the author of this work and used during the course of this PhD,
including hardware assemblage and software coding, is shown in Figure 21,Figure 22 and

Figure 25.
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Figure 21. $? scheme as implemented in the work carried out in this thesis.

In the setup used in this thesis, the TLS used as source is a Newport velocity TLB-6722, with
line width of 200pm, scanning range from 1045nm-1085nm and maximum output power of
25mW. The output of the tuneable laser is delivered by a standard SM fibre with a core
diameter of 10um and cladding diameter of 125um. The SMF fibre of the TLS is spliced to a
SMF of interest; quite often, this latter SMF is the same type used in the Bragg gratings of
our high power laser. The SMF of interest is then spliced to the MMF, this MMF will
normally be the AF of our laser. At the SMF-MMF splice, generally, more than one mode
will couple into the MMF. The multimode output of the fibre is then imaged on a CCD
camera by a couple of planes-convex lenses having a combined magnification of 200. A
neutral density filter is used to attenuate the laser light, whilst the oblique/ stray visible
light coming from the external environment is spatially filtered by the presence of a tube
surrounding the imaging system. The CCD Camera is Thorlabs BSC106 having a dynamic
range of 12 bit/pixel and a resolution of x*y pixels equal to 1360*1000. The source code
managing both acquisition and processing of the data has been written by the author of
this work in C# language, using the AForge.net framework [110] and implementing parallel
processing to shorten the processing time. The user interface of the software is shown
Figure 22. The measurement process is managed by the S? software and is divided in two
parts. In the acquisition part, the laser’s wavelength is scanned over a user defined span of
wavelength S[nm] (e.g. from 1065nm to 1085nm) using a set of N equally spaced
wavelengths (user can select N = 128, 256 or in general 2V). During the scan, for each of the
n wavelength set by the laser 4,,, a snapshot of the beam profile I(x, y, 4,, ) is recorded. In
the subsequent processing part, the algorithm presented in 2.2.2.1 is applied to each of the

pixel of I(x,y, A, ).
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Figure 22. S? Software user interface. Acquisition part on the left hand-side, processing part on the right hand-side.

Particularly, the 3D array I(x, y, 4,, ) is processed via FFT, pixel by pixel along 4,,, producing
therefore F(x,y, 1, ). From F(x,y, T, ), the MPl is calculated for each t,,, producing an

interferogram like that shown in Figure 23.
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Figure 23. S? Software. MPI interferogram produced after the acquisition scan with five markers added by the user.

The interferogram presents peaks in correspondence of the differential delay of the HOM
propagating into the MM fibre (delay with respect to the fundamental mode). The user of

the software can select these peaks clicking on the interferogram, by adding markers. In

-33-



correspondence of these peaks, the approximation in formula (2.2.2.6) is valid, the mask
ap(x,y) can be calculated and the image of the mode can be reconstructed. Each peak can
be visually associated to a mode since the correspondent reconstructed image is visually

attributable to a mode.

For instance, the interferogram shown in Figure 23 has five peaks located at differential
delays equal to 0.57, 3.28, 7.14, 10.81 and 19.5 ps. The images of the modes reconstructed

in correspondence of these peaks are shown in Figure 24.

Figure 24. $? Software. Image of the modes reconstructed.

In Figure 24, the top left image is obtained by averaging the N recorded snapshots and it is
equivalent to the F(x, y, 0) mentioned in equation (2.2.2.7). F(x, y, 0) is used as
approximate image for the LPO1 mode. The other five images of Figure 24 are those
reconstructed for the LP02, LP11, LP21, LP31 and LP03, with calculated MPIs equal to -
15.73, -18.67, -35.5, -34.84 and -39.64 dB respectively. The data of this chapter shows the
modal contents measurement of 2 meters GTW MM AF (V = 6, 13um of core diameter),

spliced with an intentional offset of 3um to SM Fibre (10pum core diameter).

Here will follow some further useful details about the measurement. Data acquisition time
is equal to the number of selected wavelengths N, times the acquisition time of each

snapshot Ts.

Ts = Ty, + Texp(Py) + Tps (2.2.2.10)
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T, represents the time taken by the TLS to sweep from one wavelength to the next, Tgxp is
the exposure time of the camera, P,is the power reaching the camera and Tj is the time
necessary to save a snapshot in the computer’s memory. T; depends on the sweeping
speed of the TLS and on the distance between wavelengths, in most of the case this term is
~50ms. Tgxp Must be long enough so that, the charge accumulated in each pixel is well
above the noise. For this reason, the weaker P,, the longer the exposure time. When
measuring the modal contents of long Yb** doped fibre P, can be very weak due to the
dopant absorption and Tgxp can be in the order of the second. With the AFs used in this
work, when the fibre length is in the order of the meter, Tgxp ~ 50ms is suitable. Tpg
depends from the computer’s performance and the programming paradigm used. In this
work, we have used a modern computer and written code leveraging on multithreading
and multi-processor capability made available by C# and the Microsoft.Net framework v4.5

[111].

In our setup, with the latest developed version of the S? software, T ranges in the
order of 150ms when using the maximum resolution of the camera (1.3 Mega
Pixel/snapshot). For a typical acquisition of 256 snapshots, when using one meter long
FMF (active), the total time needed is about 256*(50+150+50ms) = 60 seconds. Once all
snapshot have been stored, the interferogram is calculate by performing, as many FFTs as
the pixel used for the acquisition (1.3 Mega FFTs in case of full CCD area, normally we use
one quarter of it). For each pixel, FFT length is N, as the number of wavelengths selected in
the user interface. A fast FFT routine is provided by the open source AForge framework
[110] in a form of an external assembly to be imported in the C# compiler. The time to
calculate the interferogram depends on both number of pixels and number of wavelengths.
The processing time for the interferogram, is typically around 1 second in most of the
measurements presented in this work. Once the user has selected the peaks on the
interferogram, the time to reconstruct the high order mode shape is in the order of 1
second. Compared to the original implementation of the S?, the implementation used in
this works is much faster since acquisition takes about a minute and post processing is

made straight after.

In [109] the usage of a polariser before the camera is adopted, however, even if
here it is not reported, no difference was found by introducing it. This is because the fibre
considered in this work do not introduce much polarisation dispersion given their short

length and little birefringence.
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Figure 25. S? Test kit picture. Both hardware and software developed by the author of this thesis.
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2.2.3 HPFLs characterisation test-kit

A brand new, empty, laboratory was made available by SPI for the testing of HPFLs and
MOPAs. In this new laboratory, the author of this thesis has built from scratch the
advanced high power test-kit. Apart from the pump blocks assemblage (Figure 28), the
remaining parts composing this test-kit have been sourced, arranged, connected and
programmed by the author of this thesis. The high power test-kit, used to characterise

HPFLs and MOPAs, includes:

e Two cold-plates: one for the seed fibre and one for the amplifier fibre

e Two pump blocks: one for the seed and one for the amplifier (more details will
follow)

e Two waveform generators to drive seed and amplifier pump blocks (Agilent 3352).

e Two chillers (Thermo flexi 2500W and 7500W)

e An optical spectrum analyser (Yokogawa AQ6370)

e Athermal image camera (TIM by Micro Epsilon)

e Acquisition board capable of measuring various temperatures (National
instruments 6620)

e A 4GHz oscilloscope (Lecroy Waverunner 640Zi)

e 4 InGaAs Photodiodes (Thorlabs - DET 10N)

e 10kW CW DC electrical power supply (TDK lambda GEN 50A-200A)

e 1.5kW CW DC power supply (TDK lambda GEN 100V-15A)

e 2X 5kW optical power meter (OPHIR 5kW series)

e An optical table surmounted by a custom made enclosure.

e Atranslation motorised stage to perform vertical probing.

The two pump blocks include several Lumentum ST fibre coupled lasers (Figure 26, 140W,
106um fibre, 0.22NA, 950nm) via multimode combiners (Figure 27). The maximum
available pump power for the seed part is ~1700W (12 ST, 850W per combiner), whilst that
for the amplifier counterpart is 3400W (24 ST, 1700W per combiner). With an output fibre

of 250um of diameter, the maximum pump brightness available is ~0.1 W/ um?/sr.
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Figure 26. Lumentum ST (140W, 106um fibre, 0.1NA)
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Figure 27 Optical Layer of the MOPA pumping architecture and pump combining.
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Figure 28. 24 Lumentum ST on heat sink. Pump blocks like that in this picture are routinely build at SPI Lasers.

Electrically, the pump blocks are connected in parallel to a single 10kW PSU (Figure 29).
Dedicated driver boards modulate the current flowing through the diodes, with demand
signal provided by the waveform generators. An exception is made for 4 simmer diodes
connected to the seed: these simmer diodes are excited in CW current without modulation
(Only ON/OFF), by a separate 1.5kW PSU. Simmer diodes must be always on when
amplifier is powered up (“anti-Q- switching” turn on protection). This expedient is put place
to prevent catastrophic failure due to amplifier Q-switching: this would happen if the
amplifier were pumped without any seeding light at its input. The Seed/Simmer pump
block has been customised to manage the simmer pumps (shortened bus bar and
connection of 4 Lumentum ST to the 1.5kW power supply) and to implement the “anti-g-
switching” protection circuitry (electronics developed by the author, but not reported
here). The pump layer is cooled with a 7500W chiller, managing both pump blocks at the

same time. A pump block characterisation will be shown in section 5.7.1.
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Figure 29. Electrical Layer. On the left Seed/Simmer Pump block, on the right Amplifier pump block.

Simmer/Seed pump block customised during this work (not SPI standard).

A dedicated 2500W air cooled chiller is used to cool the optical fibres; this includes seed

heat sink and the amplifier heat sink.

& ‘L/_J_J 7 T ‘L/_,_J 7
i -
[ Oscillator
HEAT SINK Amp
HEAT SINK

To 2500W
Air Cooled Chiller

Figure 30 Active fibres cooling scheme.

Up to four photodiodes are connected to the oscilloscope; more details on the position of
the photodiodes will be provided when describing the optical architecture and the
associated experiment for the HPFLs/ MOPAs . Their position and intended use of all the
probes will be explained later, in the relevant experiments (chapters 4, and 5). The entire
instrumentation has been connected with various ports (GPIB, RS232, USB and Ethernet) to
a PC running windows 7. Code managing asynchronously all instruments has been written
by the author of this thesis in Visual C# using various programming paradigm (sequential,

parallel, functional and event driven) and leveraging on the multithread, multiprocessor
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capabilities made available by the microprocessor (Intel Core i5) and by the .net framework

(version 4.5).
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Figure 31. High Power Testkit Software screenshot

Figure 33. High power test kit enclosure.
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Figure 34 High power test kit. Photo from inside the enclosure, when testing a MOPA.

2.3 Conclusions

We have recalled the easy formula used in the telecoms to evaluate splice loss in
SM-SM joints anticipating that this formula is no longer suitable to describe SM-MM joins.
In the HPFLs arena and in this work, SM-MM splices in the presence of dopants diffusion,
play an important role for the achievement of good efficiencies and controlled fabrication
processes. Image processing is of cardinal importance for the achievements of optimised
SM-MM splices; we have therefore reviewed the most common techniques adopted to
evaluate the modal content at the output of a MM fibre. Amongst the techniques, the S?
measurement is the most suitable for our work as it is flexible (does not need a priori
information about the beam shape) and relatively fast (imagine and modal content is
measured in about 60 seconds). The hardware and the software of an S? test kit has been
developed during the course of this PhD by the author of this work. In order to test the
effect of the optimised SM-MM splices at high- power, a high power test-kit (hardware and
software), was developed during the course of this PhD by the author of this work. The
high power test-kit can test both oscillators and MOPAs, in CW and pulsed regime, and
allows the concurrent probing of data from a vast number of detectors. The test-kit
features a novel characterisation method that includes a motorised stage, a collecting fibre

and a monochromator (described in detail in chapter 4).
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3  Fibre Splice development

3.1 Introduction

In this chapter, we present the fibres used and the splicing technique adopted to join
them. The splicing process is explained first from a phenomenological point of view and

then from a theoretical point of view.

3.1.1 Fibres used

In this paragraph, we will describe the splicing technique adopted for the
construction of our HPFLs and MOPAs. Particularly, our attention focuses on the
optimisation of Single Mode Fibres (SM) to Few Mode Fibre (FMF) splices. Bimodal passive
Fibres (BMF) are also used. Generally speaking, in our laser and amplifiers, SMF and BMF
are gratings fibres or fibres interconnecting active parts, whilst FMF are those pertaining to
active media. Figure 35, Figure 36 and Figure 37 exemplify the guiding properties of the
typical fibres used in the construction of our laser sources in terms of Index of refraction
(IOR). Here, IORs are expressed as an offset with respect to silica IOR (ns= 1.445 @ 950

nm). IORs are measured via IFA-100 refractive index profiler.
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Figure 35. SMF (passive): measured IOR and calculated effective IOR for the guided mode.
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Figure 36. BMF (passive): measured IOR and calculated effective IOR for the two guided modes.
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Figure 37. FMF (active): measured IOR and calculated effective IOR for the guided modes.

In Figure 37, the core of the AF, whose radius is about 12um, is surrounded by a pedestal
having diameter of about 27um. We will try to explain the presence of such pedestal in SPI
AFs by invoking the need of achieving enough pump absorption. To achieve enough pump
absorption (about 20dB) and reasonably short fibre (length < 25 meters), Yb in the AF must
be above a certain level of concentration; in our case this is in the order of 2.5 x 10%
ions/m3. With these Yb concentrations, given the big Molar Refractivity (MR) of the Yb, the
index of refraction of the core of the fibre becomes very high compared to the cladding.
Referring to Figure 37, working without a pedestal would mean having a V number equal
circa to 15. In these conditions, far too many core modes would be guided, making the

fibre unsuitable for HPFLs applications. By inserting the pedestal, the V number of the core
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becomes circa 8, reduces the number of guided modes and makes the fibre more suitable
for the construction of SM HPFLs. As it will be clear in chapter 4, for the correct functioning
of our laser, it is of pivotal importance to maintain the field propagating in the FMF
concentrated in the LPO1 mode, without coupling of the HOM. SMF and FMF fibres used
are very dissimilar and, if spliced without any criteria, HOM coupling in the FMF fibre is

expected.

To avoid big losses and keep the propagation mainly on the LPO1 mode, the guidance
property of the fibres needs to be altered in proximity of the splice. The most common
strategy to achieve single mode excitation in the MM fibre is to match the effective areas
of the fundamental modes in proximity of the splice and to create a taper as adiabatic as
possible in the MM fibre. In this thesis, we will use a novel approach. The novel approach
treats the SMF-FMF splice as an optical a coupler where neither effective area matching
nor adiabatic tapering is required in order to minimise splice loss and maintain single mode
propagation. To invent and to explain the principle of this splicing technique, we developed
a fast S measurement test kit and we adapted some theories of beam propagation in
tapers, complementing them with the aid of fine index of refraction measurements

resolved across the splice.

3.1.2 Diffusion of dopants in optical fibres during splicing

The effect we utilise to modify the guiding properties of the fibres in proximity of the splice
relies on the diffusion of dopants. Fick’s laws govern diffusion of elements dispersed in

another and are widely adopted to describe dopants diffusion in silica [112-114].

The first law of Fick (3.1.2.1) shows how an element having higher concentration in a point,

tends to migrate toward points having smaller concentration.

J(,t) = =D, 1) VC(T, 1) (3.1.2.1)

In (3.1.2.1) the local fluxf[#/(mz*s)] represents the number of elements per area per

second migrating in a certain direction, C represents the local concentration [ #/m3] and D
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is defined as diffusivity [m2/sec]. D is defined for a certain species diffusing in a certain
solution. The three-listed quantities are space and time dependent, with migration of
dopants ending when J = 0; this happened either when VC = 0 or when D =0. From a

temperature point of view, diffusion coefficients follow the Arrhenius equation.

E

3.1.2.2
D = Dyexp (—R—f}) ( /

In (3.1.2.2) Dy [m?/sec] is the maximum diffusivity coefficient (when T = ee), E;, [J/mole] is
the activation energy, R = 8.3145 J/(mol*K) is the ideal gas constant, and T[K] is the
temperature. Both D, and E,, are characteristic of a dopant in a particular solution. Values
of this coefficients for some dopants used in silica fibres can be found in [114-118].
However, the effect of having more dopants diffusing at the same time and for the
particular composition of our glass has never been reported. Equation (3.1.2.2) highlights
that diffusion of dopants can take place during the arc discharge as the diffusivity of the

dopants increases with temperature.

The second law of Fick (3.1.2.3), which corresponds with the diffusion equation, shows how

concentration of dopants evolves in the space and time:

ac v(DYC (3.1.2.3)
Fri (DVC)

If we assume the fibre’s temperature is constant in both space and time during arc
discharge [88], D will also be constant in space and time. In this case, the second law of Fick

simplifies to

aC (3.1.2.4)
— =DV?C
at

Ignoring azimuthal and longitudinal diffusion and rewriting the equation above in

cylindrical coordinate, we obtain:

ac_ E)C( dC) (3.1.2.5)
ot or\ dr
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The partial differential equation (3.1.2.5) is resolvable via variable’s separation technique
and by using a summation of Bessel functions. Given an initial concentration C(r, t=0), a

core radius R, the evolution of the concentration is:

© (3.1.2.6)
Crt>0) = D Ce Py (Apr)
m=1
Where A,, are such that J,(A,,R) = 0 and C,, are defined as follow:
(3.1.2.7)

_ foR rJo(Amr)C(r, 0)dr

) [%h(AmR)]Z

m

Equations (3.1.2.6) provide some important information about the diffusion process. In
(3.1.2.6) the temporal part e “AmPt has for exponent the product A,,, * D * t, highlighting
that elements with low diffusivity (D small) will require longer arc durations to diffuse (t
big). The spatial part is a sum of J,(A,,7) functions. In this sum, the fast varying parts of the
profile are represented by terms having big A,,,. Since A,, is also part of the temporal part,
one can see that fast varying part of the profile (e.g. sharp edges) will fade away faster
during the arc discharge. Dopants of our AF and relevant characteristics for the diffusion

and change of index are listed in Table 1.

Element dn/d(mol%) Eo [J/mole] Do [m?%/sec]
P,0s 0.00100 415905 0.000066
GeO; 0.00150 310000 0.0000024
Yb,03 0.00540 454110 0.0030
AlPO,4 -0.00008 423570 0.0030

Table 1. Constituents of the AF with molar refractivity, Activation energy Eo and leading coefficients Do [114-118].

The index of refraction variations, also called molar refractivity dn/d(mol%) with respect to
the SiOz(in mol%), the Activation energies Eo and the leading coefficients Do in Table 1,

extracted from [114-118] mostly pertain the diffusion of single elements in silica (apart
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from reference 114). The diffusion values in the presence of more dopants diffusing at the

same time, like in the case of our FMF, are unknown. However, in very first approximation,
supposing that the values of Table 1 still holds, and by using formulas (3.1.2.6) (3.1.2.7), we
can model the change of index of refraction of the FMF after undergoing the arcs discharge

of the Fusion Splicer (FS).

The initial distribution of each ‘i’ dopant Ci(r, t=0), has been measured via Secondary lon

Mass Spectrometry (SIMS). Theses distributions, not measured by the author of this work,
are omitted as constituting confidential intellectual property of SPI Lasers. AIPQ, is used to
increase Yb solubility. This element is ignored in the modelling of the diffusion as its molar
refractivity is very small and therefore it does not play a big role in the change of the index

of refraction upon diffusion.
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Figure 38. FMF data with no arch discharge (0 Sec).

Figure 38 shows the results obtained with no arc discharge (0 Seconds); this is just a basic
reconstruction of the IOR, starting from the SIMS measurement. On the figure at top, for
each dopant, we have the IOR contributions (derived from SIM measurement and molar
refractivities) and the IOR contributions upon arc discharge (no change in this case, since

arc duration is zero seconds). At the bottom we have the IOR measured via IFA, the
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simulated pristine IOR (this is merely obtained by summing the individual IOR contributions
to the IOR of SiO; = 1.4495), and the simulated diffused index of refraction upon no
discharge. From Figure 38 top and bottom, we can see that the effect of 0 seconds
discharge does not result in any appreciable difference between the pristine and diffused
arrangement. This simply means that the numerical decomposition in Cr, of (3.1.2.7) and
the subsequent reconstruction of C(r, t=0) via (3.1.2.6) has worked fine. In these
simulations, the maximum ‘m’ used equals 50. Still in Figure 38, at bottom, we can notice
that there is a discrepancy between measured IOR and reconstructed IOR. The discrepancy
could for instance be due to lack of rotational symmetry of the preform. Lack of rotational
symmetry makes both measurements of IFA and SIM dependent on the axis of
investigation, hence the discrepancy. Lack of rotational symmetry also affects the beam
shape in the AF and the laser’s performance; this aspect will be clarified later in section 5.6.
Another effect that could explain the discrepancy between measured 10 and simulated IOR
in the centre of the fibre is the so-called Lamaire effect, where molar refractivity has a
more complicated behaviour according to the relative molar content of aluminium and
phosphorous [119]. These more complicated effects are here omitted because the purpose
of this simulation is solely to show how diffusion alters the IOR in proximity of the splice,

rather than fitting any subsequent IOR measurement in presence of diffusion.

107 Change to IOR contributions. Arc Discharge: 5 Sec - 2500 °K
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Figure 39. FMF data with 5 Sec arc discharge at T = 2500 °K
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Figure 40. FMF data with 10Sec arc discharge at T = 2500 °K
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Figure 41. FMF data with 30Sec arc discharge at T = 2500 °K
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Figure 39 presents the diffusion results obtained with a 5 seconds arc discharge at T = 2500
K. Meaning of the legend is as explained for Figure 38. As predicted by the theory, the
immediate effect of the diffusion is the smothering of the sharp edges. Figure 40 and Figure
41 show the diffusion results obtained respectively with 10 and 30 seconds of arc discharge
at 2500°K. Increasing the diffusion time, makes the edge of the IOR become progressively
less sharp. In addition, the GeO, diffuses toward the centre of the perform raising the index
of refraction in the centre of the fibre. It is easy to imagine how these effects alters the
guiding property of the fibre in correspondence of the splice; this is a wanted effect as we

use it to match fibres having very different un-diffused effective areas.
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Figure 42. Simulation: Diffused IOR obtained with different arc durations.

Figure 42 groups the results obtained from the simulation at increasing arc durations.
Before concluding, we observe that any hypothetical targeted IOR shape, achieved with a
specific combination of arc temperature T; and arc duration t;, could also be achieved with
higher T and shorter t (or vice versa lower T and longer t). In fact, recalling equation
(3.1.2.6), we acknowledge that the argument of the exponential includes the

product D(T) * t, where D is a increasing function of T. Without pretence of fitting the
diffusion’s data shown later (e.g. in paragraph 3.4.4), the results in Figure 42 visualise quite

well what append to the IOR of the AF, upon arc discharge, in correspondence of the splice.
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The approximations of this diffusion model are:

e Temperature could not be exactly uniform along the radius.

e Diffusivity takes place also longitudinally (eg along the fibre’s axis).

e Diffusivity of some dopants depends also on concentration.

e Effective diffusion of dopants diffusing simultaneously in our FMF is unknown.
e Inreconstructing the IOR, Lamaire effect due to the simultaneous presence of

Aluminium and Phosphorous is ignored

Source code of the model has been written by the author of this thesis in Matlab using
object-oriented paradigm with implementation of classes representing the various

dopants.

3.2 Applications of S? the measurement

3.2.1 Critical bending radius characterisation

One immediate application of the S? is to characterise effect of bends in Dual Mode
Fibers (DMF). The usage of DMF in is widely adopted in HPFLs. Several manufacturers, such
as NLight, Coherent and Fujikura, utilise 20/400um, 0.065 NA fibres as active medium
spliced to matched passive fibre. The V number of these systems is about 3.8, so these
fibres are dual moded. The advantage of DMF is to have effective areas of the LPO1 bigger
than of purely SMF. Bigger effective areas result in easier splices between FMF AF, due to
better area matching, and in less pronounced SRS, due to reduced intensity of power.
However, as it will be clear in the construction of the lasers, presence of HOM is unwanted.
HOM presence cause beam degradation, exacerbation of non-linear effects and cavity
instability. The LP11’s guidance can be suppressed by mean of bends having opportune
bending radius, however tight bends can provoke losses also in the LPO1. The S? technique
allows determining the correct bending ratio that suppresses the LP11 mode and does not
introduce substantial loss in the LPO1. In the experiment described in Figure 43, the SMF of
the S? kit (SM-HI1060) has been spliced to a 3 meter long DMF, like that presented in Figure
36. To achieve substantial LP11 excitation, the splice was intentionally made with core
misalignment of 2.5um. A single coil having progressively smaller diameter has been
applied at 1.5 meters from the splice. For each diameter, both S? and total transmitted

power have been measured. Referring to Figure 43, with the unbend fibre, we obtain -

-52-



14.1dB of excitation for the LP11 a certain total transmitted power; we will set this latter
power to 0dB. One can easily see that both total power and LP11 power will drop with
decreasing coiling diameters. However, at any given bending diameter, LP11 will have
relatively lost more power than the LPO1. Quantitatively, already at 9 cm of bending
diameter, whilst the total power will have decreased of only -0.2dB, the LP11 will have lost

-3.9dB (going from -14.1dB to -18dB).
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Figure 43. $2 and output power measured at different bending radius for a typical bimodal fibre used in our

laser.

Differential group delay [ps]

Figure 44. S? interferogram for the various coil diameter of Figure 43. Coils diameter in the legend in cm
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In this manner, the S? technique can be utilised to establish the right bending radio at
which losses on the total power are acceptably low and filtering of the LP11 is sufficiency
high. Clearly, it is expected that, for fibre supporting more modes, or in general having
modes with effective indexes close together, selective filtering of only one mode via
bending becomes prohibitive; this is because above a certain bending radius every guided
mode will start losing power in an equalised way. The mechanism of LP0O1 leakage outside
the core could also be indirect: a preliminary LPO1-LP11 coupling could be followed by a

LP11 leakage.

3.2.2 S? measurement as an indicator of beam quality in beam delivery optics

Beam Delivery Fibres (BDF) are utilised to lead the light form the light source to the
work piece. Arbitrary long BDF would be very useful, however due to SRS, BDF must be
limited in length. Since SRS threshold is proportional to the ratio between fibre’s area and
fibre’s length [24], an approach to increase BDF lengths without incurring in SRS, is to
increase the fibre’s area. However, increasing the area makes the BDF multimodal,
exposing, in general, the delivery system to a deterioration of the beam quality. Beam
quality factor M2 expresses how divergent is a beam compared to a diffraction limited
beam [120]. Following the M2 definition, SM fibres results in M? =1. Generally speaking M?
close to 1 can also be achieved with MMF; this providing the light propagating into the

MMF is mostly concentrated in the LPO1 mode [121].

10/125um NA 0.085  16/200um NA 0.07  25/250um NA 0.065

Figure 45. BDO up-taper chain made of three fibres with respective core/cladding dimension and NAs.

Figure 45 represents a chain of components tapered and spliced together in order to obtain
single mode excitation in the multimode BDF (25/250um). The SMF, output of a laser cavity
(10/125pum), is spliced to a tapered DMF (16/200um). In turn, DMF is spliced to a tapered
(25/250pm) MMF. The LP11 guided by the DMF is partly suppressed by means of coils as
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explained in 3.2.1. The number of modes excited in the 25/200um DMF depends on its
modal overlap with the launching mode of the 16/200um, on the presence of kinks in the
splice (caused for instance by bad cleave angles) and from the type of taper transition.
Three samples of the chain sketched in Figure 45 have been produced by using a tapering
machine (TMS by Northlab), a cleaver from Fujikura and a ring of fire (ROF) fusion splicer
(S184PM by Fitel/Furukawa). Figure 46 , Figure 47 and Figure 48 show the result obtained
in terms of S with these three samples, numerated accordingly. In the three charts of the
three samples, modal shape is shown in correspondence of the peaks. It can be noticed
that samples 1 and 2 have much higher HOM contents than sample 3. Consequently, also
the zero seconds delay image, is less round in sample 1 and 2 than in sample 3. Succeeding
in having a good excitation in the BDF depends on the quality of the tools, on the setting of
the tools and on the dexterity of the operator. For the construction of these three samples,
machine settings of both splicer and tapering machine were the same. However, during the
construction of the samples, before the splicing, the measured cleave angles at the 16/200
- 25/200 interface were 0.5-0.5 and 0.5-0.6 degrees for samples 1, 2 and only 0.1-0.1
degrees for sample 3. As intuition suggests, and empirical data support, when splicing SMF

to MMF, bad cleaves do result in excitation of LP;, modes having | # 0.
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Figure 46: BDF Tapering/Splicing Sample 1 (cleave angles 0.5-0.5 deg).
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Figure 47: BDF Tapering/Splicing Sample 2 (cleave angles 0.5-0.6 deg).
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Figure 48: BDF Tapering/Splicing Sample 3 (cleave angles 0.1-0.1 deg).

*The up-tapered structures of this paragraph have been materially tapered and spliced by

Dr. Yuthat Cho SPI Lasers.
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3.3 Splicing optimisation

The acquisition speed and the on line-processing capability of the developed setup,
as explained in 2.2.2.2, permits the usage of S? for splicing optimisation; almost in real
time. S2 technique has proven to be very useful in optimising splices between dissimilar

fibres, particularly SMF to FMF. The S? has therefore been complemented with a fusion

splicer as shown in Figure 49.

TLS

Targets for splicing, when formulating splicing receipt for similar or dissimilar fibres, vary
greatly. A target for instance could be minimising the splice loss between similar SMF.

When splicing dissimilar fibres (e.g. SMF to MMF) another target could be maximising the

SMHII0E0 10/125um

Figure 49. Splice optimisation setup utilising S measurement.
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modal excitation of HOMs, or conversely minimising it. We anticipate that, minimising the

HOMs excitation at the splice between SMF and FMF is of great importance in the

development of our HPFLs and MOPAs. To achieve a particular target, fibres preparation

before splicing and arc fusion splicer settings have to be chosen accordingly. The amount of

parameters that can be set on a modern splicer is quite vast; arc duration, arc power,
overlap between fibres, prefuse duration and power, stuffing speed, position of the

electrodes, sweep speed, tension post arc, to name a very few compared to all the

available settings. However, in very abstract terms, a splicing procedure can be subdivided

in consecutive phases. The S?is adopted to track the evolution of the modal excitation, in

between these phases. In section 3.3 and its subparts, we will focus on empirical

evidences, drawing intuitive conclusions. A more rigorous explanation of the measurement

will be presented in 3.4, where a theoretical model will be presented to describe the

propagation of the field across the splice.

3.3.1 Effect of the arc duration

At the splicing point, we substantially alter the guiding property of the fibres. As

explained in 3.1.2, thanks to diffusion of dopants, different amount of heat provided to the
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fibre result in different variation of the index of refraction. We expect therefore that, at the
splice between a SM-FMF, the FMF modal excitation will depend upon arc discharge
duration. In the following experiment, we use a ring of fire fusion splicer, FITEL-S184PM.
This splicer utilises three electrodes generating an arc discharge that encircles uniformly
the fibres. Plasma discharge is not in contact with the fibres, but around the fibre. Splicer
can be finely calibrated to ensure heat symmetry of the arc discharge surrounding the fibre
[122, 123]. The modal excitation between the same SM-FMF couple has been measured
repeating the splice six times, keeping the arc power constant, but using six different arc
durations. IOR profiles of the fibre used, will be provided in great detail in section 3.4.
Figure 50 shows the MPI interferogram obtained with the six arc durations. Practically, re-
splicing, involved stripping and re-cleaving, resulting in a fibre shortening of 15 cm
minimum each time. In Figure 50 the differential group delay has been normalised to the
exact fibre length at the moment of the six splices (hence x axis unit is ps/m). Without
length normalisation, peaks comparison would have been uneasy; peaks would have not
been overlapped, but shifted according the fibre length at the moment of the splice. Figure
51 and Figure 52 extract the MPI peaks value of the MPI interferogram and plot them
against the arc duration for LP11 and LPO2 respectively. Whilst no evident correlation is
found between arc duration and LP11 excitation, the LP02 excitation has a minimum at an

arc duration equal to 7 seconds.
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Figure 50. MPI interferogram vs arc duration
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Figure 51. LP11 excitation versus arc duration
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Figure 52. LPO2 excitation versus arc duration
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S%2 measurement cannot provide absolute values for the LPO1 power, but just the relative

power of the HOMs respect to the LPO1. However, since the excited modes this FMF are

just three (namely LP01, LP11 and LP02), and that the LP11 does not seem to depend on

arc duration, conservation of energy suggests that having found a minimum for the LP02

should correspond to a maximum for the LPO1. This would be rigorously true if we did not

excite radiation modes. A more immediate evidence of the presence of this minimum has

been measured with a second method; this does not require re-stripping and re-cleaving of

the fibre. Always utilising FITEL-S184PM and the same SMF-FMF couple of the experiment
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above, we use an initial arc of 4 seconds, joining the fibres, and then a series of shorter re-

arcs lasting one second each. Between each re-arc, the modal excitation is measured.
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Figure 53. MPI values obtained by re-arching.

Figure 53 shows the results obtained with the re-arcing method. Equally, also with this
method, the LP02 has a minimum in correspondence of a certain amount of heat provided
to the fibres. LP11 does not seem to vary as much as the LP02 upon re-arcing, this would
rather suggest that LP11 excitation has been imprinted at moment of the first splice, and
therefore it can be argued that LP11 excitation depends on cleave angles, relative core-clad
concentricity/positioning of the fibres and arc discharge symmetry. In Figure 53, the point
at 0 is that obtained after the initial arc, that joining the fibres. The minimum of the LP02
occurs at re-arc number eleven: the minimum has been reached after a four second initial
arc, plus another eleven arcs lasting one second each. If one sums the nominal arc
durations as such, then conclusion would be that the necessary arc duration to optimise
the splice is fifteen seconds (four plus eleven). This would disagree with the seven second
obtained without re-arcing (results of Figure 52). This apparent disagreement is just the
result of the thermal inertia of the glass and the electrical turn on time of the electrodes.
Because of this, the one second re-arcs have an effective contribution of 0.3 seconds each.
For instance, starting with initial arc duration of 3 seconds requires about 14 re-arcs to

reach the minimum, staring with 5 seconds initial arc, would requires 7 re-arcs and so on.
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In the next experiment we used a FUJIKURA FSM-100M fusion splicer. This splicer has only
two electrodes. Six splices have been performed on the same SMF-FMF couple. For each of
the six splices we used the same initial arc discharge. After joining the fibres by mean of the
same initial main arc, each splice has undergone a series of re-arcs lasting all one second,
but having six different currents (Figure 54). Currents of the re-arc are expressed in the
units of the splicer’s vendor (Bit) and are relative to the current used for the main arcs

(common to all splices and equal to 254 Bits).
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Figure 54. LPO2 obtained with re-arcs having different currents.
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Figure 55. LP11 obtained with re-arcs having different currents.
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As evident from Figure 54, regardless of the re-arc current, a minimum for the LP02 can
always be found in all six cases. Furthermore, the number of arcs required to find the
minimum diminishes when the arc current (and temperature) increases. This proves
unequivocally that there is a constant amount of heat (energy) to be provided to the fibre
to minimise the LP0O2 excitation. This was forecast in the concluding remarks of paragraph
3.1.2, when talking about different temperatures and arc durations couples leading to the
same diffused IOR profile for the fibre. In Figure 55, upon re-arcing, the LP11 does not
undergo a variation as big as that of the LP02. LP11 has the tendency of going up with re-
arc number. It is easy to imagine that with only two electrodes; the arc discharge is
intrinsically more unstable and that this system cannot guarantee circular heat symmetry
around the fibre. This makes the LP11 excitation worse and worse upon re-arcing, perhaps
heating the fibre only on one side, creating a increasingly stronger phase plate. This
increase of the LP11 does not happen when re-arcing with the three electrodes FITEL-
S184PM (Figure 53). Aspects of the splicing capability for the two above-mentioned FS will

be clarified in a later section.

3.3.2 Effect of fibres concentricity and cleave angles

As highlighted in the previous section, arc duration choice does not seem to affect
predictably the LP11 contents coupled at the SMF-FMF splice. LP11 mode is non
centrosymmetric mode. If the splice were geometrically ideal, LP11 could never be excited
by the centrosymmetric LPO1 coming from the SMF. For this reason, we must find the
causes of LP11 excitation in the lack of symmetry of the splice. Lack of symmetry can be
due to: bad claves resulting into deformation and residual stress at the splice, bad core-
cladding concentricity of the fibres, and asymmetrical diffusion of dopants at the splice
point (both transversal and longitudinal) .The latter point will be discussed in 3.3.4 when
discussing about arch discharge symmetry and fusion splicers’ quality. In the experiment of
this chapter, two SMFs having different core cladding concentricities have been re-spliced
to the same piece of FMF ten times each, for a total of twenty splices. From another
independent measurement made by the fibre department area (by mean of an Optical
Fibre Analysis System - PK2500 by Photokinetics), it was known that SM fibres core clad
centricities were 0.14um for SMF1, 0.58um for SMF2. FMF’s core clad concentricity was
0.11pum.
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For each splice, cleave angles and modal excitation has been recorded. The splicing receipt

for this experiment, adopts an optimised arc duration that minimise the LP0O2 excitation (as

explained in 3.3.1). The FITEL splicer aligns fibres using cladding alignment by mean of

image processing. The arc of the particular receipt used in the experiment is not exactly

located in the middle of the fibres, but 50um onto the FMF (Figure 56). This is purely for

historical reasons, as this particular splice recipe has been adopted by SPI for several years.

Arc Centre

a)

Arc Centre

b)

Figure 56. a) Arc discharge located in the middle of the fibre.b) Arc discharge located 50um on the FMF (as used

The result of splicing ten times SMF1 is shown in Figure 57.
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Figure 57.SMF1-FMF splice. Modal Excitation over 10 splices.

From the splice data of Figure 57, the following table has been produced.
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LPO2 LPO3 LP11 LP21

Average MPI over 10 splices[dB]

-32.5 -34.9 -27.2 -38.5

Relative Power of HOMs (Total Power = 1)

0.00056 | 0.00032 | 0.001914 | 0.000141

Tot Relative Power HOM 0.002946
Power Left To LPO1 % (Overestimated) 99.71
Loss LPO1 % >0.29

Table 2. SMF1-FMF splicing. Average modal excitation and LPO1 loss estimation.

S? technique does not measure directly LPO1 excitation. However, if we invoke energy

conservation and recall the existence of radiation modes coupled at the splice, we can

(under) estimate the loss of the LPO1 mode. In this view, for SMF1, LP0O1 loss is certainly

bigger that 0.29%. The result of splicing ten times SMF2 as shown in Figure 58.
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Figure 58. SMF2-FMF splice. Modal Excitation over 10 splices.

From splice data of Figure 58, the following table has been produced.
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LPO2 LPO3 LP11 LP21

Average MPI over 10 splices[dB] -27.8 -33.9 -20.6 -36.1

Relative Power of HOMs (Total Power = 1) 0.00167 | 0.00040 | 0.00878 | 0.00024

Tot Relative Power HOM 0.011108
Power Left to LPO1 % (Overestimated) 98.89
Loss LPO1 % >1.1

Table 3. SMF2-FMF splicing. Average modal excitation and LPO1 loss estimation.

For SMF2 we estimated LPO1 loss to be bigger that 1.1%.

Comparing the performances of the two SMFs we can clearly see that the modal excitation
of the LP11 is essentially bigger for the less symmetrical SMF2 (worse core clad
concentricity). As result, the expected loss for the LPO1 is worse for the SMF2 than with

SMF1.

Average LP02 excitation also differs between the two fibres. This is due to the fact that
SMF2 splices were performed one day after those of SMF1. Due to inattention, the second
day splicer power was not re-calibrated, so the amount of energy provided to the two
fibres was not exactly the same. As explained in 3.3.1, a little drift in the arc power makes
the splicing process no longer optimised for LPO2 minimisation. After the splicing for the
SMF2, splicer was re-calibrated and its heat was 8% lower compared to the first day; this
variation of heat is compatible with the variation of LP02 observed between the two fibres.
Nevertheless, even if splicer was still calibrated and we had scored in average -32.5dB also
for the LP0O2 of SMF2, calculation would have led to a loss for the LPO1 of 1% (not much
different from 1.1%). This is because, from linear loss point of view, the main difference
between fibres is due to the LP11 ranging between -20.6dB and -27.2dB, rather than the
LPO2 ranging between —27.8 and —32.5dB.
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In the remaining part of this chapter we will focus our attention to the correlation
between cleave angles and modal excitation. Here we refer to the cleave angles the fibres
had before being spliced together (as measured by the splicer) and modal excitation
resulting from that splice. The result for SMF1 (good concentricity fibre) will be presented
first (Figure 59, Figure 60). We will use the squared Pearson coefficient (R?) as an estimator

of the linear correlation between cleave angles and modal excitation.

-15 * LPO2
ELPO3
-20 LP11
25 y = 0.6089x- 28.247 LP12
' R*=0,0057
B _ . y=1.1355x- 35.991
= -30 R!= 0.0758
= . y—r— o
— % o By _
-35 B y=1.7639x- 34,378
= n =t R?=(.0746
o —— ==
-40 % S _
x » y=-1.9155x- 37.146
: R?=0.1086
-45
S I T A L T T T B T T T B T T T T T B A
=T = = T = TR = o A = T = I = I I B I I I I I [ B I A
Cleave FMF[Deg]
Figure 59. SMF1-FMF splicing. Correlation between FMF cleaves and modal excitation.
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Figure 60. SMF1-FMF splicing. Correlation between SMF cleaves and modal excitation.

Figure 59,Figure 60 show the correlation between cleave angles (had by the fibres before

the splice) and modal excitation achieved upon splicing; this for both SMF and FMF cleave
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angles respectively. Apparently SMF angles (Figure 60) correlate better then FMF angles
(Figure 59) with modal excitations (R? coefficients much bigger for the SMF cleave angles).
To explain this, we need to remember that the arc is longitudinally shifted 50um over the
FMF (Figure 56). This makes SMF colder than FMF during the arc discharge. After fibres
consolidate, SMF (colder during splice) will retain more the angles it had before melting
than the FMF (hotter during splice). For this reason, LP11 MPI correlates more with the
SMF cleave angles than with the FMF cleave angles. We can certainly conclude that, in case
of good fibre centricity (like in SMF1), the bigger the cleave angle the bigger the LP11

excitation.

The result for SMF2 (bad core cladding concentricity fibre) will follow.

15 + P02
y=4.2573x-22.935 W LPO3
— 2=
20 S — R?=0.5495 P11
. LP12
-25 ° - ¢ -
y=0.2893x- 28.843
= 2
i 0 * * R#=0.0008
3 i >
T m
-35 - % — =-1.03x-33.559
S S —. % R*=0.0653
X
-40
y=1.3378x-37.198
R?=0.0407
-45
o L] o~ [32] < u (Vo) M~ o [=}] — L] ~ o < un o I~ o (=21 ~
o o o o o 9o o o o T T = T = T T R T
Cleave FMF[Deg]
Figure 61. SMF2-FMF splicing. Correlation between FMF cleaves and modal excitation.
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Figure 62. SMF2-FMF splicing. Correlation between SMF cleaves and modal excitation
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For SMF2 also, SMF cleaves correlate better than FMF cleaves with modal excitations. For
SMF2, it would seem like that the bigger the cleave angles, the smaller the LP11 excitation.
However, for SMF2 (bad core clad concentricity), the symmetry is already deterministically
broken because of the two fibres have different centres for their cores. In addition, cleave
angles also have effects on symmetry. For SMF2, we have therefore two separate effects
breaking the symmetry; for this reason, 10 splices are too few to be statistically
meaningful. However, paradoxically, one could extrapolate that, in presence of bad core-
cladding concentricity, an acute cleave angle can result in a smaller LP11 excitation,
correcting therefore the effect of lack of concentricity (sample with 1.3 Deg in Figure 62 has

the smallest LP11 excitation of the set).

3.3.3 Effect of transversal sweeping arc discharge.

Modern fusion splicers implement several functionalities. The Fujikura FSM-100M,
allows keeping the arc discharge turned on whilst both fibres are monolithically shifted
under the arc discharge (sweeping arc). In the following experiment, SMF and FMF are first
joined together and then subjected to sweeping arcs. We programmed the splicer so that,
for each sweeping arc, the fibres move only in one sense and do not go back at the end of
the sweep. For every sweep performed, the perturbed IOR of the FMF will becomes
increasingly longer. Without getting into the details of the splicing program settings, we
just mention that arc current of the sweeps was comparable to that of the first joining
splice and that each transversal sweep increases the perturbed length of 50um. After the
first joining arc, and in-between each arc sweep, the modal excitation at the output of the

FMF was measured.
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Figure 63. Effect of transversal sweeping. Arc position is relative to joining point of the two fibres (0 um).

In Figure 63, the modal excitation of the LP02, LP11 and LPO3 has been tracked against the
arc position reached on the FMF. The modal excitation is periodical with the length of the
perturbed area (e.g. position reached by the arc onto the FMF) and each mode has a
different periodicity. We can see that the LP03 has the fastest periodicity, followed by LP02
and then LP11. From Figure 37, we see that the effective IOR difference between LP01 and
the HOMS is bigger for the LPO3, followed by LP02 and then LP11. This suggests that modes
are beating in the perturbed area and that the beating length depends on the effective IOR
of the modes, relative to the LPO1. This empirical observation will be clarified in the
theoretical explanation, dealing with the propagation of the field in the splice/perturbed

area.

3.3.4 Qualification of fusion splicers for large area fibres splicing

Usage of increasingly bigger fibres has become ubiquitous in HPFL and MOPAs
[124-127]. Bigger cores are required to minimise non-linear effects. Consequently, larger
claddings are required to minimise micro-bending loss in presence of bigger cores and low
NA [128, 129]. FMF used in this work have core diameters size of about 24um and cladding
diameter size of 200 um respectively (Figure 37); passive fibres for the pump power
transport have claddings up to 250um. Normal fusion splicers developed for common
telecommunication fibres (e.g. 6um core, 125um cladding), are not adequate to splice our
fibres. SPI Lasers moved from telecom industry to the HPFL arena in the year 2004, so no

old telecom splicers were available and have been tested on the fibres of this work.
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Nonetheless, we have measured differences between splicers intentionally manufactured
to splice large diameter fibres. We expect that good heat symmetry, provided by the
splicers, will result in a more symmetrical diffusion of the dopants in the fibre; hence a
more symmetrical index of refraction in proximity of the splice. In the next experiment, the
same FMF has been spliced two times with discharges of similar energies, to the same SMF:
once with a two electrodes FUJIKURA FSM-100M splicer and once with a Ring Of Fire (ROF)
- three electrodes FITEL-S184PM. For both splices, the 2D index of refraction of the FMF

has been measured 50um away from the splice via IFA-100 Refractive Index Profiler.

P asition (um)
P osition (um}

T g ETH 5 0 5 10 15 T g A0 5 0 5 10 1%
Position (pm) Position (pm

Figure 64. 2D IOR measurement on the core of the FMF fibre 50 um away from the splice. a) two electrodes

splicer b) ROF splicer. For the max/min IOR of the figures refer to core of the Figure 34.

Figure 64 shows the 2D index of refraction profiles obtained with the two splicers, the
figure also shows the centre of mass of the two figures (red dot). The index of refraction
obtained with the ROF splicer is more symmetrical than obtained with the two electrodes
splicer. Please refer to Figure 65 for the following discussion. In the two electrodes
configuration, the accelerated plasma produced by the discharge hits the fibre and
surrounds the fibre only from one side resulting in an asymmetric supply of heat. The

splicer provides two tools corroborate the above statement:

1) A “hotimage” of the fibre is recorded by an internal camera during the arc
discharge.
2) The nominal offset between fibre axis and electrodes common axis, can be varied.

This nominal offset is called VH parameter (Vertical Height).
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Figure 65. Two electrodes splicer configuration with “hot image” during the discharge a) VH<0 and b) VH> 0.

In Figure 65 a, the fibre is above the electrodes’ axis, for this reason the “hot image” is

colder on the top and hotter on the bottom. Conversely in Figure 65 b, the fibre is below

the electrodes axis; in this case the “hot image” is hotter on the top and colder on the

bottom(VH>0). Dubious about the alignment of the electrodes, the author of this work

developed a software to measure the VH parameter correctness. Subsequently this

software has been adopted by SPI for the routinely calibration of all FUJIKURA two

electrodes splicers. In the “V-Height calibration” software, a number of discharges is tested

for each VH position to test. After each discharge, an image processing routine establishes

if the fibre was hot up or hot down.
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Figure 66. V-Height software. Optimum VH parameter equal to 10 (fibre and electrodes’ axis physically aligned)
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In Figure 66, 10 arc discharges have been tested for VH positions ranging from -25um to
40um. For low values of the VH, the fibre was “hot up” 10 times out of 10 (100% Up, 0%
Down). Conversely, for high values of VH, fibre was “hot up” 0 times out of 10 (0% Up,

100% Down). At VH =10, the fibre resulted to be 5 times “hot up“ and 5 times “hot down”.

After dealing with the R&D of FUJIKURA, we found out that the VH parameter can drift with
time. This is due to the usage of several stacked motorise stages driven without encoders.
This just means that the optimum VH parameter can be different from zero when fibre and
electrodes are perfectly aligned, in this case fibre and electrodes’ axis were physically
aligned for VH =10. However, even at VH =10, hot images were either of kind a) or of kind
b); this highlighted the intrinsic limitation of the two electrodes splicer. Even with perfect
alignment, the plasma particles will pass either from one side or from the other of the

fibre, resulting in an asymmetric supply of heat.

Figure 67. Three electrodes splicer configuration (ring of fire technology[122]

In the ROF technology, the three electrodes are circularly excited with a three-phase
current creating a triangular arc discharge. Differently from the two-electrodes technology,
here the created plasma is not accelerated toward the fibre, but surrounds it uniformly. In
the ring of fire technology, the heat is provided to the fibre solely by the radiation of the
recombining plasma. The vendor of the ROF splicer states that because of lack of plasma
collision, ROF technology provides a better uniformity of the supplied heat, resulting in a
more circular index of refraction in proximity of the splice[122]. This statement has been in
some way empirically verified (Figure 64). As pointed out in 3.3.2, lack of symmetry at the

SMF-FMF point of contact, couples the LP11 mode and reduces the power available for the
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coupling of the LP0O1 mode. When re-arcing with two electrodes, the LP11 grows with the
heat provided to the fibre /with the number of arcs (e.g. Figure 55). In other words, the two
electrodes technology limitation is exacerbated when using longer arcs. Conversely, with
the ROF, it has been repeatedly observed that the LP11 coupling does not change much

upon re-arcing.
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Figure 68. LP11’s MPI obtained on several FMF part numbers upon re-arcs with the ROF splicer.

In Figure 68, five different FMFs have been spliced with ROF to the same SMF. After an
initial joining arc of 4 seconds, the fibres have been re-arced with arcs of one second
duration each. At the end of the first main arc, and in between re-arcs, the LP11 excitation
has been measured. With the ROF technology, the LP11 does not vary much with the re-arc
and conserve the initial value it had after the first joining arc. This value of LP11 excitation,
explained in 3.3.2, depends on fibre concentricity and angles of cleaves. In other words,
with the ROF technology, re-arcing or usage of longer arcs does not degrade the LP11

coupling and therefore is a better candidate to splice HPFLs and MOPAs.
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3.4 Field propagation across tapered areas

In this part of the thesis, we develop a theoretical framework able to explain most of
the empirical evidences highlighted in section 3.3. We will resolve the Maxwell equation in
a fibre whose guiding property vary along the length. Physical tapers with varying core size
or zone with altered index of refraction such as in presence of diffusion splices will both be
called, for simplicity, tapers. This theory will then be applied to samples of splices of which
we have measured modal excitation (via S?) and refractive index in various points along the

spliced region (via IFA).

3.4.1 Theory

To calculate the field propagation in a waveguide whose guiding property are not
constant along its length, we use the concept of local modes [92, 93]. Let us assume the
IOR of the fibre to be centrosymmetric, but varying along z (e.g. IOR =IOR(r, z)). Local
modes in a point z* are those the fibre would support if IOR(r, z) = IOR(r, z*) Vz. Like
normal fibre modes, also local modes are characterised by field distribution and effective

index of refraction.

Figure 69. Fibre with guiding property varying along the z

Referring to Figure 69, we can think to divide the tapered zone in layers; within these
layers, index of refraction will be assumed constant. At the left and right of the interfaces
between layers, we have two fields, respectively denoted with Ej, E;. We will assume field

linearly polarised, therefore the notation of the theory is scalar.
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Continuity of transversal components of H and E, is imposed at every interface
E():E]_ and H0:H1 (3.4.1.1)

At each interface, decomposing the field in local modes, (3.4.1.1) becomes

(3.4.1.2)
Y Eg = ) En+o(Ey)
i
(3.4.1.3)
Z Hyy = Z Hy; + o(Hyp)
i

Here, o(E,) and o(H) have been added to remind the reader about the presence of
radiation modes. Radiation modes are lossy, they capture the part of the incoming field
distribution that cannot be coupled into any of the modes of the subsequent part of fibre.
Without the claim of being exhaustive, we cite a simple example. For instance, if we splice
two dissimilar SM fibres, having very different LPO1s, we will have that these modes will
not overlap well and we will get a lossy splice. The lost power is captured by radiation
modes, these modes leak the light in the cladding of the fibre. If transitions across
interfaces are not too abrupt, we can imagine that the energy transported by the modes of
the ‘0’ zone will be entirely captured by the modes of zone ‘1’. In the case of smooth
transitions, radiation modes can be ignored. Ignoring radiation modes is the approximation
we will make in the development of the theory, but we will recall the approximation’s
repercussion in the application of the algorithm that calculate the propagating field.
Despite this approximation, we will see that our model can explain most of the useful

measurements of this thesis.

Applying [f..x Hjjdxdy to (3.4.1.2) and [[..X Ej;dxdy to (3.4.1.3), we get

. . (3.4.1.4)
i i
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% . (3.4.1.5)
fsziO X Ej; dxdy = ff ZH“ X Ej; dxdy
i i

Due to orthogonality between local modes belonging to the same layer, right terms of

(3.4.1.4) and (3.4.1.5) reduces to one sole integral, yielding:
i Jf En x Hpydxdy =[[ Ejy x Hfydxdy (3.4.1.6)
Zi ff Hil X E]*ldxdy=ff H]l X Ej*ldxdy (3-4~1-7)

Adding together the two sides of (3.4.1.6) and (3.4.1.7) we get:
« . (3.4.1.8)
Z ff Eyjy X Hj;dxdy + Z ff Hyy X Ejydxdy
i i
= ff Ejy X Hjdxdy + -U Hjy X Ejdxdy

Neff
CUg

For transversal waves and for guided modes H = E = Ecegneyy , allowing us to

rewrite (3.4.1.8) as

. . 2nj; X (3.4.1.9)
ff E}'l X Hjldxdy + Jf H]l X Ejldxdy = ¢ g J-f E]l X Ejldxdy
Let us represent local modes with phasorial notation such that
E,(x,y,2) = a,E,(x,y)e Fr% (3.4.1.10)

With a,, being a complex number and E,, (x, y)a real function and by imposing
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I/ E,(x,y) * Ey*(x, y)dxdy =1 (3.4.1.11)

The power of the field is calculable as

P, = ceony /[ E,(x,y) * E, “(x,y) dxdy = csonyayay (3.4.1.12)
With the phasorial representation right part of (3.4.1.9) becomes
2njy = * 2njy « C __2Cnj . _ (3.4.1.13)
mff Ejdxdy = 061 1= s Y1 T = s 1=

*
2cegnji a1y

With the phasorial representation left part of (3.4.1.8) becomes

— = P (3.4.1.14)
Z.U E, o X H]1dXdy+Z_U Hy X Ej dxdy
- -
nll ff B z Nio
E,o X Ef dxd
cuo w0 X Ljpaxay + Cug
l

ffﬁ; x Eydxdy

Nio n]l ff
E x E7 dxd
Z(cuo U 0 % 51 GXAy
l

_ Nio M x —i(Bio-Bi)Z «
_Z(Cuo +m) ajoajq e iBio=Fj1) ff Ejy X Ejdxdy

L
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Joining left and right part of (3.4.1.8) and (3.4.1.9) plus few trivial manipulation, we obtain

Mo, Y1 ~i(Bio=Bj1)Z _ :
Z (c g + g )aloa] e 0~Fj1 Eijo X Ejy dxdy =2cegnj a1 aj;
L

Z( CeENp + ¢ sonjl)aioe_i(ﬁio_ﬂil)z ff Ejo X Ejydxdy =2cegnjajy

(o +mj1) ~ _ z
ZT]la e i(Bio— B]l) fJ-E .1dxdy:aj1

i

(3.4.1.15)

The final expression derived in (3.4.1.15) allows calculating amplitudes aj; in a
stepwise/iterative way. The power evolution of each mode P, can be tracked by applying
the following passages. Let us define 4, such as:

1 (3.4.1.16)
A, = 5 CEoTy @y, SO that

— * — — —ip,Z
Py —Ay*Ayand LAV —Aayand AEy =Za,xe Py

Let us multiply both side of (3.4.1.15) by Eceonio

(3.4.1.17)

n, +n
Z M 5 —C&yNjpAjp€ ~i(Bio- B}1)Z ff EiO X E]'1 dxdy =

C&oNjp Ajq
2nj;

2

i

Obtaining

(3.4.1.18)

(n +n1) o-ilBio—F 1
z w2n111 HPro=Fa)Z ﬂ- Eig X Ej; dxdy = 5 C€oTio &1
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Multiplying the expression above for /njl we finally obtain

. . 4.1.1
ZMAiOe—i(ﬁio—ﬁjﬂz ff EiO X E. dxdy = A: (3 4 9)
j1 j1
2 nionjl

i
Equation (3.4.1.19) shows that, if local modes are known along every section of the tapered
structure, we can calculate the local mode power evolution iteratively (in a stepwise
manner). It is important to notice that the amplitude of a mode in the zone 1, 4j;, depends
on the integral overlap between this mode and all the incoming modes of zone 0. From
equation (3.4.1.19), it is also clear that, within the limits of this 1-D model, that assumes all
local modes have the same axis along z, modes having different symmetry (e.g. LPO1 vs

LP11) will never couple power as the term [f Ejo X E;; dxdy will be null.

Single Interface, Simple case:

Let us take the case of a multimode straight fibre and let us virtually divide it two

zones (0,1). Local modes of both zones will be the same. The integral overlaps across layers

[ Eig x Ej; dxdy will be equal to one or zero when coupling respectively the same or

. . . i0tMj1)  _i(Bir—B: .
different modes across the virtual interface. The terms (rio+nyn) e ~Bi=Bj1)Z \yill be equal
VoM j1

to one anytime overlap integral is also one. This simply says that in a straight multimode
fibre, modes do not exchange power (4;, = Aj;when i = j) and evolve with their own

phases across the fibre.
Single Interface, Medium case:

Let us suppose we have a joint between two dissimilar multimode fibres, hence

having different modes, but fibres are perfectly concentric and share the same centre.
Across the joint, the integral overlaps [[ Ejy X Ej; dxdy will be null between modes having

different rotational symmetry (e.g. between LPO1 and LP11), but it will be not null and in

general not unitary between modes with the same symmetry (e.g. between LPO1 and LP02

or between LP0O1 and LP0O1). The terms W e ~iBio=FjDZ\yill not be be identically one,
ionj1

and these terms represent the optical impedance mismatch. Practicallly, when fibres are
reasonably concentric and well aligned (same centre), only modes with the same rotational
symmetry will exchange power. Namely, for every LP;, couple of modes across the

interface, only modes having the same ‘I’ will exchange power across the joint.
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Single Interface, Complete case:

Let us suppose we have a joint between two dissimilar multimode fibres, and fibres
are not perfectly concentric or do not share the same centre. In this case, the integral
overlaps across the joint [[ Ejy X Ej; dxdy will be never null. This is because even modes
having different symmetry (e.g. LPO1 and LP11) will have their centre offset and therefore
will not be orthogonal; hence exchanging power. This cannot be modelled by this 1D

algorithm.

Multiple interface, Taper case and our working hypnosis:

A tapered zone is represented as a series of joint between dissimilar layers. In
general, all the three cases above presented can happen at any of the layers. In diffusion
splicing, if arc discharge is not centrosymmetric, the interfaces composing the taper will not
have the same centre (i.e. taper is not straight) and there will be coupling between all the
modes. When adopting three electrodes splicer, arc discharge is more centrosymmetric,
taper is straighter, layers have the same centre and modes having different symmetry do
not exchange much power. This is also been highlighted in 3.3 as we did not observe much
power evolution of the LP11 upon discharging. As we will see in the next chapter, since the
implementation of our algorithm relies on 1-D IOR measurements, we cannot measure
offsets between interfaces. We will assume the taper reasonably straight. In this view, our
model will be represented as a stack of layers falling within the “Medium case” as
described above. The LP11 excitation at the beginning of the taper will be assumed
(guessed in the third step of the algorithm described in 3.4.2) and we will be able to track
only the power exchange between LP01 and LP02 and between LP11 and itself. This will be

for most of the times a good approximation and our working hypothesis, given that:

A) The FMF we will analyse only strongly guides LPO1, LP02 and LP11

B) Empirical evidence suggests LP11 is not exchanging a big amount of power with the

LPO1 and the LP0O2 (paragraphs of 3.3).
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3.4.2 Algorithm implementation

Algorithm calculating field evolution across zones with varying guiding characteristics

can be divided in four main stages.

1) Given a tapered zone or a spliced region, multiple 1D - IOR(r, z) are measured at

different z along the interested region via IFA.
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Figure 70. IOR measurement across a passive SMF (left) to an active FMF fibre (right) splice.

The IOR measurements in Figure 70 have been measured on a sample of diffusion
splice between a SMF and a FMF (IORs like those presented Figure 35 and Figure 37
respectively). IORs in Figure 70 are those of the sample obtained with arc discharge
of 8 seconds, presented in section 3.3.1 (Figure 50). The Z-axis, orthogonal to the
page, is the index of refraction of the fibre. The Y-axis, is the fibres radius. In the X-
axis, the Oum point represents the contact point between the dissimilar fibres.
IOR(r,z) has been measured at 20 discrete points, these are z = -500, -50-, -15, 15,
30, 60, 80,100, 133,166, 200, 250, 300, 400, 500, 600, 700, 900, 1100, 1500pm. In
between these points, IOR(r,z) is assumed to be constant. In Figure 70, the effect of
the dopants diffusion in the AF, as presented in 3.1.2, can be spotted up to +500um
away from the contact point. A SMF->FMF splice represent therefore a tapered
region in the sense that guiding property evolve along the z direction. An arbitrary
number of discrete IOR(r,z) slices can be measured via IFA, however IFA resolution
along zis 20um circa. Measurement takes 3 minutes for each IOR slice. As it will be

clearer later, zones where IOR(r,z) changes fast with z (e.g. close to the splice on

-82 -



the AF) must have a reasonably high spatial sampling rate, whilst zones where IOR
does not change much with z (e.g. far away from the splice) can be under-sampled.
Virtual IOR measurements can be fabricated and slotted in between IOR couples as

an average in the following way

IOR(r,2) ==[IOR(r,z,) + IOR(T, zy41)] (3.4.2.1)

N |-

Withz = (z,, + zp41)/2.
The number of virtual IOR can be increased arbitrarily, fitting an increasing number
of virtual measurements between each couple of real measurement. Adding virtual
IORs increases the number of points and makes transitions across interfaces
smoother. This, as it will be shown later, increases the algorithm accuracy by
reducing the artificial radiation modes losses produced by the discretization
process and reduces measurements’ time. Given the spatial longitudinal resolution
of the IFA, the closest measurement one can get is at 20um away from the splicing
point. Around z =0, two further virtual index of refraction IOR(r, 0%) can be
fabricated. IOR(r,0%) are obtained by linear regression of the two neighbouring
IORs, from the two relative fibres. IOR(r, 0%) are fabricated at z = +1pm. Data
like that show in Figure 70, with or without extra virtual IOR, can be provided to the

algorithm.

2) For each IOR(r, z) provided, and therefore for each z, local modes are calculated*
with the method presented in [130]. In the algorithm, local modes 'y’ are
characterised by:

a. Zposition

b. Normalised real fields E,, (7, z) such that

2m oo (3.4.2.2)
fo fo E,(r,z) xE,(r,z) rdr = 1

c. Effective indexes of refraction B, (2)

d. Amplitudes and phases onf;,(z). These are yet not known at this stage.

*The part of the code calculating the modal shape and effective index of refraction from
the IOR measurement (step 2) was implemented in Matlab by Dr. Fabio Ghiringhelli
@SPILasers.
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4)

A boundary condition (power and phase) is assigned to the power of all local
modes of the first ‘0" interface; defining therefore A4;,Vi at z=-500um. Additionally,
since the model is not capable of reproducing coupling between modes having
dissimilar symmetry a guess excitation for LP1x modes can be injected at the first

point after the splice (at z=0um).

The AI for each subsequent z are calculated applying recursively (3.4.1.19), here

expressed in cylindrical coordinates

Z (nLO + n]l) —i(ﬁio—ﬁjﬂz j+oo . (3423)

Eio(r,z) x Ej; (r,z) vdr = Ajy
nlOnjl 0

At any stage of the propagation, for every z, power and phase of each local mode ‘}’

can be tracked by evaluating respectively |Aj1|2 and L|Aj1.

The presented propagation algorithm has been implemented in Matlab by the
author of this thesis. From a programming point of view, local modes are
implemented as class in the context of oriented objected paradigm. Complex
amplitudes Aj;, those of a succeeding zone (‘1’), are returned by a propagator
function. The propagator function accepts, as argument, two pointers to local modes
of zones (‘0" and ‘1’) plus an array of complex amplitudes A;, representing the
incoming modes. The so returned 4;;, will be used as new A;, and fed again the
propagator function to generate the subsequent 4;;. The procedure is iterated until

the last IOR data provided is reached.
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3.4.3 Algorithm benchmarking

In this paragraph, we will show the typical results of the application of the above

presented algorithm. Particularly, the splice sample utilised to introduce the algorithm is

that obtained with an 8 seconds long arc discharge, presented in section 3.3.1 (Figure 50).
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-40

Figure 71. 3D rendering of the IOR measurement.

A detailed description of the local modes calculated in the various zones of the taper above

will follow. Figure 72 shows a subset of the measured IORs and correspond effective IORs.

Refractive Index Profile

Refractive Index Profile
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Figure 72. IOR and effective indexes of the some of the data shown in Figure 71
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As one can see, far away from the splicing point (z= 0), the features of the IOR are sharp;
these features become progressively smoother close to the splicing point. This is
substantially due to the temperature of the arc discharge being hotter for z=0. Both SMF
and FMF fibre diffuse, but the effect is more visible on the active FMF. FMF is designed to
diffuse in order to become matched upon splicing to the SMF. As already observed,
diffusion takes place up to +500um away from the splicing point. FMF guides very weekly
HOMs such as LP03, LP13; these will leak away almost immediately when the AF is bent. As
shown in paragraphs 2.2.2 and 3.3, modes such as LP12, LP0O3, LP13 have very low values of
excitation, and unless excitation is intentionally provoked with a bad splice (offset, big

cleaves or arc unbalanced), these are hardly measurable. Figure 73 and Figure 74 show the

calculated intensity shape for the LPOx and LP1x respectively (x = 1, 2). In Figure 73 and

Figure 74, field intensities are normalised like in formula (3.4.2.2).
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Figure 73. LPO1 and LPO2 intensity of the some of the data shown in Figure 71.
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Figure 74. LP11 and LP12 intensity of the some of the data shown in Figure 71

Far away from the splice, on the un-diffused/ pristine FMF, the LPO1 shape is very different
from a Gaussian and it resembles the shape of the IOR. However, because of the diffusion
occurred in proximity of the splice, the LPO1 shape becomes round like a Gaussian,
matching the field coming from the SMF. A useful quantity we can track along the taper is
the Effective Area (EA) of the LPO1 mode. Given a mode with intensity I(r, z), effective area

is defined as:

* 2 D
[foz7r f0+ I(r, Z)Tdr] (3.4.3.1)

5 G 2 Prdr

Aerr(2) =
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Figure 75. Effective area of the LPO1 mode along the splice.

As shown in Figure 75, far away from the splicing point, SMF and FMF have very different
EAs for the LPO1 mode, measuring respectively 140um? and 280um?2. Thanks to the
diffusion taking place during the splicing, the EAs of the LPO1 mode is somewhat matched
at the splicing point. At the splicing point, the EAs of the LP0O1 of the FMF and SMF measure
respectively about 175 um? and 155 um?. Given the result of the simulation presented in
paragraph 3.1.2, we can easily image that if we had used longer arc duration, we could
have better matched the LP0O1 effective areas of the two fibres. Being the arc temperature
longitudinally symmetric around z=0, one can understand how FMF diffuses much more
that the SMF. The value of the EA is flat from z = 0 to z~¥120um. As it will be clear
subsequently, this flat zone can be very useful to optimise the splice. So far, we have just
analysed the data to provide to the recursive algorithm explained in 3.4.1. To calculate the
amount of power carried by each mode whilst propagating into the tapered area, we can

now apply the recursive algorithm.
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To start using the recursive algorithm, we need to set the boundary conditions. We will do
so by imposing that the SMF carries only one mode, namely we will set |4, po1|2=_s00um =
1. All the other amplitudes at z=-500um are equal to zero. For the sake of the exposure, we
will initially show the results obtained from the raw data, without any virtual IORs. The
effect of slotting in virtual IORs will be discussed later. As discussed in the theoretical
section 3.4.1, right after formula (3.4.1.19), we also need to guess the modal excitation of
the LP1x modes at the first point after the splice (z = +15um), on the FMF side. Since we
have that LP11 does not vary much upon re-arching with ROF splicer (empirical section
3.3.1), and we know that LP11 should not exchange power with LPO1 and LP02 (theory), we
will assume that LP11 power at the beginning of the taper should be the same as measured
at the end of the FMF fibre with the S%. We will therefore estimate that LP11 power is -
30dB under the LP01, as shown for this sample in section 3.3.1. For the LP12 and LP13 at
the beginning of the splice, we will assume their power to be <-50dB under the LPO1. This is
primarily justified by the fact that S? test kit’s noise floor is -50dB and we never measure

LP12 and LPO3 with the S2.
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Figure 76. Propagation through the splice. Sample obtained with 8 seconds arc discharge, simulation without

any virtual IOR.

Figure 76 shows the power evolution (that is |4;(z)|? ) of the calculate modes along the
splice. For all modes in the charts, a label indicates the power in dB at the end of the FMF
fibre, apart from for the LPO1 where the loss is indicated in percentage. Along the splice,
LPO1 and LP02 exchange the most visible amount of power. The power exchange is big up
to 500um, after that the power of the two modes settles as effectively the guiding property

of the fibre become more constant away from the splicing point. LPO3 has a somehow an
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uncorrelated behaviour or at least, its excitation is some 10 dB inferior respect to the LP02
all along the taper. As hoped, we can effectively notice that LP11 value varies little around
30dB, so our guess when defining the boundary condition was right. Even if LP12 and LP13
do exchange power with LP11, their evolution is such that, at the end of the FMF, they
conserve their assumed initial value at the beginning of the splice (certainly less than
<50dB). In Figure 78, we show the effect of adding virtual IOR at the interface z = 0% and
in between real IOR measurements along z. The amount of virtual IORs slotted between
real measured IORSs is 2, 4, 8 and 16. In Figure 78, referring to the LPO1 chart, it easy to
notice that, the effect of adding the two virtual IOR at z = 0%, reduces the loss of 0.37%
(from 1.87% to 1.5%). Slotting in a progressively bigger number of virtual IORs, makes the
LPO1 loss decrease rapidly, saturating at 0.87%. Adding further virtual IORs above 4 times
the real number of measurements, does not make LPO1 loss decrease appreciably. Similar
considerations apply to all the other modes: the power evolution shape saturates when
increasing the number of virtual IOR. In Figure 77, the loss of the LPO1 and the MPI of the
LPO2 at the end of the splice is plotted against the average sampling period (abruptly

calculated as length of the splice divided by the number of IORs).
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Figure 77. Propagation into splice. Power at the end of the taper vs. sampling frequency. Labels indicate the

number of Virtual IOR slotted in between real IOR measurements.

From the figure above it easy to spot how, above x4 Virtual IORs, the numbers provided by
the algorithm saturates. The spatial resolution of the IFA along z is 20um; therefore, by
using X4 level of virtual IORs, we do match the resolution of the machine; this would
somehow save a quarter of the time in case we wanted to obtain same amount of real,

time consuming, IOR measurements.
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Figure 78. Propagation into splice, legend at the top of all charts. Sample obtained at with 8 second arc
discharge, simulation without any virtual IOR [Raw], with virtual IORs around z=0 [Raw&IOR(0)] and with

x2,x4,x8 and x16 virtual I0Rs slotted between real measurements.

The LP02 excitation measured with the S? for this sample was -25.5dB (Figure 52), the best
value we can estimate with the theory applied to the IFA sample measurement is -23.3dB.
We notice that there is a mismatch of 2dB circa between the two approaches. Whilst
deriving the theory, in formula (3.4.1.2), we neglected the radiation modes. Furthermore,

we are also using a limited number of modes in the calculation. Since we are using a
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limited number of modes (6, i.e. LPO1, LP02, LP03, LP11, LP11, LP12, and LP13) and also a
limited number of IORs along z, it is reasonable to suggest that our algorithm introduces
fictitious radiation losses. To evaluate such fictitious radiation loss, we can add up all the
power calculated for all the modes at the end of the taper and see whether they add up to

unity or not. A quantity to evaluate such fabricated radiation loss, is defined as follows:

(3.4.3.2)

RL = (1 — ZA%(L)) * 100

In Figure 79, the so defined radiation loss, is plotted against the spatial sampling period.
The points in red are those obtained with the above-mentioned 6 modes. The radiation
loss decreases with the number of samples utilised. Furthermore, the introduced radiation
loss can be further reduced by adding more modes (blue point, obtained by adding other
four modes, namely: LP04, LPO5, LP14 and LPO5). However, adding further four modes does
not change the MPI of the LP02. The mismatch of 2dB between S? and this algorithm based

on IFA measurement is still 2dB.
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Figure 79. Fictitious radiation loss. In red the radiation loss obtained with different sampling rates and with 6

modes. In blue the radiation loss obtained with 10 modes.
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To conclude this long paragraph, we would like to highlight the following aspects:

e LPO1, LP0O2 and LP11 are those carrying most of the power.

e LPO1 and LP02 are those exchanging most of the power along the taper.

e | P1x modes do exchange much power between them. LP11 power does not vary
much along the taper (almost constant at -30dB) and LP12 and LP13 have very little
power.

e Modes with different symmetry should not exchange power if taper is reasonably
straight. Equally, the approach illustrated, is incapable to evaluate coupling
between modes having different symmetry as they propagate in along splice. This
might explain the discrepancy of 2dB with the S measurement in terms of MPI.

e Adding few virtual IORS increase the accuracy of the model. Using X4 level of
virtual IOR is accurate enough and makes calculation reasonably quick (30

seconds).

-94 -



Power

3.4.4 Theory applied on IFA samples

The samples of splice measured in section 3.3.1, with arc durations equal to 2, 4, 6,

7, 8, and 10 seconds, have been characterised with the IFA at discrete z length, like in the

example of the previous chapter. In this paragraph will utilise the propagation algorithm on

these samples. We will use a virtual IOR oversampling equal to four. We will calculate the

results only for the modes carrying most of the power: LP01, LP0O2 and LP11.
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Figure 80. Propagation into splice of LPO1 and LP02. Results for samples spliced with different arc duration.

The results of Figure 80 show two main things. First of all, LPO1 and LP02 are, for each

sample at any point across the splice in anti-phase, this certainly includes the points at the

end of the splice. Therefore, as intuition suggested in paragraph 3.3.1, finding the arc

duration that minimise the LP02 (by S?) does indeed correspond to maximising the LPO1

excitation. Secondly, the arc duration that minimise the LP02, is that found at 7 seconds;
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matching what empirically measured (Figure 52). The next chart compares the LP02 MPlIs

calculated with this algorithm and that measured with the S? for any arc duration.
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Figure 81. LPO2 MPI calculated vs LPO2 MPI Measured with S? at various arc durations.

In Figure 81, it is possible to notice that, apart from an offset of 2dB, the algorithm results
nicely fits the real measurement obtained with the S?, forecasting that the best splice is

that of the sample spliced with 7 seconds arc duration.
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Figure 82. LPO1 transmissions obtained with various arc durations.

In Figure 82 one can easily see that the maximum for the LPO1 is obtained with the arc
duration of 7 seconds. Therefore, with this technique, we are capable of optimising the

splice between SM and FMF, ensuring the highest LPO1 excitation. For completeness, we
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report also the modal excitation calculated for the LP11. For the same reason explained in
the previous chapter, we will assume the LP11 power at the beginning of the taper (first

point after the splice) to be equal to that at the end of the taper, as measured with the S?
(Figure 51). Within the approximation of this model, LP11 does not exchange energy with

LPO1 and LP02; its value varies little along the taper.
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Figure 83. LP11 excitation obtained with various arc durations. The initial value of the LP11 after the splice has

been guessed by using the same value measured with S2.

Finally, to conclude this chapter, in Figure 84 the effective area of the LPO1 mode is plotted
for any sample along the taper length. The arc duration that better matches the LPO1 areas
between fibres at the splicing point, is 10 seconds. However, the sample that optimises the
splice is obtained with 7 seconds arc discharge, resulting in a 20 um? area mismatch

between fibres at the splicing point.
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Figure 84. Effective areas of LPO1 mode evolution across the splice for the various arc durations.
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It seems counter intuitive that a splice with an area mismatch at the point of contact can
result in the best splice. This also contradicts the foundation of some important patent
pertaining the way of exciting the FM in a MM fibre [131, 132]. The other common modes
to achieve SM excitation in MM fibre normally require long taper lengths and matched area
at the point of contact [121], here we achieve this by a mismatched splice at the point of
contact and a very short taper (less than half mm). In the last two paragraphs of this
chapter, we will explain how an area mismatched splice optimises the splice between the

SMF and the FMF.
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3.4.5 Theoretical explanation of the splice optimisation

In this part, we will explain some fundamental property of the splice, leading us to
the understanding of our SM-MM splice optimisation. We will use the word splice or taper
interchangeably. We will keep using the samples obtained with 2, 4, 6, 7, 8, 10 seconds of

arc duration, presented in section 3.3.1.

3.4.5.1 Response of the sole tapered region

It is extremely interesting to study the electromagnetic response of the sole
diffused area of the FMF, isolating it from the SM fibre (only for z>0). To do so we use a

probing input field defined as:

Fl = Elpo1| _ [ALpo1 _ a1-0 (3.4.5.1)
CElpoal  |ALpere®?|  [V1— (1 =1)2 ed?

Input field has the following property: has intensity equal to one |E£P01|2 + |E{P02|2 =1
and it is completely described by [ and AY. The [ value describes the purity of the field: the
smaller [ the more ‘single mode’ is the field (LPO1 big, LPO2 small), the bigger [ the less
pure is the field (LPO1 small, LPO2 big). The term e*2? accounts for the differential phase
between the LP0O1 and the LP0O2 modes. This input field is used as a boundary condition at
the beginning of the tapered area (at the first point on the FMF). To begin, we will set [ =

AY = 0, therefore using a pure SM excitation as input probing field.

From Figure 85 we can see that, even if the input is purely SM, the tapered region
produces intrinsically LPO2 excitation, resulting in an output field endowed with less modal
purity than at input. Comparing Figure 84 and Figure 85, we immediately realise that power
exchange between modes takes place where the effective area has big slopes along z.
Above z>1000 pm, there is no further power exchange as effective area does not change
anymore. The ‘flat’ part after 1000um does not play a particular role, as power exchange
will no longer take place thereafter. Likewise, up to 200 um circa there is no power
exchange between modes, modes only accumulate differential phase shift; we anticipate

that this initial zone plays a role in the splice optimisation process.
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Figure 85. LPO1 and LPO2 excitation with purely SM excitation at the beginning of the tapered zone.

From Figure 85 we also realise that, the longer the arc duration, the bigger the effective
area variation along the taper and the higher the amount of LP02 produced by the taper. As
we have done for the input field, we can quantify the lack of purity introduced by the taper,
by evaluating the [ parameter in the output field, at the end of the taper. For consistency

with (3.4.5.1), l,,,+ must be defined as:

o > (3.4.5.2)
lowte =1 - |ALP01|

Where |A‘L7pm|2 is the last value of Figure 85 (TOP), as reported in the labels. We can
evaluate the output response of the taper, to any input field. To do so, we scan [ and AY
(e.g. L €]0,1],A9 € [—m, +m], to form a discrete grid), generating probing input fields as
defined in equation (3.4.5.1). In the following explanatory example, we will use the IOR
data of the 4 seconds sample. For each [ and A9 pair in the grid, we calculate the LPO1 and

LP02 powers at the output of the taper.
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Figure 86. Sample obtained with 4 seconds arc discharge. LPO1 (Top) and LPO2 (Bottom) powers at the splice’s

output obtained with different input field parameters (L and A9)

Figure 86 shows the value of LPO1 and LP02 at the output of the taper in correspondence of
the input field parameters. It is easy to observe, that for an input field characterised by
[* =0.0012 and A9* = —25deg, the LPO1 excitation at the end of the taper is maximum

(0.9999) and the LP02 excitation at the end of the taper is minimum (-57.18dB).
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Basically, with the right input, even sample with 4 second arc discharge can result in a pure
SM excitation at the end of the splice. We can make the parameters’ grid tighter and find
more accurate values for [* A9* and correspondently improved output purity (Figure 86 vs

Figure 87)
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Figure 87. LPO1 (Top) and LPO2 (Bottom) power at the output of the taper obtained with different input field

(grid here is tighter than in Figure 86)
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Rather than using this time consuming ‘brute force’ scanning method, we can find the
optimum input field in the most precise way by using some linear algebra. We can think at
the splice as a black box, represented by matrix S € C?>*2. We can then probe the splice

with two orthogonal input fields:

E = [(1)] E, = [(1)] (3.4.5.3)

Here £, = [(1)] means that he input contains only the LPO1 mode and £, = [(1)] means that
he input contains only the LPO2 mode. The result of the two multiplications yield: S * E; =

S - S
[S;l] andS x E, = [S;ﬂ, allowing us to reconstruct S. We can therefore calculate which

input field E,* would result in a pure SM output excitation E¢ = [é] with the following

procedure:

S * EI* = [é] => E‘I* = g1 [(]j] (3.4.5.4)

Using (3.4.5.4), we obtain the most numerically accurate E;. This is characterised by [* =
0.0012619 and A9* = —25.6706 deg. We will refer to £}, I* and A9*, as optimised input
or optimised input parameter. Application £}, yields the following evolution for the LP0O1

and LPO2 (Figure 88).
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Figure 88. LPO1 and LPO2 evolution in correspondence of optimised input field.
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With the optimised input field £}, we obtain pure SM excitation at the output (LP02 = -
103dB and LP0O1 = 0.9999). Modal excitation is again relatively constant up to 200um, but,
in the region where the effective area has a big slope, modes couple constructively in such
way that, LPO1 at the output is bigger than LPO1 at the input; whilst LPO2 completely
vanishes away. It is interesting to notice that, in order to optimise the output purity (no

LP02), we need to provide some LP02 at the input (or equivalently some loss to the LP01).
We are now ready to enunciate one fundamental statement, result of this study:

“In order to nullify the amount of LPO2 created by the taper (and maximise the LPO1 purity
at output), the same amount of LPO2 must be provided at the input (hence with some loss

on the LPO1 at input)”

To prove this statement systematically, we can evaluate both: 1, in presence of £, =
[(1)] (as defined in (3.4.5.2)) and [* obtained from the inverse matrix (like shown in (3.4.5.4)

for all samples obtained at the various arc duration (Figure 89).

XX
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X

Iout

0 L 1 1 L 1 L 1
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Arc Duration[s]

Figure 89. 1+ and " for all arc durations.

In Figure 89 there is a good agreement between [,,,;; and [* for all arc duration, proving
empirically the fundamental statement above. Small discrepancies are essentially deemed

to be due to numerical error. The numerical correspondence of [,,,; and I* can be also
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proven mathematically. To do so we need to reconstruct the inverse matrix associated with
the taper and recognise that this matrix is unitary. Let S be the matrix representing the
taper when propagating from input to output (Forward).

Sll 512
521 522

3.4.5.
g = (3.4.5.5)

We can represent schematically the S matrix with 4 arrows indicating how its coefficients

couple the fields from input to output.

-5 3 Sll -
i (v
Ey E;
2
Bl 3

52
Figure 90. Forward propagation.

In Figure 90, Ef and E} are the input fields (e.g. LPO1 and LP02) and Ef and EY are the
output fields (e.g. LPO1 and LP02).

When propagating backward, due to propagation’s reciprocity, the scheme for S?is:

- S .
E? = Ef

E?

Figure 91. Backward propagation

In Figure 91 we find again all coefficients of Figure 90, but in their complex conjugate
version. This simply indicates that the coupling does not change with the sense of
propagation, but just the introduced phases are reversed. It follows that the inverse

matrix of S, associated to the backward propagation must be:
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g1 Si1 S3 (3.4.5.6)
S12 S22
S is therefore unitary (S~ = ST), with ST being the adjoined operator of S.
The output field in presence of a purely single mode input is:
E,O _ Sll SlZ [ ] [511] (3.4.5.7)
S21 S221 10 S21

From equation (3.4.5.7), l 5, can be calculated as:

lowe =1 —+/15111% (3.4.5.8)

Using the inverse matrix, the input field that results in pure LP0O1 excitation at the output is:

* *
511 SZl
* *
512 522

El = . [(1)] _ 5f1] (3.4.5.9)

- *
512

From equation (3.4.5.8), I* can be calculated as:

- (3.4.5.10)

1- S11|2 =1- vV |511 out ]

This proves mathematically the fundamental statement enunciated in this paragraph.
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3.4.5.2 Response of the whole splice

We are in the condition of explaining, theoretically, how splice optimisation via arc
duration works. In essence, optimisation techniques via arc duration scan both 1 and A9
parameters as in Figure 86, presenting different field configurations at the beginning of the

up-tapered region (at around z = 180um).

Consulting Figure 80, Figure 84 and Figure 85, we can roughly divide the splice region in
two sub regions, namely: the flat region (from z>0 to about 180um) and the tapered region
(from 180um to 1000um). After 1000um modes propagate without exchanging energy, so

this third region is of little interest.

Flat region (from z>0um to about 180um):

Modes do not exchange energy and their power is dictated by the excitation
acquired at z=0. At z= 0, modal excitation (I parameter), depends substantially by the area
mismatch between the SMF and the MMF. The parameter 1 imprinted in the vicinity of z =
0, will be constant up to about z =180um. From the data of the splice simulation of Figure
80 and the effective areas of Figure 84, one can see that, the higher the area mismatch at z
=0, the higher the LP02 modal excitation (bigger loss for LP0O1). For this reason, the arc
duration affects the 1 parameter at the beginning of the tapered region. The differential

phase (A9 parameter), increases from Opum to 180um, with

2T (3.4.5.11)
AY = — (ng; — npz)z

A

The value of A9 at z = 180um, briefly called A9, is important because this is the value of
modal de-phasing that will be presented at the beginning of the tapered region. Also A9
will depend on arc duration, in fact, the effective index of refraction ny; and ngy, and their

difference depends on arc duration.
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Figure 92. Index of refraction difference n,; — ny, along the splice. Arc duration in the legend is in seconds.

We can therefore calculate and tabulate and store the value of both | and of A at 180um,

for each arc duration.

Tapered region (from 180um to 1000um):

The sole tapered region, from z>180um, behaves like described in paragraph
3.4.5.1, but just shifting the origin of the taper at z=180um. Also in this case, for each arc
duration, there is a I*, A9 *couple for the incoming field that will result in a null HOM
excitation at the output. This [*, A9* couple, characterising the tapered region, must be
matched by the I, A9 couple, coming from the flat region, preceding the tapered region.
We can calculate and tabulate the value of [* and of AY9* needed at 180um, to obtain

minimum HOM excitation at the output.

Two regions combined, whole splice:

After having described the regions and the parameter of interest of both regions,
we can understand the behaviour of the whole splice. The next chart shows the values of [*

and [ versus arc durations.
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Figure 93. Values of [*and | at various arc durations.

As shown by Figure 93, the arc duration resulting in equal values for [*and [ is close to 7
Seconds. An arc duration of 7.4 seconds would have better matched [*and [, resulting in a
better-optimised splice; from the point of view of the arc duration. Unfortunately, we do
not dispose of a sample obtained with 7.4 seconds. Amongst the samples available, 7
seconds is the best arc duration found to empirically to optimise the splice. However, the
theoretically lowest HOM excitation at the output of the splice is achieved when also the

modal de phasing at the beginning of the taper is right. The phases A9 and A9*, are plotted

in the next chart.
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Figure 94. Values of A9 and AY9*at various arc durations

From Figure 94 it can be seen that the distance between A9 and A9* is somehow constant
up to 7 sec and then it starts increasing, worsening the desired matching. Again, 7 seconds
is the arc duration fund to optimise the splice. However, A9 and A9* do not match at any
arc duration. This justifies why the LPO2 minimum found is just -25dB and not much less (S?

noise floor is -45dB). To have also A9 equalled to A9*, one could think of making a longer
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flat region in order to tune AJ at the beginning of the tapered area. Such kind of splice has
not been attempted yet, even if the effect of having a progressively long transversal sweep
has been highlighted in paragraph 3.3.3, in Figure 63 . However, the behaviour of the splice
in the presence of a flat region of variable length can be simulated. To do so, afterz =
180um, we can insert an increasingly long replica of the IOR found at z=180um, prolonging
artificially the flat region. The result of this simulation, performed on the splice obtained

with 7 seconds arc duration, is shown in the next two figures.
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Figure 95. Effect of extending the flat region. Chart Plotted against Flat region length.
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Figure 96. Effect of extending the flat region. Chart Plotted against the differential phase accumulated (49)

when extending the flat region.
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As verified empirically and showed in paragraph 3.3.3 by using transversal sweeps, an
increasingly long flat region leads to a periodical modulation of the modal excitation. From
Figure 96, we can notice that the period of the oscillation is 360 degree, highlighting how, a
SM—-MM splice has indeed the same features of an optical coupler (e.g. so called WDM
coupler), from this point of view this work can certainly considered a novelty. From Figure
95, it is easy to notice that, if the flat region were 330um long, the splice would have been
even better (less LP02, more LP01). To a flat region, long 330um corresponds an extra
differential phase of about 150 degrees (Figure 96); this differential phase shift is exactly
the distance between A9 and A9* in Figure 94, of 7 seconds. As a last remark, we notice
that the ripple obtained for the LP02 with increasing flat region length is small, 1 dB circa;
this is because the arc duration used is 7 second. If we had empirically used an optimum

arc duration of 7.4 seconds, the ripple would have been much bigger.

3.5 Conclusions

In this chapter, we have illustrated the progress made in splice optimisation. We
have introduced the type of fibres utilised through this dissertation, then the concept of
dopants diffusion has been presented as mechanism exploited to match SM and MM fibre.
The diffusion of the dopants was simulated by developing a model. The model, despite his
simplicity, highlights the effect of the FS arc discharge in correspondence of the splice. The
heat provided by the arc discharge provokes dopants migration and consequent altering of
the guidance property of the AF. The S? has proven to be a very important in tool for the
development of SM-MM splices. We have initially described some immediate applications
of the S? such as the modal discrimination via selective bends and the evaluation of up
tapered structure. Subsequently we have shown our golden applications of the S%: the

splice optimisation.

This optimisation is nowadays part of the SPI core technology. The splice optimisation part
can be divided into two parts: the empirical part and the theoretical part. The details of
these two parts were discovered in the same chronological order they are here exposed.
The empirical and theoretical parts are quite interlaced since the samples obtained with
different arc duration in the empirical part are later used as benchmark for the theoretical
part. It was shown that there is an optimum arc duration that optimises the LP02 content.

Cleaves and core concentricity dominate the outcome of the LP11 rather than the arc
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property. From this point of view, the S?has been adopted also to qualify different splicing
technologies, leading us to the current usage of the ROF technology. Already during the
empirical characterisation, particularly in the sweep splice experiment, we saw features
ascribable to couplers (periodical modal excitation). The empirical part of this work is
certainly original as it has never been reported before. In the theoretical part, we recycled
a theory developed for planar waveguides and adapted it for optical fibre. In the
referenced papers, the theory calculates recursively the power coefficients for the modes
making assumption about the index of refraction’s evolution along the taper length. Here
we actually measure the index of refraction along the splice and apply the modified theory;
this approach to splices constitutes novelty. The developed theory has its limits as it does
not account for coupling having different symmetries; however, it explains very well most
of the observed phenomena in the experimental context we operated. The main result of
this chapter is that, when trying to match a SM to MM fibre via diffusion splicing, aiming to
minimise FM loss, one should not necessarily adopt “area matching” at the splicing point as
criterion. Instead, we demonstrated what follows: Any reasonably long MM taper produces
mode coupling, intrinsically. The mode coupling produced intrinsically can be pre
compensate injecting the same amount of mode coupling at the entrance of the taper. The
modal unbalancing injected at the splicing point will be annihilated by the mode coupling
produced by the taper, resulting in pure SM excitation at the output. To be more precise,
also the differential phase of the modes entering in the tapered area must be matched.

This gives an idea on how to develop new splices and constitute the basis for future works.

-112 -



4 Advanced laser characterisation techniques

In this chapter, a novel way of characterising HPFLs and MOPAs will be presented. The
novel characterisation technique allows resolving, along the AF’s length and at any power,
guantities such as: pump absorption, inversion, signal power and non-linear effects. We
have called this technique “vertical probing”. We will initially describe the technique,
subsequently we will recall a theoretical framework to explain the data and finally we will

fit the empirical data.

4.1 Vertical probing

In our HPFLs and MOPAs, AF is laid on a metallic plate and it is kept attached to the
plate by means of an adhesive film. Normally then the fibre is covered by a silicone
composite that increases the thermal conductivity and allows long term, high power
operation (Figure 115, left). In this case, we have not covered the AF with any silicone

potting, keeping the optical fibres accessible from the top (Figure 97).

Figure 97. Vertical probing of the AF

A vertical fibre sweeps above the fibre coils probing the light scattered, sampling various
points along the fibre length (one point per coil). The sweeping is accomplished by a
motorised stage. On the other end, the vertical fibre is connected to an OSA (YOKOGAWA
AQ6370), used as monochromator. The probed wavelengths are 950nm, 975nm and
1075nm. The reading of the monochromator in correspondence of these three
wavelengths represent respectively the behaviour of the unabsorbed pump power, atomic
inversion and signal power. These sweeps can be performed at any power, allowing us to
track the three above mentioned laser properties at various powers. It is worth anticipating

some fundamental limitations of the technique.
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Limitation 1: Position of the two fibres composing the GTW with respect to the probing
fibre. To improve thermal performance of the GTW, signal fibre is always positioned close
to the metallic plate. As result, the AF core’s light (1075nm and 975nm readings) must pass
thought the pump fibre (located on top of the AF) before reaching the vertical probing
fibre. In this sense, probing of the pump light, coming straight from the top fibre, is more

direct than probing the light coming from the underneath signal fibre.

Limitation 2: Chirped winding of the GTW on the metallic plate. To improve thermal
performance of the GTW, we usually lay the fibre sections exposed to higher pump power
(close to the HR/OC) with looser coils than those where pump power is lower (in the centre
of the spool). In the middle of the GTW length, fibre coils are very close to each other. The
limited dynamic range of the OSA (-100dBm) creates a limit in the minimum NA usable for
the vertical probing fibre. As result, the NA of the probing fibre must be sufficiently big to
capture enough light. When fibres are too close to each other (centre of the oscillator),

peaks readings are convolved by the presence of neighbouring fibres.

The two described limitations will be clearer once inspecting the data.

4.2 HPFLs modelling

The modelling of our devices is quite elementary and it is inspired by the work of Giles and
Desurvire [133]. However, in this work, the vast majority of the parameters are effectively
measured rather than assumed. Here, modelled and measured parameters used in this
work he will be briefly recalled. For the total signal power Pf°t along the oscillator length,

we have:

Pt (ry,z) = WS )PP (2) + [ () I?Psi ( 2) + [ =2 () 12P(2) + 192 ()12 P (2) (4.2.1)

Where Y51 ,(r;) are the normalised FM (1) and HOM (2) profiles calculated applying the
Moroshita method[134] on the measured IOR measurement of the core. PSJ;’,; Are the

powers associated with the forward (+) and backward (-) propagating waves for modes (1,

2). At the steady state, inversion N, can be written as:
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12 hv

+ (o5, + 21)1D (Z) +T

2 b, (Z) ‘o P“’f(z)) (4.2.2)
Ny(r;,2) =

(‘7 + o 1)|¢p(n)|

Where N(r;) is the radial distribution of the Yb [#/m3], measured with the SPI tomography
system [140], P, is the pump power, v, 5 are the signal and pump wavelength and 05"25’21
are the emission and absorption cross sections of pump and signal. Both N, and P, will be
subsequently fitted via vertical scanning along the fibre length z. The term s, is modelled

as follows:

o
¥, = (4.2.3)

Where Apg represents the pump, signal fibre cladding areas. Here, the "o" quantity
(smaller than 1), indicates the non ideal mode scrambling between pump fibre and signal
fibre [10]. The rate equations for the forward and backward propagation waves for the

pump (B;5) and signals P, 12 are:

2PE) : o S , _ (4.2.4)
Fra 15, (2) Z{((ﬁz + 031N, (13, 2) — UlzN(ri)}|1/’p(ri)| 2nlrAr + ap
i1 -

LA NN | S : S
P +P} (2) Z{(Glz + 031N, (1, 2) — o N (1) Hpsy () |“2nlrAr + ag
i1 :

opE) (4.2.6)

n
2 = 1P () [Z{(sz + GO, (13, 2) = TN (Yo () P2l F

Here as , represent respectively the signal, pump background loss. Background losses are

measured in the fibre department area by mean of an Optical Fibre Analysis System

(PK2600 by Photokinetics).

For the boundary conditions, at L =25m and L =0, we have:
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P (0) = total pump power / 2 (4.2.7)
By (L) = total pump power / 2

P5(L) = PX(L) * OCR = 511

P5(L) = P} (L) * OCR * §12

P2 (0) = P5(0) * HRR % S11

P%(0) = P;(0)  HRR * S12

The terms S11 and S12, measured via S?, along with the steady state equation for the
inversion (4.2.2), are the only terms responsible for mode coupling in our simple model.
The gratings reflectivity OCR (output coupler) and HRR (High reflector) are those specified
by the vendor or alternatively can be modified to account for spectral broadening. This
model does not consider non-linear effects and does not treat the single wavelengths
composing the spectrum singularly. However, in reality, due to non-linear effects (SRS,
FWM and MAFWM), the laser spectrum broadens with part of the spectrum leaking out of
the bandwidth of the gratings. It is therefore a mistake considering the same grating
reflectivity (i.e. the nominal one provided by the grating’s vendor) for each of the
wavelengths composing the spectrum. In first approximation, we can consider all

wavelengths of the spectrum to be subjected to an effective reflectivity.

The code for this modelling is written in Matlab by the author of this thesis. The numerical
integration is performed with Runge Kutta, with a routine called BVP (boundary value
problem). The benefit of BVP is that, on top of the rate equations, the boundary
conditions can also be provided to the numerical solver. The BVP routine will take care of

iterating between beginning and end of the oscillator to provide a converging solution.

4.3 HPFL measurement and data fitting.

To exemplify the vertical probing features and limitations, in Figure 98 we show the
raw data acquired during a vertical sweep performed when output power was 2kW (Figure

98). LMA oscillator’s details will be presented in due course of this chapter.
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Figure 98. Vertical probing. Raw data acquired at 2kW. Readings obtained with monochromator aperture locked

at (a) 942nm, (b) 1075nm and (c) at 1075nm

The device under test is a 25 meter long HPFL. In Figure 98, we recognise that the
readings of peaks located in the centre of the oscillator are affected by the light coming
from the neighbouring peaks. This is due to the chirped fibre winding mentioned in the
previous chapter (Limitation 2). Secondly, only the readings of (a) are smooth (e.g. round).
This is because in the reading of (a), related to the pump fibre, the light goes directly from
the pump fibre (located on top) to the vertical probing fibre. Conversely, the peaks of
charts (b) and (c) are not smooth and present three sub peaks. As explained before in
“Limitation 1”, the presence of these peaks is due to the fact that the signal light (coming
from the bottom fibre) encounter the pump fibre before accessing the probing fibre. In the
next figure, we will show the results obtained at eight different output powers, plotting the

peak values of the ripples against the AF length.
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Figure 99. Vertical probing. Peaks value versus AF length. Peaks obtained at various output power (in the

legend) with monochromator locked at (a) 942nm, (b) 1075nm and (c) at 1075nm.
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In Figure 99, the z distance along the fibre has been quickly reconstructed by
simple geometrical considerations and ignoring the chirping of the fibre’s winding; in fact
here we are more interested at the vertical part of these charts (y-axes). In Figure 99(a) we
see that the scattering of the pump light has a symmetrical shape versus the fibre length.
For each power, the difference in scattered power between the first point (on the left or
right) and the central points (at about 13 meters) is of about 5dB. However, the readings at
13 meters, since affected by neighbouring fibres (“Limitation 2”) are bigger than normal,
probably even up to 2dB higher than they should be. Also, since at 13 meters we have
equal contribution from pumps on both sides, we can assume that the pump light scattered
due to a single pump is actually 3dB less than the read one. Keeping all this in mind, if one
thinks at the laser as pumped only from one end, the residual pump power difference
between the first and the central peaks can be estimated to be 10dB. If we then assume
that pump abortion will continue to be attenuated exponentially, we have that the residual
pump scattering difference between first and last peak will be about -20dB. In Figure 99(b),
we recognise that the vertical points’ location is noisier then in Figure 99(a); this is
substantially due to Limitation 1. Vertical power jumps (or dip) located at particular z
positions are common and repeat themselves similarly at any power; this testifies that the
measurement is affected by fine details of the fibre winding (for instance the inclination of
the GTW with respect to the metallic plate). Beside this, in Figure 99(b), we see that the
light scattered is asymmetrical; this is substantially due to the different reflectivity of the
OC (located at 25mt) and HR (located at Omt). The difference of reflectivity unbalances the
signal power along the AF length (signal is higher close to the OC and smaller close to the
HR). This in turn makes the inversion unbalanced (inversion is higher at the HR side and
smaller at the OC side). The nominal HR reflectivity is 99.99%, with central wavelength at
1075nm and BW of 10nm. The nominal OC reflectivity 14%, with central wavelength at
1075nm and with a BW of 2nm. It is worth noticing that the nominal reflectivity is quoted
by the vendor and applies at low power regime. The worst measurement in terms of noise
is certainly that of the signal light shown in Figure 99(c). Here, another fact that
complicates even further the signal readings is that signal light coming from the core (at
1075nm) is very directional, resulting therefore in a scattered signal has high directionality
as well. This makes the signal scattered at 1075nm more dependent on geometrical
artefacts occurring during the fibre winding process. In Figure 99(c), for any output power,
we recognise that signal power grows from zero to 25meters, gaining about 1dB of power.

We can also notice that the signal’s reading goes up rapidly in the first 7 meters, become
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flat for about 12 meters and then, from 19 meters onward, starts growing again, but slowly
than at the beginning of the laser. Before showing the usage of the model to fit the data of
Figure 99, let us state other interesting high power test results. The optical/ optical
efficiency measured for this laser is 75%, the mode stripper grid slope efficiency is
0.02[°C/W]. The grid mode stripper slope efficiency unit is °C/W, where °C is the
temperature in Celsius measured by a thermal camera on the metallic grid surmounting the
mode stripper (Figure 117, see next chapter) and W is the pump power in Watt. The end to
end pump absorption is 18dB, the LP02 excitation measured by S%is -36dB. To estimate the
effective reflectivity of the OC it is useful to present the spectral output of this device up to
2.36kW. The output of this HPFL has been directed to the thermal head power meter,
where spectrum was measured, with a 250um diameter, 1 meter long delivery fibre. Due to
its large diameter, the delivery fibre contribution to SRS is entirely negligible. In Figure 100,
the measured ouptut spectra is clearly wider than the OC bandwidth, therefore as power
goes up, the effective reflectivity (i.e. fraction of light reflected back in the cavity)

decreases.
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Figure 100. Spectral output of LMA laser under test.

The effective OCR in presence of such broad signal can be calculated considering the specs
of the OC, normalising the spectra and utilising the measured output powers. In brief, to do
so, we can set a 2nm wide region into which reflectivity is 14% and related the part
reflected by that region to the total power inside the oscillator, just before the OC. The
complete procedure for the calculation of the effective OCR is not discussed further here.

The calculated effective OCR is presented in Figure 101.
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Figure 101. Effective OCR versus output power. In red the nominal reflectivity.

As it can be seen by Figure 101, the OCR effectively decreases with the output power. The
effective HRR is assumed to be constant with power and equal to the nominal. This is due
to the wide bandwidth of the HR, making any leakage outside this band negligible at any

considered power. For the modelling we have used the measured IOR (to calculate the
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we have used the values found in [135, 136].
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and calculated LPO1 and LPO2.
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Figure 102. Laser model. From top to bottom: measure IOR(values relative to silica), measured Yb Concentration

Comparing Figure 102(a) and (b) and referring to the fibre radius, we see that the Yb doping does
not cover the core in its entireness. This technology is referred as selective doping. The details

and advantages of the selective doping will be explained in a later session. For the cross sections




We will now use the simple laser model to fit the data acquired with the vertical probing
technique. The fittings have been performed at low power (103W) at medium power (936W) and

high power (2020W) and presented respectively in Figure 103,Figure 104 and Figure 105.
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Figure 104. Vertical probing versus modelling at 936W. (a) Pump, (b) Inversion and (c) Signal.
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Figure 105. Vertical probing versus modelling at 2020W. (a) Pump, (b) Inversion and (c) Signal

For the three pump absorption fittings (three a) figures), the best value found for “o” in
formula (4.2.3) is 0.46. With this value for “0”, the first and last sections of the fibre are

well interpolated, resulting in total end-end absorption of about 20dB.
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First, we notice that, in any of the nine charts here below, the empirical points in the centre
are always higher than modelling; this is due to the previously explained Limitation 1.
Second, there is discordance between the empirically measured end-end absorption (18dB)
and the modelling (20dB). The discordance can be explained remembering that absorption
in GTW saturates with length[10]. This saturation effect has not been embedded in our
simple model, but it is in principle measurable. In fact, if the fibres were well spaced apart
and the laser were pumped from one end only, this technique would certainly allow

characterising the pump absorption saturation in GTW (future works).

To fit the inversion readings (three b) figures) at the three powers, we have had to adopt
three different values for the effective OCR in (4.2.7) as with the single nominal value of
OCR it was impossible to fit the three powers. The effective OCR used for 103W, 936W and
2020W are respectively 13%, 8.8% and 7.1%. These values closely resemble those
calculated in Figure 101, or at the least have the same behaviour: they decrease with the

power.

The model fails to fit the empirical data pertaining the signal readings. For the signal
readings (three c figures) we see that both model and simulation forecast a growth at the
beginning of the fibre, a plateau in the centre and a further grow toward the end. We also
notice a vertical spread of the points. This vertical spread is little at the beginning of the
cavity (L<5 meters) and big at the end of the laser (L>20meters). Figure 106 exemplify the

concept of vertical spread of the signals point for the signal measured for 2020W case.

Vertical Probing@1075nm |

. ~1.5dB

Signal [dB)

0 5 10 15 20 25
Fiber length[m]

Figure 106. Spread of vertical points for signal readings at 2020W

-123 -



The two red lines, pictorially surrounding the signal readings could effectively represent the

envelope of a beating note between FM and HOM expressed like:

I* = Ipy + Iyom £ 24/ Ipm * Tnom (4.2.8)

Manipulating formula (4.2.8), utilising the red/ blue lines and the output power, one can

estimate IgoMm(z). For instance, at the end of the fibre, [om = 30W.

So far, in our HPFLs model, the only contemplated mechanism for HOM coupling is via Yb
competition and mode scattering at the splicing points. With an MPI of -30dB for the LP02,
the simulated LPO2 power at the end of the laser is only 1.1W and the laser efficiency is
77%. In reality, we measure an efficiency of 75% and we infer the presence of 30W of
power in the HOMs in correspondence of the output. We need therefore to postulate some
further mechanism of mode coupling accounting for the presence of HOM and lack of

efficiency.

As frequently reported in the literature, TMI is believed to be caused by thermal or
inversion related gratings formed by the beating between FM and HOM [28-35, 137-139].
The gratings formed by this beating, in turn, promote mode FM->HOM coupling and results
in TMI. We can therefore speculate that, the bigger the fringe visibility of these so formed
gratings, the bigger the vertical spread of the signal reading. Recalling the fringe visibility

formula in the context of FM and HOM beating together, we have:

V= Lnax = Imin _ ZVIFMIHOM (4.2.9)

Imax + Imin B IFM + IHOM

The so defined V can therefore be characterised empirically from the signal scattering

measurement. For the measurement at 2020W, we obtain:
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Figure 107. Fringe Visibility empirically measured from signal reading at 2020W.

In Figure 107, we notice that the measured FV is little at the beginning of the laser and big
at the end of the laser. This behaviour follows the size of the vertical spread highlighted in
Figure 106. Specifically, the FV seems to grow substantially from 0 to 7 meters, remains flat
between 7 and 16 meters and then grows a bit further till the end of the laser. To provide
some insight about the HOM coupling, we can alter the rate equation and add terms of
scattering between modes. We need to model the FM->HOM scattering terms in order to
obtain to the correct efficiency and modal excitation and therefore a good agreement
between the calculated FV and the measured one. To model the mode coupling, we have

altered the equations proposed in paragraph 4.2, in the following way:

apj;lz(z) =P (2) [Z{(afz + 05N, (11, 2) — 05N () sy (r) 1227l Ar — ag — kf] (4210
apf;éz( D pyo) [Z{(afz + 05N, (11, 2) — 05N () sz (r) 122l Ar — ag | + kf P S
apf;lz( 28 —P1(2) lz{(afz + 05N, (ry, 2) — 65N () sy () |22mLrAr + ag — kb] (212

BPB_ZZ(Z) = —P}(2) [Z{(sz + 05N, (1, 2) — 05N (1) hs, ()12 2mLriAr + asb | — kbPgy (4213

-125-



In the four rate equations above, the coefficient kf, kb account the coupling between LP0O1

(s1) toward LPO2 (s2); particularly, kf is used for the forward waves (P;; coupling to P)

and kb is used for the backward waves (Pg; coupling to Pg;). Furthermore, we can decide

to utilise the coefficients in certain parts of the laser only; we can make kf, kb functions of

Z.

Five types of coupling configurations (CC) have been attempted. In Table 4, each column

describes a CC, with its resulting efficiency, HOM excitation and a comment about the FV fit

correctness. For each of the five CC, Figure 108 shows the calculated fringes of visibility.

CC number 1 2 3 4 5
Coupling Strength 0 0.00036 0.0004 0.0012 0.0012
Coupling Zone NA 0-25mt 0-25mt 0-7.5mt 17.5-25mt
Coupling Verse NA FW-BW FW FW FW
Laser efficiency [%] 77 75.2 75 75.4 76
HOM Power at z =25mt [W] | 1.18 30.8 34 35 24
Fringe Visibility fitting Too little | Bad at Bad in the Best Fit Bad fit
beginning of middle of the
the laser laser
Table 4. Mode coupling scheme attempted.
Mo Coupling
0.3r BW-F\W Coupling [0-25mt]
Fv Coupling [0-25mt]
— W Coupling [0-7.5mf]
Fw Coupling [17.5-25mt]
0251 *  Measured v
02t — *
= * { B PR ¥ -
> 015F +
£ 7
[N /
01
0.05 —]
0 . ‘ . . ‘
0 5 10 15 20 25

Fiber length[m]

Figure 108. Fringe visibility in presence of different mode coupling mechanisms
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In CC1, we have ignored any mechanism of modal coupling (other than at the splice). To
obtain this we have set kf = kb = 0. As pointed out earlier on, this result in 77% of
efficiency and very little HOM; this conflict both with measured efficiency (75%) and
estimated HOM (35W), clearly the resulting FV in Figure 108 is too little compared to the

measured one.

In CC2, we have used kf = kb = 3.6x10~* on the whole fibre length [0-25mt], in attempt
to mimic a phenomenon of distributed scattering along the laser. With this configuration,
we can fit the measured efficiency and HOM at the end of the fibre, however, calculated

fringe visibility is too big at the beginning of the fibre.

In CC3, we have used kf = 4x10~*,kb = 0 on the whole fibre length [0-25mt], in
attempt to mimic a scattering only in the forward direction. With this configuration, we can
fit the measured efficiency and HOM at the end of the fibre. Calculated FV is in agreement
with the measured one both at the beginning and at the end of the fibre, but it fails

anywhere else.

In CC4, we have used kf = 1.2x1073 (z < 7.5m), kf = 0 (for > 7.5mt), kb = 0. With
this CC we attempted to mimic a scattering only in the forward direction, occurring only
during the first 7.5 metres of the laser. We have attempted this scheme, because the coils
close to the HR are tightly coiled and possibly responsible for LPO1-> HOM coupling (Figure
109). With this configuration, we can fit well the measured efficiency, the HOM power at
the end of the fibre. Furthermore, the calculated FV fits the measured FV all over the fibre

length.
CC5 will be discussed later.

The results of CC4, fitting the empirical FV curve, efficiency and modal excitation, seems to
suggest that the most likely mechanism of mode coupling is due to the tight bends located

at the beginning of the laser; i.e. close to the, HR along the first 7.5 meters circa.

To verify the correctness of this assumption, the same spool has been tested as an
amplifier twice: one time with the input close to the tight coils (output close to the loose
coils) and the other time with the input close to the loose coils (output close to the tight

coils).
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Figure 109. Spool used as an amplifier. Left: input close to tight coils. Tight: input close to loose coils

To obtain an amplifier out of the LMA oscillator, gratings have been cut out, keeping the

SM-MM splice in place. To perform the MOPA test on this spool the, another LMA laser has

been used as seed. The so built MOPA has been tested at high power, with output power

and mode-stripper grid monitored. Starting from a “simmering” seed only power of 340W,

seed and amplifier power has been ramped up until reaching 3.2kW of output power.
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Figure 110. Output power MOPA tested in the two verses of propagation.
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Figure 111. MOPA’s Output mode stripper grid temperature in the two verses of propagation

Consulting Figure 110 and Figure 111 and comparing the performances of the two senses
of propagation, it is possibly to spot how the tight coils at the input reduce the amplifier
efficiency and increase the output mode-stripper grid temperature (and vice versa). If tight
coils are at the input of the system, HOMs gets coupled at the beginning of the
amplification process, then HOMs get amplified for a further 25meters, competing with the
FM cavity and hence reducing the efficiency. The presence of more HOM in the case of
tight coils at the input is also testified by a hotter mode-stripper grid at the output. In case
of tight coils at the output, HOMs are equally coupled, but immediately dumped on the
output mode-stripper without getting amplified. This is exactly the purpose of the
simulation run with CC5 on the oscillator. In CC5 we have used kf = 1.2x1073 ,kb = 0,
with kf active only between 17.5 and 25meters and equal to zero everywhere else. With
this simulation, we have a forward mode coupling only at the end of the amplification
chain. CC5 is the swapped version of CC4, representing what we have empirically achieved
done by swapping the verse of propagation in the spool. Comparing CC5 and CC4, we
acknowledge that CC5 is 1% more efficient and has 11W less of HOM at the output, proving

also theoretically that is better to have the tight coils at the output rather than at the input.

Another interesting and unique application of the vertical probing technique is the
measurement of the whole spectral evolution along the fibre length. To implement this, for
each fibre encountered during the transversal sweep of the stage, a whole spectral

bandwidth of readings has been acquired [from 1065nm to 1105nm]. We have applied this
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technique to measure the spectral broadening of the MOPA configuration briefly described
above. The results obtained at 1500W, 2016W and 2800W will be presented respectively
in Figure 112, Figure 113 and Figure 114. From the three figures, it is possible to notice that
spectral broadening starts diverging from the centre of the fibre; regardless of the power.
Given the limited dynamic range of the measurement (only 30dB circa) it was impossible to
track SRS (located at 1130nm), however it is easy to notice the spectral broadening due to
MAFWM immediately close to the main peak at 1075nm (seeding wavelength). Compatibly
with the modelling of the HOM coupling mechanisms proposed earlier on, we also notice
that no spectral broadening is present in the backward direction; making the idea of

distributed scattering even more questionable.

1105 g ? = - .
0 500 1000 1500 2000 2500

Position along fibre[cm]

Figure 112. Spectrally resolved vertical probing at 1500W
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Figure 113.Spectrally resolved vertical probing at 2160W
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Figure 114. Spectrally resolved vertical probing at 2800W
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4.4  Conclusions

In this chapter, we have demonstrated the limits and the potentials of an innovative
measurement technique for HPFLs and MOPAs. For the first time, to the author knowledge,
the pump absorption, the inversion and the signal of HPFLs have been tracked along the AF
length. The limits of the technique are mostly related to the lack of dynamic range of the
monochromator imposing a limit in the spatial resolution in between coils. The potentials
of this technique are quite vast. For instance, it is known that absorption along the GTW
fibre length is not exponential. A classic pump absorption measurement does not provide
the designer with the real pump light distribution along the fibre length. Pump absorption
distribution are usually achieved by tedious and destructive cutback measurement. This
technique overcomes this problem providing directly details about the pump absorption
distribution along the laser length. In HPFLs, to contain the SRS it is important to use the
bare necessary fibre to guarantee sufficient pump absorption (e.g. 18dB). The technique
can therefore used to optimise laser length according to pump wavelength, winding
pattern, and the claddings’ surface geometry to name a few. The novelty of the technique
is that it allows fitting many parameters that resides in the rate equations: these are the
most inner and before inaccessible parameter of the HPFLs and MOPAs. To the author’s
knowledge, for instance, no other technique has been adopted so far to track the inversion
along the laser length and relate it to the effective reflectivity of the gratings. At the same
time, we can track the signal along the fibre length. Retrospectively, the author is not
surprised to have found a bad fitting for the signal measurement since HOM beating was
nowhere to be seen in the simple rate equation proposed. Still, the technique sees what
happens in real world systems and has been able to identify where HOM coupling takes
place, providing very useful information to the laser design. More details connected with
modal instability and mode coupling can be found in the work we presented in [75, 76] and
recalled in the next chapter. To the author’s knowledge, the spectral broadening along the
fibre length has not been measurably reported before, so this technique also allows
tracking of non-linear phenomena such as MAFWM. In the future this technique will be
used to design lasers with new pump wavelengths (e.g. pump absorption optimisation).
The method of the fringe visibility will be explored with more stable and unstable lasers,
since the proposed one was not unstable at all. Measurement limits can be overcome by

adopting un-chirped fibre windings and/or vertical fibres with collimators.
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5 High Power fibre testing

Design of HPFLs involves the selection and optimisation of various parts such as: pump
diodes (including wavelength and brightness), pump combiners, gratings strength and
wavelength, active and passive fibre index of refraction, AF doping level and shape, to
name a few. In this work, we will focus our attention on the optimisation of the fibres
splicing and on the doping configuration of the AF. Initially, we will show the testing of a
non-optimised HPFL, resulting in poor efficiency and severe TMI. Subsequently, we will
show the performance of an optimised large mode area laser, performing stably. For the
second laser, the splice optimisation has been controlled: it will be showed that the same
laser with or without splice optimisation, results in a good or bad laser. This will prove the
effectiveness of the discovered splice optimisation. We will also complement this work with
a model and demonstrates that the right combination of selective doping and splice
optimisation yields to lasers that are easier to splice, more stable and more efficient. The
impact of the splicing technology and the effect of the core centrosimmetricity will be
illustrated on several lasers built by the SPI Lasers production line. At the end of the
chapter, we will present the performance of a laser obtained by putting together all the
learning acquired during this PhD. This laser is so far the most efficient HPFLs built at SPI

Lasers.

5.1 Generallaser description and high power testing configuration

In chapter 2, the pumping setup of the high power test-kit has been presented. In this
paragraph we will focus on the probing of the HPFLs when powered up. The laser

configuration is shown in Figure 115, Figure 116.
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Figure 115. Top view of SPI Red Fox HPFL without (left) and with (right) silicon composite covering the GTW

By inspecting Figure 115(left), it is possible to notice how the GTW coils are tighter close
to the HR (inner coils) and become progressively looser toward the OC (outer coils). The
OC and HR side GTW splice are contained in a specially designed cylindrical structure that
consents high power operations. The passive fibres are coiled on the plate at a specific
radius; this as shown previously in paragraph 3.2.1, limits the modality in these sections of
the system, especially in the case of DMF. To render the fibre resilient during long term
testing and to improve the heat conduction of the fibre toward the metallic heat sink, the

AF is covered by a UV curable silicone composite (Figure 115 right).

GTWave™

PD#1
X
—_
MM SM MM active fiber CMS SM MM
pigtail pigtail Delivery

Figure 116. SPI HPFLs scheme and position of the probes during typical high power test. CMD stand for cladding

mode stripper and PM stands for power meter.

The AF is a GTW, with a 250um pump fibre and a 200um signal fibre. The passive and
active IORs have shapes very similar to those presented in Figure 36, Figure 37 (see later for

more specific details). The gratings of this system are written on the passive fibres and
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centred at 1075nm (HR reflectivity = 99.99%, OC reflectivity = 4%). The output passive fibre
has a CMS. This mode stripper gets rid of both unabsorbed pump (very little), but most
importantly this mode stripper gets rid of the residual signal light scattered by the SM-MM
splice (due to suboptimal splicing). The system is pumped by 950nm diodes from both
sides of the GTW in CW regime or with square pump pulses. The output power of the
system is measured with a thermal head power meter. Two photodiodes PD#1 and PD#2,
connected to an 8GHz oscilloscope, monitor the laser output, scattered off the thermal
head power meter (PM), and the power stripped-off by the CMS, respectively. CMS are
fabricated at SPILasers. The fabrication includes the removal of four centimetres of
polymeric coating from around the passive fibers. The external part of the exposed glass is
then made rough via laser processing. The rough part is then incorporated in a cylinder of
glass (figure 117). In the test of the lasers, the CMS is surmounted by a metallic grid
capturing the light scattered by the CMS. This metallic grid captures the light scattered
from many angles with consequent increase of temperature of the grid. The temperature

of the grid is then measured by a thermal camera.

Figure 117. Cladding mode strippers surmounted by metallic grid.

Usage of a grid to quantify the light scattered by the CMS is much more reliable than using
a photodiode. In fact, a minimum variation of the position of the photodiode results in a

change of the readings.

As it will be clear later, using this grid allowed us to compare many lasers without bothering
about photodiode position and light scattered directionality. Obviously, the photodiode has
a much faster response than the grid. In HPFL oscillators and amplifiers, increasing the
core’s area of the AF mitigates nonlinear effects such as Stimulated Raman Scattering (SRS);
especially since the AF is often the longest part. As a result, the majority of practical HPFL
implementations make use of MM AFs, which renders them prone to TMI [25]. To ensure

near-diffraction-limited laser output, the multimode AF is spliced to SM pigtails. However,
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this spatial filtering is not ideal and small amounts of HOMs are likely to be excited.

Conversely, in a reciprocal manner, HOMs can couple back to the FM of the SM fibres at

the two SM-to-MM splices. Such modal cross-couplings at the SM/MM splices can

potentially further complicate the HPFL performance. In anticipation of the experimental

results presented in the following sections, we propose the following possible effective

double-cavity configuration.
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Figure 118. Effective double-cavity fibre laser configuration; (a) possible FM/FM/FM and FM/HOM/FM closed
paths in the composite SM/MM/SM fibre cavity, (b) fundamental mode cavity (FMC), (c) effective higher-order-

mode cavity (HOMC).

Figure 118 (a) shows a schematic of the SM/MM/SM fibre laser composite cavity, used
in the experiments. The “in-coming” (with respect to the MM AF) FM of the SM pigtail, in
addition to the well-matched FM, excites small amounts of HOM of the MM AF. In a
reciprocal manner, “out-going” HOMs can couple back partially into the FM of the SM-
pigtail. This way, after reflecting back from the OC and HR gratings, two distinct
FM/FM/FM and FM/HOM/FM closed paths can potentially form. Figure 118(b) and (c)
show the FM cavity (FMC) and HOM cavity (HOMC), formed by the FM/FM/FM and
FM/HOM/FM closed paths, respectively.

It should be stressed that the effective reflectivities RHR(HOM) and ROC(HOM) of the
HOMC are evidently much smaller than the corresponding values RHR(FM) and ROC(FM) of
the FMC. As a result, a much higher roundtrip gain is required around the FM/HOM/FM
closed path for the HOMC to lase or otherwise compete with the FMC lasing. It should be
emphasized that the HOMC light scattered at the MM/SM splices will propagate into the
cladding of the SM pigtail and it will eventually be stripped-off by CMS. Referring to the

experimental setup of Figure 116 and the schematic of Figure 118(a), the readings of the
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CMS photodiode (PD#2) will, therefore, be primarily associated with HOMs of the AF and
the activity of the HOMC. The readings of the output photodiode (PD#1), on the other
hand, are associated with the FM of the AF and the activity of the FMC. From this picture it
is clear that splice optimisation plays a pivotal role in achieving efficient lasers, where only
the FM/FM/FM cavity is active and the FM/HOM/FM is suppressed. To have a good
performing laser, one should have no loss and all the gain in the FM/FM/FM cavity and

infinite loss or/and zero gain for the FM/HOM/FM cavity.

5.2 Testing of a non-optimised laser

In this part, we will describe the testing of an unstable laser. This work has been
published by our group in 2019[76] and presented to CLEO Europe back in the 2017 [75].
The charts of this section have been taken from [76]. The mentioned paper contains much
more data than here presented; the reader is invited to read the full paper for further
clarification. This particular laser was built in the year 2015, as a lucky attempt to scale the
power with no effort, but just by increasing the available pump power. This laser has core
radius of ~7um and V number of ~5 and SM pigtails. From known measures on the AF
perform, it was known that the Yb concentration was constant in the active core region (Yb
~ 5*10%¢ /m?3) and the optimised splice between SM-MM fibre criterion had not been
discovered and adopted yet. The splicer used for the splicing of this laser is a two

electrodes FUJIKURA FSM-100M (described in section 3.3.4).

5.2.1 CW Pump Mode of Operation

The output power of the laser was brought up to 1600W in eight steps; each step lasted 90
seconds to allow for thermal transients to equalize. PD#1, PD#2 and thermal head readings
were recorded at 2Hz (180 samples per step). The response of the thermal head was ~1sec,
and the photodiode voltages were acquired with high impedance. Once averaged on the

scope, photodiode readings have an effective bandwidth of 10Hz.
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Figure 119 CW ramp logging; in green the output power and in red the CMS photodiode reading.

Figure 119 shows the thermal-head power meter and the associated CMS photodiode
(PD#2) readings during the pump ramp up. It is shown that the signal output and the CMS
reading are concurrently unstable at any power level. Figures 119 shows the time
evolution of the normalized readings of PD#1 and PD#2, at average signal output powers of
(a) 438W (step#2), (b) 885W (step#4), (c) 1480W (step#7) and (d) 1620W (step#8),
respectively. Itis clearly shown that the two readings are in anti-phase. Since PD#1 and
PD#2 readings monitor essentially the FMC and HOMC powers, it can be deduced that the
two effective cavities are indeed competing and exchanging power. As discussed in Section
2.1, the two effective cavities overlap over the MM AF through the supported FM and HOM
and, therefore, their power exchange is expected to be a result of transverse mode
competition (TMC). In this case of quasi-CW operation, the observed power exchange time
scales are very slow (~2-5s), implying that the output power instability is due to slow

environmentally induced thermal effects. Further evidence of more complex anti-phase
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dynamics and different time-scale TMC are provided in Section 5.2.2,
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Figure 120. Normalised readings versus time of PD#1 and PD#2 at average signal output power of (a) 438W, (b)
885W, (c) 1480W, and (d) 1620W.

The average values (over 180 samples) of the signal output power and PD#2 readings,
obtained during each step of the pump ramp, are plotted against the pump power in Figure
120. It is noticed that the slope efficiency of the laser decreases as the pump power is
increased. Three distinct pump power ranges are identified, denoted as zone#1 (0-1.2kW),
zone#2 (1.2-2.4kW) and zone#3 (2.4-3.5kW), where the slope efficiency changes from 62%
to 51% and 38%, respectively. Conversely, PD#2 voltage slopes increase over the three
zones. This clearly demonstrates that the drop-in laser efficiency with pump power is due
to an increasingly larger power exchange between the FM and the HOMs in the AF, as a

result of TMC.
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Figure 121. Average values of the output power and PD#2 voltage, obtained during the steps of the pump ramp,

against pump power.

5.2.2  Pulsed Pump Mode of Operation

In this pumping mode of operation, the semiconductor laser pumps were turned
periodically on-off with square pulses. The repetition rate and duty cycle were fixed at 1
kHz and 20%, respectively, whilst the pump power was step-wise increased to its maximum
level. The output and CMS pulses were recorded at all power levels. The acquisition
scheme was primarily limited in bandwidth by the photodiodes (~2 GHz). Pulses detected
from the output (PD#1) and from the CMS (PD#2) photodiodes are shown in Figures 122-
125 and 127, where part (a) zooms around the relaxation oscillation, part (b) shows the
entire pulses normalized to their peaks, and part (c) is RF spectrum (obtained from the
Fourier transform of the output pulses) calculated between 20 and 200us only, thus
excluding the relaxation oscillation. In part (c), the chart grid is aligned with the free
spectral range (FSR) of the laser cavity. Peaks falling at multiples of 4.48 MHz are generated
by the longitudinal mode beating (LMB). Zooming into the first relaxation oscillation peaks
provides information about the relative state and inversion of the two effective cavities.
Monitoring the “plateau” behaviour provides information about the transverse mode
power exchange and competition, while the RF spectrum provides additional information

about TMC, as well as, longitudinal mode competition (LMC).

5.2.2.1 Instability Zone#1

Figure 1212 illustrates the results obtained at a pump power of 486W. In Figure

1212 (a) and (b), the relaxation oscillation overshoots and “plateau” levels of both output
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and CMS photodiode readings follow closely each other. This implies that, in this case, the
CMS power is primarily due to residual scattering of the FM at the MM/SM fibre splice. At
this point there is no evidence of strong secondary cavity activity. The noisy appearance of
the CMS reading (red line) is due to low-level of optical signal, dominated by electrical
noise. The RF spectrum in Figure 1212 (c) shows no discrete peaks or other pronounced

spectral features.
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Figure 122. Output power (PD#1-green) and CMS (PD#2-red) readings over (a) relaxation oscillation (first 6.8us),
(b), entire pump pulse duration (0-200us), and (c) FFT of output trace over 20-200us period. The pump power is
486W.

After the initial adjustment, the electrical gain settings of PD#1 and PD#2 were left
unchanged so that absolute changes in the FM and HOM power levels were monitored and
recorded. Figure 123 illustrates the results obtained at a pump power of 778W (midway in
zone#1). In Figure 123 (a), we observe that the relaxation oscillations recorded at the
output (PD#1-green) and CMS (PD#2-red) differ significantly, with the CMS overshoot being
~x2 higher than the output one. At this power, the CMS overshoot is also delayed by about
10ns compared to the output peak. The temporal delay and higher overshoot recorded by
PD#2 implies the presence of a HOMC, as shown schematically in Figure 118. The HOMC
has lower Q factor and, therefore, requires higher inversion than the dominant FMC. As a
result, HOMC has a longer turn-on delay and higher overshoot than FMC. Figure 123 (b)
shows that, after ~80usec, the two cavities start to compete, exchanging a substantial
amount of power and indicating strong TMC. The two traces are in anti-phase and vary
periodically with a period of ~ 20us and a corresponding TMC frequency of ~ 50 kHz. As
shown in Appendix A Fig. A2, these timescales are in good agreement with the thermal
diffusion time associated with 7-8um core radius. Such thermally-induced, low-frequency
component does not appear in Figure 123 (c). It should be mentioned that similar
temporal behavior and low frequency, thermally-induced spectral characteristics were

observed with higher pump powers within zone#1.
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Figure 123. Output power (PD#1-green) and CMS (PD#2-red) readings over (a) relaxation oscillation (first 6.8us),
(b), entire pump pulse duration (0-200us), and (c) FFT of output trace over 20-200us period. The pump power is
778W.

5.2.2.2 Instability Zone#2

Instability zone#2 is characterized by a decrease in output power slope and an
associated increase in the slope of HOM reading (PD#2), which indicates a stronger power
exchange between FMC and HOMC. Figure 124 shows the results obtained with a pump
power of 1497W. In Figure 124 (a), the HOMC overshoot has increased to ~x3 the FMC one.
As before, Figure 124 (b) shows that after a delay of ~95us pronounced TMC takes place
with the same as before frequency of ~50kHz, characteristic of a thermally-induced
perturbation. However, within zone#2, soon after the first relaxation oscillation, between

~10us and ~90us much faster dynamics were observed.

In Figure 124 (c), the FFT output trace, in addition to noticeable increased cavity FSR peaks,
shows strong peaks at ~3.05MHz (with overtone at 6.1MHz), corresponding to the
observed fast TMC dynamics. From Figure A5(b) in Appendix A, it is deduced that this
range of characteristic frequencies corresponds to upper-state population (inversion)
dynamics (denoted as i-TMC). The increased FSR peaks imply that TMC enhances the cavity
LMB.
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Figure 124. Output power (PD#1-green) and CMS (PD#2-red) readings over (a) relaxation oscillation
(first 6.8us), (b), entire pump pulse duration (0-200us), and (c) FFT of output trace over 20-200us
period. The pump power is 1497W.
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Figure 125(a) shows the output power (PD#1-green) and HOM (PD#2-red) traces at a pump

power of 1730W. Figure 125 (b) is a zoom in the fast dynamics of Figure 125 (a) between

95-100ps. Clearly HOMC and FMC are in anti-phase, with oscillations in the microsecond

regime, indicating fast TMC. As shown in Appendix A, the observed fast dynamics are again

in good agreement with the expected population inversion relaxation time scales. The

inversion-related fast dynamics are again interrupted and followed by much slower

dynamics (period of ~20us) of thermal origin. Figure 125 (c) shows the corresponding FFT.
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Figure 125: Output power (PD#1-green) and CMS (PD#2-red) readings over (a) entire pump pulse duration (0-

200us), and (b) zoomed in the 95-100us region and (c) FFT of output trace over 20-200us period. The pump

power is 1730W.
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Figure 126: Output power (PD#1-green) and HOM (PD#2-red) traces at pump powers of (a) 1506 W, (b) 1623/,
(c) 1808W and (d) 1924W.

Similar responses were observed at all power levels within zone#2. Figure 126(a)-(d) show
the output power (PD#1-green) and HOM (PD#2-red) traces at different pump powers. It
is shown that, after the pumps are turned-on, the first relaxation oscillation is followed by
fast, inversion-related TMC (i-TMC) over a period of 80-100us. The i-TMC period is always
characterized by fast (MHz range) inter-modal power exchange around constant average
levels. This period is interrupted by sudden onset of much slower (~50kHz) dynamics, in
line with thermal diffusion time scales. Over this thermal TMC (t-TMC) period there is a
marked change of the PD#1 and PD#2 average readings, indicating that thermal effects
result in a strong intermodal power exchange. As Fig. 126(d) shows, the thermal TMC
period was sometimes interrupted and reverted to a fast i-TMC regime, with the average

FM and HOM powers returning to their initial values.

5.2.2.3 Instability Zone#3

Instability zone#3 is characterized by a further decrease in output power slope and
an associated larger slope of the HOM reading (PD#2), which indicates even stronger power
exchange between FMC and HOMC. Figure 127 shows the results obtained with a pump
power of 2303W (zone#2/zone#3 border) and 3000W. Figures 11(a), (d) show that the first
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relaxation oscillations do not follow each other closely any more. Figure 127 (b), (e) are
now characterized by much larger fast oscillations and stronger TMC due to inversion
effects, throughout the pump pulse duration. The corresponding spectra in Figure 127 (c),
(f) show that the main TMC frequency has shifted to 4.45MHz (close to the cavity FSR) and

5.4MHz (exceeding the cavity FSR), respectively. At these power levels, within zone#3, the

strong TMC provokes strong LMB, as evidenced again by the much increased levels of

cavity FSR peaks. This strong coupling between transverse and longitudinal modes in the

FMC and HOMC results in full chaotic operation.
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Figure 127. Output power (PD#1-green) and CMS (PD#2-red) readings over (a),(d) relaxation oscillation (first
6.8us), (b), (e) entire pump pulse duration (0-200us), and (c), (f) FFT of output trace over 20-200us period. The
pump power is (a)-(c) 2303W, and (d)-(f) 3000W.

5.2.3 Instability Map and Route to Chaos

Figure 128 shows the evolution of the fast TMC dynamics with pump power, in the
frequency domain. Vertical lines on the frequency axis coincide with the fibre laser cavity
FSR spacing due to LMB. Pump power axis incorporates 260 levels, ranging from 400W to
3000W in steps of 10W. The color scheme (z-axis - orthogonal to page) shows the absolute
value of the FFT (in dB) of the output traces between 20-200us. The three instability zones

are also marked.

- 145 -



Pump Power [W]
(ap]

448 8.96 1344 17.92
Frequency[MHz]

Figure 128. Pulsed measurement, synoptic. X Axis: frequency of the FFT, Y Axis: Pump Power, Z axis (orthogonal

to page): modulus of the FFT in dB.

Up to 1.2kW of pump power (zone#1), nothing is noticeable in the MHz range. In this zone,
only thermally-induced TMC of fixed low frequency (~50kHz) has been observed (see Figure
123). At a pump power of ~1.2kW (zone#2 bottom-end), a pronounced inversion-related
TMC peak appears at ~2.5MHz. Further increase of pump power results in a quasi-linear
increase of the dominant TMC frequency. At a pump power of ~ 2.4 kW (zone#2 top-end),
the TMC frequency becomes resonant with the cavity FSR frequencies. Above this power
level (zone#3) TMC provokes LMB and the laser acquires a chaotic output characteristic,
which amounts to multiple strong FSR peaks and in-between spectral filling. At 2.4 kW, the
chaotic behaviour is characterized by a broad RF spectrum, showing conspicuous excitation
of frequencies up to ~13MHz. Within zone#3 above 2.4kW, the dominant TMC peak is
larger than and no longer resonant with the first FSR peak. The sustained broad RF

spectrum indicates persistent chaotic behaviour.
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Figure 129. Inversion TMC's frequency dependence on pump power — comparison with theory.

In Figure 129, the variation of the dominant TMC frequency is compared with the
population inversion related theoretical prediction (Egn (9) in Appendix A). For the
theoretical prediction, we have used parameters similar to the experimental values. The
optical to optical conversion efficiency is ~55%, the pump wavelength is 950nm, the signal
wavelength is 1070nm and the glass host was considered to be phosphosilicate.
Theoretical and experimental results show a very good agreement. The quasi-linear
dependence of the dominant TMC peak on the laser power further corroborates the

dominant population inversion contribution to the observed TMC in zones#2 and #3.
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5.3 Test of an optimised LMA laser.

In this section, we will present the splice optimisation and the test of a HPFLs. This
laser was built in with bigger active (12um core, V number equal to 7) and DM passive
fibres. The radial Yb distribution for this laser occupies 2/3 of the core radius (Selective
doping). This technology is internally referred as Large Mode Area (LMA). Yb distribution
has been measured by a topographic system build in house in SPI. A similar topographic
system has been developed by ORC and described in [140]. The SM-MM splice optimisation
of this laser has been performed with the Ring Of Fire (ROF) - three electrodes FITEL-

S184PM; we measured optimum arc duration at 6.1 seconds.
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Figure 130. LPO2 Optimisation

Subsequently, three high power tests have been performed on this laser building it with
SM-MM splice arc durations equals to 2.2, 6.1 and 10 seconds. From Figure 131, the LP02
excitation for these arc durations is respectively -22.5dB, -30.5dB and -27.5dB. In the test
described in Figure 131, the pump power has been ramped up in four steps; during each
step, pump power has been kept constant for 100 seconds. During the test, output power
and light scattered by the mode-stripper has been monitored, as described in the previous
chapter. During this experiment, extreme care has been used to ensure that the relative
position between photodiode and modestripper remained constant. From the test result in
Figure 131, it is clear that, the lower the modal excitation, the better the efficiency and
stability. The best performing laser is that obtained with the optimised arc duration (6.1
seconds, -30.5dB of LP02). The excursion of efficiency is estimated to be 16%, down to 59%
from 77%, when LP02 goes from -30 to -22dB. In Figure 131 (a), the lower the LP02
excitation, the higher the output power. Conversely, in Figure 131 (b), the lower the LP02

excitation, the lower the reading of the CMS photodiode. This experiment proves that arc
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optimisation is of pivotal importance when building HPFLs adopting SM filtering and

diffusion splicing.
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Figure 131. High power test of an optimised HPFL. (a) Output Power. (b) Mode-stripper photodiode. LP02

excitation is shown in the legend.

Once the splice was optimised, pulsed tests conducted on this laser, similar to that in
section 5.2, did not show any of the complex features: Pulsed waveforms for CMS and
output readings where similar at any power (up to the equivalent output power of 2500W,
but with 10% duty cycle only). It was impossible to test this particular device at CW powers
higher than 250 Watt. To test the various splices attempts quickly, in terms of laser
efficiency result, the three ends of each of the two GTW splice where simply held on a
piece of metal, with tape. As explained in paragraph 5.1, to achieve high power operation
without GTW splice failure, GTW splice must be held in specifically designed cylindrical

boats. However, putting in place these cylindrical boats, in between the different splice
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optimisations and high power tests was time consuming and not available in the lab at the
time. A complete set of high power CW measurements, on a LMA laser similar the one

presented here, will be shown in paragraph 5.7.

5.4 Role of selective doping role in HPFLs design and manufacturing yield

In this paragraph, we will show the benefit of selective doping. To do so we will use
the HPFL model presented (4.2) applied on the optimised LMA laser presented in
paragraph 5.3. For such lasers, Figure 132 shows the IOR, the Yb concentration and the
normalised intensity calculated for LPO1 and LP0O2. The length of the described laser is 25

meters with pump-pump fibre absorption of 17dB circa.

{ a) N // = "‘\\'/
001k 1
I'L
[N \
S
0.005 | 1
II
III
D 1 1 1 1 \ 1 1 1 1 1
0 5 10 15 20 25 an 35 40 45 a0
rfurm]
T
(b) *
I | 5P| Selective Doping
o 3 .’/ I'\z\;‘“
= ~ ".ll
=2 '|I
= \
1r Il'.
0 A .
0 =3 10 15 20 25 30 32 40 45 a0
rum]
( C) 1 ; T T T T T T T T T
- LPO1
= LPOZ
.,
™ Q& \ 1
=
G—) I'.
o \
i 'l‘i\‘.
0 \ .

0 ] 10 15 20 25 30 35 40 45 50

Figure 132. LMA AF.(a) IFA IOR, (b) Yb Concentration, (c) LPO1 and LPO2 Shape intensity
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From Figure 132(a, b) we can see that the IOR extends up to 12.5um circa whilst the Yb
concentration extends up to 10um. From Figure 132(c), consulting the modal intensities,
we notice that LPO1 intensity has a maximum close to where the LP02 has a minimum, at
about 6um of radius. We will show how selective doping increases laser efficiency and
improves the First Pass Yield (FPY) in the manufacturing process. To demonstrate the effect
of selective doping, the Yb distribution has been modelled as flat concentric regions of
increasing radius (from 2um to 12um with step of 1um). To preserve the pump absorption
the number of ions of Yb has been kept constant; the smaller the radius of the flat zone,

the higher the Yb concentration (Figure 133).
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Figure 133. Flat round Yb concentrations modelled for LMA. To preserve absorption, the Yb level scales with the

covered area.

Furthermore, for each doping distribution, different levels of excitation for the LP02 have
been tested (from -30db to -15dB with steps of 5dB). The variation of LP0O2 excitation
represent the possibility of having, on the production line, SM-MM splices whose arc
duration is not perfectly optimised (i.e. wrong arc calibration, problems with the
electrodes, etcetera). The effect of LP11 is thought to be constant (imagining reproducible
LP11 excitation in case of good cleaves and good fibre centricity). The obtained results in

terms of efficiency are plotted in Figure 134.
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Figure 134. Role of selective doping in LMA design.

From Figure 134 it is possible to spot how, the lower the LP02 excitation the higher the
efficiency; regardless of the Yb radial extension. For this reason, performing the LP02
optimisation maximises the efficiency of the laser and it is certainly worth doing it.
However, if the doping has a radius equal to 7um, the variation of efficiency resulting from
an uncontrolled LPO2 optimisation is minimal (at 7um, efficiency varies of 5% when LP02
excitation goes from -30dB to -15dB). Vice versa in case the Yb covers the whole fibre,
reaching 12um of radius, the variation of efficiency resulting from an uncontrolled LP02
optimisation is quite big (at 12um, efficiency varied of 20% when LP02 excitation goes from
-30dB to -15dB). For this reason, selective doping helps in improving the repeatability in the
process of laser manufacturing leading to improved FPY, with less attention on fine splice
optimisation. The efficiency variation in presence of splice variation at 7um is minimum
because at about that radial distance there is a maximum for the LPO1 and a minimum of
the LP02 (Figure 132-c). In fact, by inspecting Figure 132(b,c) it is easy to recognise how, at
7um the Yb overlap has maximum with the LPO1 and a minimum with the LP02. Working
with a radius of 7um minimises the gain of the secondary cavity, in favour of the gain of the
FM cavity. To kill even further the gain of the LP02 one could think of using an annular

doping with a ring radius of 7um (Figure 135).
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Figure 135. Ring Doped LMA Fibre.

In case of ring doping, an optimum can be found using a radius of 6um and a radial width of
2um. At the optimum, the efficiency variation is only 3.5% when LP02 varies from -30 to -
15dB. In the case of this particular GTW, luckily, the Yb distribution is already ring shaped
with the Yb distribution being endowed with a peak at around 5um (Figure 132(b)). Finally,
yet importantly, the simulated efficiency variation for this laser, with the real measured Yb
GTW is about 8% when LP02 excitation goes from -30dB to -15dB. This drop in efficiency is
slightly smaller than expected as, during the process of optimisation (paragraph 5.3), the
observed drop was already 19% when LP02 optimisation was detuned by only 8dB. This
might be due to the simplicity of this model that does not account for any other
mechanism of mode coupling other than at the splice. As a final remark, we highlight the
fact that Yb concentration cannot be increased arbitrarily without incurring in core
deformation and fragmentation; this kind of anomaly in the core’s structure will be shown

in paragraph 5.6.
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5.5 Splicing technology improvement in HPFLs

This section, shows the results obtained by splicing the laser of paragraph 5.3 with
both FUJIKURA FSM-100M (two electrodes) and FITEL-S184PM (three electrodes ROF)
splicers. As expected, with both splicers we find a minimum for the LP02. However, the
LP02 minimum found with the FITEL splicer is consistently lower than that obtained with
the FUJIKURA (Figure 136). This is substantially due to the fact that the heat profile
provided by the two splicers lead to different taper shape, hence taper properties are

different and optimisation outcome also differs.

s=—TYP- FITEL
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s TYP-FUJIKURA 100M

Differential Group delay [ps]

Figure 136. LP0O2 optimisation of FITEL splicer and with FUJIKURA splicer (typical values).

Contrarily to expectations, we did not see any appreciable improvement of LP11 excitation
when using the ROF splicer over the two electrodes splicer. This is due to the LP11
excitation being most predominately dictated by fibre core-clad concentricity. During the
test, the output power and light scattered by the mode stripper have been measured. This
particular laser’s absorption was 15dB. Given the high number of splicing attempt
adopted, to quantify the light scattered by the mode-stripper, avoiding accidental
movement of the mode-stripper photodiode, we have avoided the usage of the photodiode
and used the metallic grid temperature (as described in the section 5.1). The laser has been

spliced four times with the FUJUKURA and four times with the FITEL. The outcome of this
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repeated measurement is presented in Figure 137, in terms of output slope efficiency (y

axis) and grid temperature slope (x axis).
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Figure 137. Efficiency and grid temperature slope adopting different splicers

As visible from Figure 137, points A,B, C and D, obtained with the FUJIKURA splicer have
lower efficiency and higher grid temperatures that the points G E, F and |, obtained instead
with the FITEL Splicer (these latter having higher efficiency and lower grid temperature).
Splices obtained with the FUJIKURA, give less repeatable results (points contained in big
grey dotted square) whilst splices obtained with FITEL are much more repeatable (points
contained in the little grey dotted square). Compared to the three electrodes FITEL, the
lack of repeatability of the two electrodes FUJIKURA can be explained due to intrinsic limits
of the two electrodes technology when splicing large fibres. The higher average score for
the FITEL is certainly due to the better LP0O2 suppression (Figure 136). On this aspect, we
also notice that the eight points lay on a red dotted line, testifying that, the better the
splice, the higher the efficiency and the less the HOM activity (less grid temperature).
Looking at the top end of the red line, we can also infer that, if splices where infinitively
good, the maximum efficiency for this particular laser would be about 74%. For this reason,
since we started producing LMA lasers, we have always adopted the FITEL splicer and splice

optimisation with arc characterisation.
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5.6 Effect of core’s circular symmetry

Despite having introduced the ROF technology and arc optimisation on all
manufactured lasers, vast efficiency variations still occurred amongst the different fibres
drawn. The following chart shows the slope efficiency (y-axis) and grid temperature slope
(x-axis) for a broad range of oscillators build by the production line, during the alpha phase

of LMA lasers. The targeted pump absorption of the devices is about 20dB.
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Figure 138. Grid slope vs slope efficiency on subset of mass produced HPFLs (20dB absorption, 945 nm pumping)

To produce the chart in Figure 138, several fibres were used. The grid adopted in the test of
mass produced lasers is not exactly like that shown in Figure 117, however the inverse
correlation between slope efficiency and grid’s temperature slope is still in place. With
20dB of absorption and ideal splice (very cold grid= no HOM excitation), the maximum
asymptotic achievable efficiency for these devices should is about 82%. Nonetheless,
considering that the arc duration for all HPFLs was characterised and adopted for their
construction, variability of the efficiencies was still not justified. Subsequently, a new

correlation was found between LP0O1 shape and maximum performance of a drawn GTW.
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(a) GT2222SOP. Eff. = 66% J§(b) GT2222EOP. Eff. = 56%

(c) GT2278SOP. Eff. = 70% || (d) GT2254SOP. Eff. = 70% | (€) GT2244EOP. Eff. = 79%

Figures 139. LPO1 shape measured via S? versus maximum laser efficiency (in white fonts) achieved for different
fibres drawing. LPO1 images obtained in correspondence of optimised arc duration. For GT2222 there are two

measurements (EOP: end of perform and SOP: Start of perform)

Figures 139 show the shape of the LPO1 mode, measured at “Ops” delay image with the S?
(refer to equation (2.2.2.7)), and the correspondent efficiency achieved on the line by four
different GTWs. It is easy to spot how, LPO1 centrosymmetry (intended as rotational
symmetry) is directly correlated to laser efficiency: the higher the LP01’s centrosymmetry,
the higher the efficiency. This cannot be explained by the model of section 3.4, where
perfect centrosymmetry was assumed. However, it is easy to realise that, the LPO1 coupling
(loss) between passive and AF will depend from their mutual shape. In fact, since the LPO1
centrosymmetry of the passive fibre is almost perfect, the LPO1 loss across the splice will
only depend from the AF’s LPO1 centrosymmetry. It was subsequently proven by the fibre
production department that centrosymmetric cores are easier to produce when using
lower Yb concentration in the MCVD process. With the current fabrication technology there
is therefore a trade off between core centrosymmetry (good for splicing) and high Yb level
(good for absorption). Finally, we want to show how the “Ops” image obtained with the S?
in correspondence of arc duration optimisation, closely resemble the LPO1 calculated via

beam propagation method* (BPM) over the 2D IOR measurement.
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Figure 140. GT2222SOP. Left: 2D IOR meas. Centre: LPO1 calculated via BPM. Right: S2, “Ops” image as LPO1
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Figure 141. GT2222EQP. Left: 2D IOR meas. Centre: LPO1 calculated via BPM. Right: S2, “Ops” image as LPO1
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Figure 142. GT2244EOQP. Left: 2D IOR meas. Centre: LPO1 calculated via BPM. Right: S2, “Ops” image as LPO1

estimation

*BPM code developed by Dr. Andy Malinowsky at SPI Lasers.

*2D IFA measurements by Dr. Peristera Andreaku
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5.7 Characterisation of a state-of-the-art commercial grade HPFL

In this section, we will present the data of the most efficient laser obtained at SPI to
date. Obtainment of these results involved the implementation of all the expedients
presented in this thesis, namely: SM-MM splice optimisation, Yb selective doping, selection
of the AF core endowed with high centrosymmetry, selection of passive fibre with high
core-clad concentricity. Furthermore, for this specific laser, we have also increased the
guantum efficiency by using longer pump wavelengths (available to SPI from mid 2018) and
shorter wavelength gratings. It will be shown that the maximum output power achievable

by this laser is limited by SRS rather than by TMI.

5.7.1 Pump block characterisation
The pump diodes used are denominated 97xnm TUSP DM15, are produced by TRUMPF
(USA), have the same foot print and brightness of those presented in paragraph 2.2.3, but

longer wavelength.

69-52-18-A15 /06
MATERIAL # 1990784
SERIAL # TUSP019020

TUSEOINTO
R

Figure 143, TUSP DM15, multi emitter package

Pump block is made of 24 TUSP DM15, combined together with two 12X1 pump combiners.
The two output fibres of the two combiners have a diameter of 250um; these are matched
with the GTW pump fibre diameter. The diodes are placed on a water-cooled cold plate
similar to that shown in Figure 28. Temperature of the cold plate can be changed by
changing the set point temperature of a pump block’s reserved chiller (7500 W by
Thermoflex). Since pump wavelength is not stabilised, actual wavelength depends on

current and temperature of the pump block.
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Figure 144. Combined pump diodes spectra at various pump powers. In this chart the chiller set point was 20 °C.

Figure 144 shows the spectrum recorded at the output of the combiners up to 3.2kW, with
chiller set point equal to 20°C. It can be noticed that the peak wavelength shifts with power
and that part of the spectrum exceeds 975nm (peak of the Yb absorption). In the next
chart, the pump wavelength at the end output of a pump combiner has been measured
against current and by using four different set points for the chiller (20°C, 25°C, 30°C and
35°C).
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Figure 145. Pump wavelength characterisation as function of current and water temperature.

Figure 145 plots the peak wavelength at any current and with four different set point
temperatures for the chiller. It can be noticed that, operating these pumps at currents
bigger than 100 A and at temperatures higher than 30°C, will result in pump wavelength

higher than 975nm. In the red square of Figure 145, the Yb absorption drops provoking two
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undesirable consequences. First, if absorption drops, laser efficiency will drop, making the
laser inefficient. Second, laser pump fibre will not absorb the pump light, there will be
excessive residual pump light at each end of the GTW and pump block could mutually

damage each other.
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Figure 146.Pump block optical power as function of current and water temperature.

Figure 146shows the pump power deliverable by the pump block as function of the current
and chiller set-point temperature. It can be noticed that, at any current, the power drops

progressively with temperature.

5.7.2 Oscillator details

In order to reduce further the quantum defect, on top of being pumped with longer
wavelengths, this oscillator adopts gratings with short wavelengths. Gratings central
wavelength is 1069nm, with HR bandwidth of 10nm and reflectivity of 99.99%, OC
bandwidth of 3nm and reflectivity of 14%. The DMF passive fibres (Figure 36) onto which
FBG are inscribed have core clad concentricity of 0.1um; these are the highest concentricity
currently achieved in SPI (typical concentricity is 0.2um). DMF have been coiled on the
laser plate with a coiling diameter of 8 cm, to reduce the LP11 content (for reference
consult Figure 44 of paragraph 3.2.1). The AF core centrosimmetricity is also one of the

best ever achieved with the current AF fabrication method (Figure 147).
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Figure 147. AF LPO1 shaped measured by S? (“Ops” image).

The LP01 centrosimmetricity for the selected AF is spectacularly good (for reference the
reader can consult the efficiency and LPO1 shape presented in Figures 139). Without
getting into the details of the fabrication process, according to the fibre department of SPI
lasers, good core centrosimmetricity is easier to achieve when Yb contraction is about 50%
less than normal (SPI LMA AF Yb concentrations are normally in the order of 4x10%° m™3).
The Yb concentration for this AF is circa half of what normally used. Lowering the Yb
concentration has not resulted in a drastic drop of absorption as we are now using longer
wavelength for the pumps. AF length is 25 meters, oscillator fibre winding and appearance
is like that shown in Figure 115. To avoid any uncertainly in the delivery of the correct arc
power, the SM-MM splice optimisation has been conducted just before splicing the laser,
resulting in an MPI of -40dB for the LP02 and -25dB for the LP11. These values for the MPIs
are amongst the best ever achieved in SPI; this is anecdotally believed to be due to the
effective area of this particular LMA (260um?) that happened to be 5% lower than what we
routinely produce (280um?). By being slightly smaller, this LMA is thought to be inherently
better matched with the DMF.

5.7.3 High power characterisation

The detection probes for this setup are located as in the measurement setup of
Figure 116. The slope efficiency of laser has been measured at the four different chiller

temperatures utilised for the pump characterisation.
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Figure 148. Slope efficiency versus chiller temperature.

Regardless of the set point temperature, slope efficiencies plots are linear up to full power,
without any sign of roll off (Figure 148). The different slope efficiencies and maximum

power dependence on wavelength is shown in Figure 149 and Figure 150.
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Figure 149. Slope efficiency versus wavelength. Wavelength quoted is the maximum achieved from the pump

block at maximum pump power for each set-point chiller temperature (label of the points)

The maximum slope efficiency is reached at 976nm and it is 83.7%; presumably, maximum
is at 976 nm due to optimum pump overlap between pump wavelength spectrum and Yb

absorption spectrum.
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Figure 150. Maximum achieved power versus wavelength. Wavelength quoted is the maximum achieved from

the pump block at maximum pump power for each set-point chiller temperature (label of the points)

Despite having the maximum efficiency, the point at 976 nm is not the one scoring the
maximum output power; this is presumably due to the fact that the pump block starts to
lose power when operated at increasingly higher temperatures. Maximum output power is
reached at 974nm and is 2725W. The output spectrum of the lasers is shown in Figure 151.
In this spectral measurement the BDF is an highly multimode fibre (250um diameter) not

adding any significant SRS contribution.
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Figure 151. Output spectrum versus output power (with chiller set point at 20C).
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From Figure 151, Figure 152 it can be seen that at about 2.5kW, SRS peak experiences a
jump in power; this indicates that SRS is actually starting to “lase” due to unwanted

spurious reflection in the cavity.
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Figure 152. SRS peak extinction (distance from the main peak) versus laser’s output power.

Concurrently, at above 2.5kW, the laser becomes unstable (Figure 153).

2725 W

Figure 153. Oscilloscope screenshots at increasing output powers. Time division is 10us/div (total time 50us).
Green waveform: output’s PD. Red waveform: CMS PD. Yellow waveform is the voltage driver (1-10 volts).
Orange waveform: FFT of the output’s PD reading. In the FFT frequency division is 5MHz/division (25MHz in

total) and vertical division is 20dB/div.
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From Figure 153 it can be seen that at around 2.5kW, laser is unstable with output’s
spectral content at around 2MHz (+20dB above the noise). In the same fashion, also the
signal coming from the CMS becomes unstable. Above 2.5kW, the laser becomes even
more unstable, with temporal oscillation comparable with the CW part of signal and
characterised by multiple overtones of 2MHz, resulting therefore in triangular waves

(Figure 154).

Figure 154. Oscilloscope screenshot at 2725 W. Time division is 500ns/div (total time 2.5us).

Reducing the time division of the oscilloscope (Figure 154), we realise that CMS and output
readings are in phase. The fact that CMS and output are not in antiphase, excludes that this
instability is of the same type reported in 5.2 and it has to be associated instead to the

presence of SRS.
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Figure 155. High power test kit output photodiode logging during power ramp.

During the power ramp (Figure 155), the test kit records at 1 hertz, the average and the
standard deviation of the points on the screen of the oscilloscope (left axis for average and
right axes for standard deviation). With the number of points refreshing on the
oscilloscope’s screen and the hardware available, the system measures without aliasing
frequencies up to 100 MHz. In Figure 155, the average power measured during the various
steps is used as a label (10 black labels, in Watts). Defining the RMS noise as the ratio
between standard deviation and average, we can see than the RMS noise is less than 0.5%
up to 2165 W, spikes up randomly at about 2464 W and diverges at 25% at 2725 W.
Correlating the spectral results of Figure 151, and the noise results of Figure 155, we realise
that both RMS noise and SRS, diverge at the same power level. From this correlation, we
argue that the causes of instability for this laser is the excessive presence of SRS, known to
destabilise HPFLs [141], rather than TMI. From the point of view of the stability, this laser

would be a good candidate to operate efficiently, in single mode regime, up to 2kW.

However, to be sold as SM laser, this unit must have a Beam Delivery Fibre (BDF) that
retains the modal purity and that is long enough to transport the light to the work piece.
The ideal candidate as BDF is therefore an SMF. We will use here the SMF shown in Figure
35 as a BDF.
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Figure 156. SRS cutback measurement at 2kW of output power.

The SRS contribution of such fibre to the spectral output of an LMA laser was measured via
cutback (Figure 156). SRS cutback involved the measurement of the output spectrum with
different fibre lengths and different oscillator’s powers. For conciseness, in Figure 156, we
report only the results obtained at 2kW. SMF contribution to SRS is 2.4dB/m at 2kW (1.2
dB/m/kW). From the applications laboratories of SPI lasers, it is known that back
reflections can destabilise lasers and that having more than a certain critical amount of SRS
can make lasers unsuitable for fine cutting (e.g. in SM regime). The maximum SRS
extinction from the main peak is -30dB to cut low reflective materials (e.g. mild steel) and
-40 dB to be able to cut highly reflective materials (e.g. copper). As a marketing exercise, by
putting together the data of Figure 152 and the SMF contribution to SRS (1.2 dB/m/kW),
we can build a map to assess the maximum BDF length usable for any power variant

marketable for this oscillator.
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Figure 157. Range of applicability of the presented HPFLs depending on power and BDF length.

5.8 Conclusions

In this chapter we have connected many of the learning of the previous chapters to
explain the efforts made in order to scale the power of HPFLs at SPI Lasers. Also in this
chapter, we have focussed our attention on the SM-MM splicing; here we explained how
the splice actually affects the laser performance. We have therefore introduced the
concept of the double cavity. On top of that, to characterise HOM excitation at high power
we developed a measurement based on Calorimetry (metallic grid on the mode-stripper).
This has allowed us to compare consistently the results of different splices across different
lasers and AF. In this concluding chapter we showed the results obtained with three lasers,

representing three classes of lasers.

The first laser showed constituted a bold attempt to scale the output power just by
adding more pump power. A 250W rated lasers from SPI was pumped with a 2.4kW pump
block. It must be stressed that yield for the production of these lasers, prior to 2016, was
56% and the cause of failure was the lack of stability and efficiency. Clearly, this scaling
attempt did not work, but it gave us chance to study CW and transient TMC in HPFL. The
FM and HOM power evolution effectively indicated the presence of two competing laser

cavities, which resulted in rich output dynamics and full chaotic operation. The work shows
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that the observed TMC phenomena are due to combined and interleaved inversion- and
thermally-related effects, with distinctively different characteristic frequencies and power
dependencies. The CW characterization obtained with slow detection shows the presence
of TMC with envelopes on a slow seconds-timescale. Average values obtained from CW
measurement are divided in three zones with progressively smaller output power
efficiency. In low-power zone#1, only slow power variations are observed. At the top-end
of zone#1, a pronounced thermally-induced TMC is measured with characteristic
frequencies in the ~50kHz range. In zone#2, both thermal and inversion induced TMC
coexist. The relative thermal and inversion related contributions to the observed TMC have
been identified by monitoring the associated characteristic instability frequencies, under
pulsed pumping. It is shown that in the transient regime, both inversion and thermal
effects contribute successively to the observed power instabilities. In most of the cases, the
output power initial relaxation overshoot is followed by fast (in the MHz range) inversion-
related power competition between FM and HOMs with null average power exchange.
Thermal effects overtake after ~80-100us, showing much slower dynamics (in the 10s of
kHz range) and characterized by marked FM/HOM power exchange. At the bottom-end of
zone#2, inversion dominated TMC appears with characteristic frequencies ~2.5MHz (about
half the cavity FSR). The instability characteristic frequency increases linearly with pump
power until it matches the cavity FSR (first LMB) frequency at the top-end of zone#2.
Further pump power increase into section#3 drives the HPFL into full chaotic behaviour.
The co-existence and relative importance of the two effective cavities depends on the

degree of HOM excitation at the SM-to-MM splices.

The second laser shown, denominated LMA laser, adopted a bigger core than the
first. From the strong suggestion given by the test of the first laser, or more precisely from
that class of lasers, we build the LMA laser by optimising routinely the SM-MM splices and
by adopting selective doping. These mitigation remedies were effectively intended to kill
the secondary spurious cavity verified in the past. Splicing the laser without arc
optimisation, or as we showed with intentionally wrong arc duration, results in poor
efficiency and stability. Furthermore, we demonstrated with modelling, that selective
doping makes the efficiency of the laser less susceptible to splice optimisation preciseness.

The so designed and build LMA lasers worked and went to production.
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Since then, the production line of SPI lasers did not report instability and lack of efficiency
as main cause of failure. Subsequently, by mean of S%, we proved that also the LP0O1 lack of
rotational symmetry has an impact on the laser efficiency. Despite the fact that the S? is not
designed to infer about LPO1, once found the LPO2 minimum, the “Ops” image closely
resemble the LPO1 shape. This was confirmed by BPM method performed on the 2D
measurement of the IORs. The fibre fabrication department at SPI Lasers has since started
to find a way to build cores endowed with increased centrosymmetric cores. The current
understanding is that it is easier to obtain “rounder” cores if the Yb concentration is less

than 2.5x10% m. This clearly has an effect on the laser’s pump absorption.

The third laser construction put together all the understandings acquired in the
previous chapters and lasers so far presented; resulting in the most efficient KW series
laser SPI lasers has ever built. This laser, classed as internally as ECO laser, also leverage on
a reduced quantum defect as we narrowed the distance between pump and signal
wavelength. This laser, whose pump work spectrally close to Yb absorption, needs extra
care to ensure that pump temperature is somewhat stabilised. Above 2.5kW, this laser
becomes unstable, but instability is not due to TMI, but to excessive SRS. As a last point, we
have contextualised the applicability of this laser in the SM market evaluating which

delivery fibre (max length) can be associated to any (max) power variant for this device.
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6 Final conclusions and future works

This conclusive chapter reviews the work done during this PhD. On top of highlighting
the novelty found in terms of photonics, we will also emphasise the valuable industrial
know how produced for SPILasers. SPI began to introduce the LMA fibres for the
construction of HPFLS in the year 2017. This triggered the need of improving the splicing
technology. In order to understand better splicing, during the course of this PhD, we have
developed the S? test-kit; both the hardware and software (Figure 22, Figure 25). The
performance of the test-kit is acceptable: the full picture of the excited modes and modal
contains can be measured in one minute circa. It was clear from first results of the S? that,
to handle bigger fibres, the fusion splicer technology needed an update; therefore, we
introduced the ROF technology. The so developed S? test-kit has proven to be a very
versatile tool and it is currently used routinely by the R&D department of SPI Lasers. On top
of that, S? has provided the R&D with compelling evidence that ultimately convinced the
fibre department to achieve higher core-clad concentricity and higher core
centrosymmetricity. To measure the HPFLs obtained with the new splicing technology, we
also developed a high power test-kit; hardware and software (Figure 31,Figure 32 and
Figure 34). With this test-kit, amongst many other things, we have been capable of testing
the quality of the splices optimised via S?, in terms of the outcome that matters (i.e. optical
efficiency and stability). The high power test-kit is currently adopted by the R&D of SPl and
it is certainly the most complete tool available to prototype and troubleshoots CW HPFLs.
The test-kit also introduces a novel technique that resolves spatially and spectrally the
radiation emitted by the active medium, therefore along its length (Figure 97). The
advancement made in the splice technology has produced know how that is currently core
technology of SPI Lasers. Virtually, every CW HPFLs produced by SPI is now optimised with
the technique developed during this PhD. The adoption of the S? to optimise SM-MM
splices is per se a novelty; having found a generic rule of optimisation is what makes this
work unique. We originally found out that, in SM-MM splices leveraging on dopants
diffusion, there is an optimum arc duration that allows LP02 minimisation (Figure 52). It
was then empirically proven that LPO2 minimised splices between SM passive fibres and
MM AF, led to higher efficiencies in HPFLs (Figure 131). To have a better understanding of
the splicing process, we measured with the IFA the index of refraction across the splice
(Figure 71). We immediately noticed that the optimised splice samples created with the S?

were not LPO1 effective area matched (Figure 75). This looked counterintuitive, as it is
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commonly believed that SM excitation in MM fibre can only be achieved by matching the
MFD of the incoming beam (fibre) with the effective area of the LPO1 mode of the MM
fibre. For this reason, we recycled some old theory developed for tapers in planar
waveguide, adapting them to function with fibres. The so developed model was then run
on the IFA samples revealing that minimising the LP02 excitation contextually maximises
the LPO1 excitation (Figure 81,Figure 82). This explained why, HPFLSs spliced with the arc
optimisation criteria were so efficient. Since the introduction of this technique, the
production line of SPI did not report instability as main cause of failure. From its
introduction, about 850 lasers have being spliced with the arc-optimised criteria. The fact
that LPO1 pure excitation in MM fibre can be achieved with a mismatched area splice is
indeed one of the most important novelties of this work. This result has the potential to
oppose and make vain the claims of a patent IMRA submitted in the 90s [131, 132]. The
developed theory explains how the so developed splice optimisation, despite using a very
short taper length, is effectively capable of selectively optimise only the FM of the MM
fibre. Furthermore, theory gives a clear indication on how to develop a splice that can

exceed the performance of that developed and currently used in SPI.

By using the high power test kit, we have been able to document the behaviour of
three classes of lasers. The first described laser was a bold attempt made in the year 2017,
resulted in a failure, to scale the output power of a 250W class laser up to kW level
(paragraph 5.2). A rich analysis was made on the data acquired from this laser; the result of
this analysis have been presented to CLEO 2017 [75] and subsequently published in the
year 2019 [76]. This laser represents the class of lasers fabricated by SPI prior to 2017. The
AF of these lasers had V = 5.5, with 0.13 NA and core radius equal to 7um. The passive fibre
used for the gratings were purely SM. At the time, neither splice optimisation nor selective
doping was adopted as criteria for the construction and fibre design of the AF. Prior to
2017, about 50% of the lasers resulted unstable at final test. With the development of the
high power test-kit, we have been able to infer about the existence of a secondary parasitic
cavity by measuring concurrently the readings of both MS and output (Figure 122-124).
This gave a precise indication on how to solve the problem. To solve the problem we have
put two remedies in place. First, we have increased the loss of this HOM cavity; we did this
by optimising the splice and reducing therefore the LP02 launched in the cavity, at the
splicing point. Second, we adopted selective doping reducing the gain competition between

modes, favouring the FM overlap with the Yb over that of the HOM:s.

-176 -



The second class of lasers was conceived to reach the kW level by reducing the
impact of SRS and therefore adopting LMA fibres. These classes of lasers are internally
referred as LMA lasers. In these class of lasers, the AF has V = 8.6, with 0.13 NA and core
radius equal to 12um. Furthermore, the passive fibre used for the gratings are dual moded,
but coiled opportunely to filter the LP11. This second class of lasers adopted splice
optimisation and selective doping. With these remedies in place, the secondary parasitic
cavity was effectively suppressed and allowed operating up to 2 kW without instability.
After the adoption of these two remedies, the FPY on production line went up to 90%, with
the instability no longer figuring as the main cause of failure. A new measurement
technique was developed to measure the power wasted by the CMS, by adopting a grid
and a thermal camera. This “calorimetric” measurement proved to be extremely useful in
increasing even further the performance of the lasers; both in the prototyping phase and in
the subsequent alpha development. In the prototyping phase of the first LMA lasers we
have been able to track the following parameters: output efficiency, mode stripper wasted
energy and LPO2 excitation. Given a specific AF, the higher the LP0O2 excitation, the higher
the energy wasted by the MS, the lower the laser’s efficiency. Vice versa, the lower the
LP02 excitation, the lower the energy wasted by the MS, the higher the efficiency (section
5.3). As we demonstrated in chapter 3, minimising the LP02 corresponds to maximising the
LPO1. In the same period we verified that adoption of the ROF technology led to more
repeatable splice and for this reason more repeatable laser efficiency (paragraph 5.5). In
the alpha development, several different AFs reached the production the line.
Notwithstanding splice optimisation, we still experienced variations of lasers’ efficiency.
With the help of the S?, it was subsequently proven that efficiency depends also on the
LPO1 shape (paragraph 5.6). The S?is not designed to measure LPO1 features and in
principle, it could not. However, when the modal excitation is optimised, only the FM
propagates in the MM fibre and image of the LPO1 appears quite neat. We definitively
proved that AFs with more centrosymmetric IORs result in rounder LPO1 modes and higher
laser efficiencies. This finding motivated the fibre department to find ways to optimise the
centrosymmetricity of the newly developed LMA fibres. Finally, we have theoretically
proven that the combination of splice optimisation and selective doping makes the process
of splicing less sensitive to the precision of the splice. In this sense splice optimisation and

selective doping made the process of fabrication easier, increasing the FPY.
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The last laser presented belongs to the class of lasers referred internally as ECO.
For the construction of this laser, all the understandings gathered in this work have been
adopted, namely: splice optimisation, core having high centrosymmetricity and passive
pigtails with high core clad concentricity. Furthermore this new laser operates at 97xnm,
resulting in optical efficiency exceeding the 83% and by limited in power by SRS, rather
than TMI (paragraph 5.7). Further development in the understanding of lasers can be
achieved with the usage of the vertical probing technique. This approach is unique and
never reported in the literature. With this technique, we have been able to measure the
most inner parts of the laser, the quantities described by the rate equation, namely: pump,
inversion and signal power (Figure 97). We measure these quantities, in a non-destructive
way, along the fibre length at any power, live. The technique also allows tracking the whole
spectral evolution along the active medium length, enabling therefore the tracking of non-

linear effects.
For future work, the author would propose the following points.

e The author would like to make the S measurement faster, especially in the
acquisition data stage. S?technique could be made faster by the adoption of
algorithms related to compressed interferometry. With this technique, the
speed could become ten times shorter with little variation on the

measurement accuracy [142, 143].

e The SM-MM splice could be further improved by developing a splice that
optimises also the differential phase shifts of the modes, before they reach
the up tapered zone (e.g. A9 = A9* as per the nomenclature we defined in
paragraph 3.4.5). To do so the author would initially characterise a bigger
number of optimised splices. By analysing the data, the author would then
establish if the characteristic A9* of the splices is constant. If so, the new
splice would be based on the creation of an initial flat zone (as referred in
paragraph 3.4.5.2) of constant length, providing a differential phase shift A9
that matches A9*. The flat section would then be followed by an optimised up

tapered zone.
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As per the vertical probing, the author would initially improve the setup to
resolve better the peaks and increasing simultaneously the dynamic range.
This could be accomplished, for instance by using a vertical probing fibre

endowed with a micro lens.

An application of the vertical probing could be for instance the optimisation of
the laser length. Since pump absorption along GTW fibres (in dB/m) is not
constant and decreases after a certain length, there is the possibility that the
AF length is not the strict necessary to guarantee enough absorption. In that
case, the last meters of GTW would not account for increase of pump
absorption but would certainly account for an increase of SRS. This sort of
studies can be carried out in presence of multifaceted pump cladding,

different winding patterns and pump wavelengths.

If the dynamic range could be increased, then SRS could be also tracked along

the length.

The author would also be curious to prove more definitively if this technique is
reliably able to locate the zones where mode coupling takes place (as shown
only once in paragraph 4.3 - Figure 107). In this case, the technique would
prove very even more effective in the design and verification of AF winding

patterns.
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Finally, we present the list of techniques, processes and devices developed during this

PhD by the author and where they are currently used.

e S’test-kit for R&D
o Software and hardware

o C#t software handover to ORC

e S?Arc duration characterising station for manufacturing (upload optimisation data
on the server)
o S%surrogate Software and hardware

o 250 Samples of AFs samples characterised and uploaded to date

e  HPFLs Splicing Stations (download optimisation data from the server to the splicer’s
hardware)
o Software developed for multiple clients (NPl and manufacturing stations)

o 850 between laser and amplifiers spliced with these stations to date

e Introduction of the ROF technology
o Before only two electrodes splicers where used in the SPI site of

Southampton

e V-Height calibration software for the calibration department
o Calibrates the discharge symmetry for two electrodes splice (for legacy
product)

o Two electrodes FSs routinely calibrated

e Model to visualise dopants diffusion during fusion splicing (R&D)

o Matlab code handed over to ORC for future works

e Algorithm to calculate mode coupling along the splices for R&D

o Used by R&D when new LMAs models are introduced
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e Usage of the S? / arc duration optimised beam to assess LPO1 centrosimmetricity
o Centrosimmetricity importance not appreciated enough in the past and
calculated with complex and time consuming 2D IOR measurement

followed by BPM algorithm

e High power test-kit for HPFLs and MOPAs (R&D, NPI)
o Software and hardware
o C# software handover to ORC
o The most sophisticated tool for high power troubleshooting at disposal of

SPILasers.

e Introduction of mode stripper Calorimetry grid (R&D and Production)
o Allowed to correlate laser efficiency and wasted energy by mode-stripper.

o Currently implemented also by the production line

¢ Invention of the vertical probe technique (R&D)
o Allows the non-destructive, live measurement of pump, inversion and
signal power along the fibre length. Allows the characterisation of non-
linear effects along the fibre length and has the potential of measuring

HOM coupling in the AF.
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Appendix

Inversion and thermal timescales in high power fibre laser transients.

Transients in optical fibre lasers and amplifiers, due to pump and/or signal changes, are
characterized by specific time scales defined by the dominant optical effects. Although
population inversion and thermal effects are intimately interlinked, their characteristic time

scales can differ substantially, depending on the operating and boundary conditions.

Thermal diffusion time scales

The temperature change distribution AT(r,®,z;t) is given by the heat equation:

ar _ 2 — 9r
o~ aVF(AT) = - (1)

where @ = %o/ PCo js the glass thermal diffusivity, po, Co, ko are the glass density, specific
heat capacity and thermal conductivity, respectively, and Qr is the heat power density.
Heat diffusion time scales are obtained by setting Qr = 0 for t>0. Assuming a step-index

fibre with R; and R; core and cladding radii, respectively, and simplified initial condition

AT(r@.1) = AT, for r<R; and t=0, the temperature variation with time is then given by [144]

AT (r,t) = ATy 25ty A Jo (B5) exp( - B3 6), (£20) @)
where 8, (n=1,2,3,...) are obtained from the boundary condition of the 3™ kind (BC#3):

Joz) = () a(z) =0;  H="22 3)

2
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where 8, = Z’;ﬁandhﬁ, K,are the convection coefficient and thermal conductivity,
2

respectively, of the surrounding cooling medium. The amplitude of the n'" thermal

component is given by:

(4)

The diffusion time and the characteristic frequency of the n'" thermal component, on the

th —
n =

other hand, are given by T B %and £ = B2, respectively. The case of large

convection coefficient (h; > 1; H — ) corresponds to the boundary condition of the 1*

kind (BC#1), namely, Jo(2,) =0
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Fig. A1: (a) Diffusion time, (b) characteristic frequency and (c) amplitude of the nth thermal component, for
initial condition AT(r,,t) = ATo for r<R; and t=0, and BC#1, (d) temperature variation of the maximum thermal

component (n=6); R;=8um and R, = 80um.

h h
Figure Al plots (a) the diffusion time (Trt' ), (b) characteristic frequency ( fy ) and (c)
amplitude (A,) of the n" thermal component, for an initial condition AT(r,¢,t) = ATy, for r<R;
and t=0, and BC#1. It is shown that the diffusion time (characteristic frequency) decreases

(increases) monotonically with the order of the thermal component. This is due to the fact
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that thermal components of higher order show more and, therefore, sharper temperature
variations along the fibre radius and, as a consequence, they diffuse faster. The amplitude
of the thermal component, on the other hand, varies non-monotonically with order n and
shows a maximum for the n=6. The corresponding diffusion time and characteristic
frequency is ~25us and 40kHz, respectively. Figure A1(d) plots the temperature variation

along the normalized fibre radius for the maximum thermal component (n=6). For BC#1,

2
the diffusion time of the n'" thermal component can be approximated by r,tlh = (a:;nz).

Figure A2 plots (a) the diffusion time, and (b) the characteristic frequency of the maximum
thermal component, as a function of the core radius. The initial condition is again AT(r,,t)
= ATy, for r<R; and t=0, and BC#1 (blue line) and BC#3 (red line) are considered. The
cladding/core ratio Ro/R1 is 10. It is shown that the dominant diffusion time (frequency)

increases (decreases) quasi-quadratically with the core radius.
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Fig. A2: (a) Diffusion time, (b) characteristic frequency of the maximum thermal component, as a function of
the core radius. Initial condition AT(r,d,t) = AT, for r<R; and t=0, and BC#1 (blue line) and BC#3 (red line).
Ratio R, / Ry = 10.

Figure A2 also shows that the dominant thermal component diffusion time depends on the
boundary conditions, with BC#3 having smaller diffusion times than BC#1. This is due to
the fact that the dominant thermal components under BC#3 correspond to n=7 and,
therefore, have sharper temperature features (see Fig. A3) and, consequently, smaller

diffusion times.
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R1 =8um ; R2 =80um

F(R,) = Jo(2,/R,/R,); (N 7)
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Fig. A3: Temperature variation of the maximum thermal component for BC1 (n=6) and BC3 (n=7). Initial

condition AT(r,®,t) = ATy, for r<R; and t=0, and BC#1 (blue line) and BC#3 (red line). Ry = 8um and R; = 80um.

It can be shown that the variation of the dominant diffusion time with core radius for BC#1

Rfeff

Zaosta) It should be mentioned that the usually quoted

can be approximated by 74, =

- . . . , R%
approximation of the timescale associated with thermal effects 7;, = ;1 [31, 32]

overestimates diffusion times by a factor of ~4.

Population inversion related time scales

Another mechanism that can induce index modulation and power exchange between
modes is the inversion of the medium. The variation of the spatially averaged excited state

population distribution N is given by:

dN, N, _ Ny Oap Ip Oas Is
dt + N P V< + Oas+0es \IS )
eff apTOep \p asTOes \g
hv. hv . .
where [§% = ———and I§% = ———LP—— are the signal and pump saturation
[t(oast0es)] p [T(Uap"'aep)]

intensities, respectively, T is the upper-state population lifetime and ré’}jﬁ is the

corresponding effective lifetime given by:
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mv _ T (6)

eff Ip | Is
The signal and pump intensities are approximated by Iy = —=<and [,

(m RZ) ( R (mRZ)
respectively. For a fixed pump intensity /, and a change of signal intensity from /s; to Is; at

t=0, the upper-lever population varies as:
t
Na(©) = N5z ) + [N ) = N5 Uz ) exp ()5 £20) )

where Ny°(Is1; 1), N3°(Is2; Iy) are the corresponding steady-state upper-state

populations given by:

9ap /IP 4+ Jas /Is)
O'ap+dep\lsat oast+oes\ISAt

N3*(Is; Ip) =Ny (8)
(1+,sat+,sat>

The associated characteristic frequencies are given by
fime = =114 24k ©)
eff Tfi;}]} Isat Isat

From Equations (6) and (9), it is deduced that the characteristic time scales and frequencies
depend on core/cladding radii, as well as, the pump and signal powers. Figures A4(a) and
(b) plot the effective upper-level decay time, and corresponding effective frequency,
respectively, as a function of signal power, for different core diameters. The optical-to-
optical conversion efficiency is assumed 80%, and the cladding/core ratio R»/R1 = 10. The
signal and pump wavelengths are As = 1070nm and A, = 915nm, respectively, and the fibre

core is considered to be of phosphosilicate composition.
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Fig. A4: (a) Effective upper-level decay time, and (b) corresponding effective frequency as a function signal
power, for different core radii. Optical-to-optical conversion efficiency = 80%, ratio R,/R; = 10, As = 1070nm, A,

=915nm, phosphosilicate fibre.
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Fig. A5: (a) Effective upper-level decay time, and (b) corresponding effective frequency as a function core
radius, for different signal powers. Optical-to-optical conversion efficiency = 80%, ratio R2/R; = 10, A; = 1070nm,

Ap = 915nm, phosphosilicate fibre.

Figures A5(a) and (b) plot the effective upper-level decay time, and corresponding effective
frequency, respectively, as a function of core radius, for different signal powers. The other

parameters are as in Fig. A4.

In Fig A4(b) it is shown that, in inversion dominated dynamics for

I, /153t > 1 and fixed core/cladding radii, the effective frequency increases linearly with the
signal power. Fig. A5(b), on the other hand, shows that for fixed power the effective
frequency is inversely proportional to the core area, in a similar manner to thermally-

induced effects (see Fig. A2(b)). Comparing Fig A5(b) and A2(b), however, it is becomes

-188 -



apparent that thermally-induced transients show similar effective frequencies (~1-100kHz)
only in the case of low signal power inversion-related dynamics (i.e. signal power ~10W).
As the signal power is increased to kW level, the inversion-related frequencies increase to a
100kHz to 10s-of-MHz regime, while thermally-dominated transients are largely power

independent.

At this point, it should be emphasized that the signal power dependence of the
characteristic frequencies of the induced transients and their range of variation can be
used as an indicator of the dominant (inversion or thermal) contributor to the observed

power transients and instabilities in high power fibre lasers and amplifiers.
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