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Abstract: Rare-earth-doped optical fibres are widely used in lasers and amplifiers. The incorporation
of ytterbium and aluminium oxide in a high doping concentration has led to the fabrication of a
multi-mode (MM) optical fibre. Within this research, the design, preparation and calculation for
the production of a fibre with a targeted 45 um core diameter are explored. By Energy Dispersive
X-ray (EDX) analysis, the doping concentrations of the elements in the core have been measured as
60.4 at.% Al and 1 at.% Yb. Supporting micrographs are used for confirming the core/cladding ratio.
Based on the atomic percentage concentration, the calculated refractive index of the multi-element
core has an n = 1.61 and an NA = 0.678. Characterisation of the fibre, including absorption and
emission cross-section analysis, was performed in order to prove the ability of the fibre to be used for
amplification as well as lasing applications.

Keywords: ytterbium fibres; alumina fibres; rare-earth optical fibres; multimode fibre; lasing
applications; fibre laser; amplifier fibre

1. Introduction

Rare-earth elements have provided enormous improvements in the development of
fibre lasers and amplifiers due to the unique optical properties achieved by their active
3+ ions. When incorporated into the silica glass matrix of a fibre core as co-dopants, rare-
earth ions provide efficient signal amplification under excitation with an external pump
light source. The design of active fibres requires careful control of the co-doping materials
and the core composition. In particular, high doping concentrations of active ions and large
core diameters are advantageous for scaling the repetition rate and peak power of pulsed
fibre lasers and amplifiers by providing large effective areas, enabling short device lengths
and increasing the threshold for the onset of detrimental nonlinear effects [1-3].

It is well known that the glass host composition is an important factor determining the
solubility of rare-earth dopants in the glass matrix. Pure silica offers only poor solubility,
leading to clustering and quenching effects that negatively affect fluorescence lifetime,
emission and efficiency of the active fibre. In order to increase the achievable doping levels,
aluminium (Al) oxide or alumina, as a passive element, is thought to play a crucial role as
a network modifier by improving the solubility of the rare-earth ions and mitigating the
undesirable consequences of ion clustering [4]. Hence, the main motivation for the research
presented in this paper is the fabrication of an active aluminosilicate fibre containing a large
percentage of alumina in the core glass matrix, with the ultimate goal of pushing the limits
of achievable rare-earth ion doping concentrations, with particular focus on ytterbium (Yb).

Fabrication methods often used for the realisation of doped fibre preforms are Modified
Chemical Vapor Deposition (MCVD) [3,5-8], Plasma-enhanced chemical vapor deposition
(PCVD) and Inside vapor phase epitaxy (IMCVD). However, these have shown limitations
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in terms of achievable geometry, doping concentration and refractive index homogeneity [5].
In contrast, sol-gel [9,10], powder-based [4,11] and Reactive Powder Sintering of Silica
(REPUSIL) technologies [12] offer improved flexibility in concentration, the production of
large core diameters and the ability to tailor the index step between different fibre regions.

Previous studies performed on Yb-doped optical fibres that have presented high
concentrations of Al and produced with the MCVD process have shown concentrations
of 1.5 to 1.7 mol% Al,O3 and 0.18 to 0.20 mol% Yb,Oj3, respectively [13]. Also, with the
MCVD process, experiments with varying concentrations of both Al and Yb [7] have been
carried out, together with a complete refractive index study based on the concentration
distribution on the preform. Outstanding work with Al and possibly the highest amount of
Yb found in an optical fibre by MCVD presented 1.7 mol% Yb,O3 and 3 mol% Al,O3 [1].

Studies focused on preform fabrication techniques, in which oxide powders are an-
nealed and sintered into rods, have yielded maximum concentrations of 0.128 mol% Yb,Os3
and 1.112 mol% Al,Oj3 [14]. Optical fibres produced with powder-based technology [10],
aiming to investigate the influence of the materials on their refractive index and transmis-
sion, presented two optical fibres with ytterbium as a constant element and fixed alumina
concentrations (with respect to phosphorus): Fibre 1 with 9 at.% Al and 11 at.% P and
Fibre 2 with 4.5 at.% Al and 5.5 at.% P, with a constant concentration of 0.3 at.% Yb.

The optical fibre presented within this work aims to test the limits of the powder-in-
tube method, which is the one implemented in order to produce it. Such limits include high
doping concentrations for the powder of the core and flexibility in achieving a multi-mode
(MM) optical fibre with large fibre diameters. Signal amplification and fibre lasers are some
of the applications where both single-mode (SM) fibres [12-15] and large-mode area fibres
(LMA) [16] can be implemented. Multi-mode fibres can transmit higher power levels (such
as the ones implemented in machining or cutting), are less sensitive to misalignment and
can be used over short distances.

The preform assembly implemented for the realisation of the optical fibre here pre-
sented consisted of Yb/Al-doped powder poured into a silica capillary for the core region,
and the remaining gap (between the silica capillary and outer silica tube) has been filled
with commercial silica (Silitec) powder for the cladding. By placing a silica capillary, a
centred location and continuity of the core (waveguide) can be achieved. It has been found
that an initial core powder can hardly be concentrically contained using the powder-in-
powder technique; this is mainly due to the different particle sizes of the core and cladding
(loose) powder. Improved methods have been developed in order to achieve better results
and a stable fibre structure [17].

Within this work, results are presented on the powder-in-tube fabrication of a highly
Yb/Al-doped, large core optical fibre with initial preform core doping concentrations
of 3 at.% Yb and 97 at.% Al and a targeted core diameter of 45 um. The initial powder
mixture has been analysed with energy diffractive X-ray (EDX), where results showed
concentrations of 2.5 at.% Yb and 97.5 at.% Al, which is close to the calculated percentage
of the powder mixture. The concentrations found by EDX within the (final) optical fibre
structure here presented are 60 at.% Al, 1 at.% Yb and 39 at.% Si or 43.165 mol% Al,Os3,
0.719 mol% Yb,0O3 and 56.116 mol% SiO,. These concentrations have been converted as
described in [18].

The effects of material diffusion between the Yb/Al core matrix and the silica cladding
tube during thermal processing are discussed in detail using EDX analysis and refractive
index measurements. The performance of the fabricated fibre in laser and amplifier setups
is evaluated.

2. Materials and Methods
2.1. Preform and Fibre Fabrication

For the fabrication of the fibre presented in this study, the powder-in-tube tech-
nology has been used. The preform assembly consists of a thin-walled silica capillary
(D 4/2.75 mm outer/inner diameter) that contains the Yb/Al powder prepared from a
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slurry. The powder mixture consists of dissolving (separately) each precursor in ethanol,
then mixing them together whilst in liquid state. The doped solution is then dried into pow-
der by applying heat in order to evaporate the liquids, and finally, there is a post-processing
powder step that includes milling and particle size selection.

The capillary is then sleeved into a larger diameter silica tube (& 20/17 mm), where
the remaining gap is filled with pure silica powder (Silitec). Drawing was carried out at
2035 °C due to the high melting point of the core materials. Note that the drawing tempera-
ture is slightly higher than the one used for fibres with elevated amounts of alumina in the
core. A weak vacuum pressure was applied in order to release gases trapped between the
powder particles and control the volume shrinkage during vitrification.

The fibre was designed for a target core diameter of 45 £+ 2 um, which required a
size reduction of five orders of magnitude and resulted in an outer cladding of & 350 um.
The un-densified preform radius of 0.01 m corresponds to a densified preform radius of
0.00885 m. This yielded a fibre drawing speed of vgp, = vpe X rpfz/ rfp? = 4.1 m/min at
2035 °C temperature.

2.2. Characterisation Methods

The fibre produced was analysed to further understand its properties and the pos-
sibility of using it in the construction of a fibre laser and an amplifier. Due to the nature
of the analysis performed, different fibre samples were used, which may result in slight
variations in dimensions.

Micrographs of the fibre confirm the general structure as well as the dimensions. EDX
analysis helps to understand the material behaviour in terms of diffusion effects, as silica
from the cladding is expected to diffuse into the core matrix.

A qualitative 2D index mapping along with EDX results are used to estimate the
refractive index profile of the fibre. Fluorescence, spectroscopy, signal gain measurements
and laser operation tests demonstrate the feasibility of constructing a multi-mode fibre
amplifier or fibre laser [19].

3. Results
3.1. Micrograph

The microscope image in Figure 1, taken with a 10x magnification objective, shows
a cleaved and polished sample of the fabricated fibre. Core and cladding regions are
well distinguishable. The sample is back-illuminated with a visible light source, and the
micrograph clearly shows the guiding and transmission of the light in the core region. After
calibration of the microscope with commercial fibre, the core diameter of the fabricated
fibre sample was determined to be 43 um with a cladding diameter of 350 um. Hence, the
fabricated fibre dimensions correspond well to the design target parameters.

Figure 1. Micrograph of a cleaved and polished sample of the fabricated fibre. The core doped with
Yb/Al shows a diameter of 43 um, as well as transmission of visible light.
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3.2. Energy Dispersive X-ray Analysis

Fibre samples have been subjected to Energy Dispersive X-ray (EDX) analysis, target-
ing specifically the fibre core and the central regions of the cladding immediately adjacent
to the core. For a better understanding of the distributions of the elements within the fibre
structure, Figure 2a shows the region chosen for a line scan performed in order to further
investigate the diffusion effects associated with each element. The corresponding results of
position-dependent element concentrations are plotted in Figure 2b. At the centre of the
fibre core, we measure a composition of 60 at.% Al, 1 at.% Yb and 39 at.% Si. Towards the
edges of the core region, the Si concentration increases and the Al concentration decreases
until they reach 100% and 0%, respectively, in the cladding. Therefore, compared to the
initial core composition of 97% at.% Al and 3 at.% Yb, significant diffusion effects have
taken place during the fibre draw. In accordance with previous studies [17], Si is the most
mobile element, and significant amounts have diffused from the Si cladding tube into the
initially pure ytterbium aluminium oxide core area, while the diffusion of core material
into the cladding is minimal.
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Figure 2. EDX (a) line scanning of elements, (b) graph of doping concentrations from the line scan.

Figure 2b shows the line depicting the Yb concentration in atomic percentage that
was performed with a distance between point to point of 0.33 um. Discrepancies between
reading points might be caused by noise on the measurement due to being close to the limit
of detection for Yb on this specific setup, which is circa 0.4 wt.%.

The initial concentration of the powder for the core was approximately 3 at.% ytter-
bium and 97 at.% alumina. From the EDX results performed on the final fibre samples, it
can be observed that only a third of the initial concentration of Yb and about two-thirds of
Al are found in the core. The diffusion phenomenon that takes place during fibre drawing,
along with the different viscosity constants between Al [20], Yb and Si, are the cause for the
decreasing concentrations. Therefore, for future fibre calculation and production of powder,
it is highly suggested to increase the initial doping percentage of the elements. As an initial
step, at least double the amount of the targeted final concentration. In other words, for a
fibre sample with 3 at.% Yb in the core, aim to produce a 6 at.% Yb in the initial powder
mixture. By using this calculating procedure, the decreasing doping concentrations due to
diffusion effects can be further studied.

3.3. Refractive Index

In order to define the refractive index of the fibre, we implemented two different
methods: (i) qualitative imaging processing using a two-dimensional refractive index (2D-
RI) mapping developed within our group [21] and (ii) a theoretical calculation approach.
For the theoretical approach, the percentage of the atomic concentration of each element
within the core, as determined by EDX analysis, is multiplied by its specific refractive index
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Refractive Index
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value (at the same wavelength) and summed up, providing a calculated index of refraction
of the multi-element fibre core.

Figure 3a depicts the index map of the fibre extracted from the 2D-RI setup, which is
based on a modified refractive near-field technique explained in detail in [21]. The fibre
is placed into immersion oil and back-illuminated with a homogenous light source. Gray
scales from an acquired microscope image can then be translated to a 2D refractive index
map, using as references the known refractive indices of the oil and silica cladding with
Ny = 1.516 and ng; = 1.46 at 633 nm, respectively. Certain areas of the fibre cladding
appear to be darker compared to the rest. This is due to the hand polishing of the sample
producing an uneven fibre facet, leading to a non-uniform light distribution and a slight
slope in the extracted refractive index of the cladding region. The core region appears to
be the brighter area, confirming that its index is higher than the ones of the cladding and
immersion oil. Figure 3b shows the RI line profile obtained from the transversal line of
the index map image. A noticeable delta n between cladding and core region is observed
where the qualitative n of the core can be defined as ~1.51.
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Figure 3. Qualitative 2D refractive index imaging with (a) index map of the fibre sample surrounded
by immersion oil and (b) distribution of refractive index focused on the core of the fibre.

This measurement clearly shows the strong correlation between the core element
composition measured by EDX and the refractive index profile of the fibre. Since Si
has a significantly lower refractive index than Al and Yb (np; = 1.7 [22], ny}, = 1.94 [23],
ng; = 1.46 [24] at 633 nm), the diffusion of Si from the cladding into the initially pure Al/Yb
core matrix lowers the numerical aperture of the fibre and leads to the formation of a
gradient index profile.

Due to the strong link between refractive index and core composition, we proceed to
estimate the refractive index profile of the fibre by multiplying the refractive index of each
element by its atomic percentage concentration, as extracted from the EDX measurements
in Section 3.2. Using the previously mentioned index values for the three elements of the
fibre yields a maximum refractive index at the core centre of ncore = 1.61, and the calculated
refractive index line profile is shown in Figure 4. The discrepancy in the indices obtained
from the two methods is attributed to the limited range of the 2D-RI setup. It is applicable
to index differences in the range of 6 x 10~% [21]. By having a greater index step between
the silica cladding and the ytterbium-aluminosilicate core, the 2D-RI method can only
provide qualitative results.
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Figure 4. Calculated refractive index difference (An) between the multi-element doped core with
respect to the silica cladding.

Based on the index of refraction obtained from the calculation method, the numerical
aperture of the fibre can be defined as NA = 0.678. This is significantly higher than the NA
values achieved in previous studies in fibres with lower Yb/ Al concentrations [12-14].

3.4. Fluorescence and Spectroscopy

An important characteristic of rare-earth-doped optical fibres is their fluorescence
lifetime, as short lifetimes are an indication of quenching effects associated with a strong
non-saturable loss [25]. This is particularly relevant in highly doped fibres, such as those
investigated in this study. The fluorescence lifetime of the fabricated fibre was measured at
1.2 ms, which suggests that there are no significant ion clustering and quenching effects
occurring in the fabricated fibre. The measured lifetime is also significantly higher than
the values in previous studies using comparable powder-based techniques with lower or
similar Yb concentrations that exhibit lifetimes in the order of 0.86 ms [10].

Next, the absorption and fluorescence characteristics of the fibre were analysed. The
absorption spectrum was recorded using a white-light source, and the fluorescence spec-
trum under 976 nm pumping was measured from the side of a short fibre sample by placing
the fibre in an integrating sphere and connecting it to a spectrum analyser. By using the
Fiichtbauer-Ladenburg relationship and the measured fluorescence lifetime of 1.2 ms,
the emission cross-section for the sample was calculated [26]. The peak of the emission
cross-section was assumed to be equal to the maximum of the absorption cross-section. The
results match the typical cross-section for the ytterbium-doped fibres in amplifiers [25], as
shown in Figure 5.
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Figure 5. Measured absorption and emission cross-sections of the fabricated fibre.
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3.5. Signal Amplification and Laser Operation

A fibre sample of 86 cm with low index coating was cladding-pumped at 976 nm
and seeded at 1060 nm. The coupling was performed using a free-space setup, and the
wavelengths were combined with a dichroic mirror (DMSP1000, Thorlabs GmbH85232
Bergkirchen, Germany). Figure 6 depicts the signal spectrum after the fibre from the seed
alone, the amplified signal, as well as laser lines around 1040 nm and 1047 nm, which could
be achieved without seeding the fibre and using only the cavity formed by the Fresnel
reflection at the fibre ends.
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Figure 6. Spectral power of coupled laser, seed and amplified signal.

The initial seed and pump powers were set to 740 mW and 17.39 W, respectively,
resulting in 2.644 W of output power and a gain of 5.53 dB (on/off 11.57 dB). For weaker
seed power, the gain around 1060 nm increased to 15 dB, although a significant ASE
background was observed. Note that the length of the fibre was not optimised in these
experiments, and a substantial amount of pump power remained unabsorbed at the fibre
end. Nevertheless, the experiments demonstrate the suitability of the fabricated fibre for
lasing and amplification applications.

An additional cut-back measurement was performed with an SM fibre coupled laser at
1550 nm (Thorlabs FPL1009S), butt-coupling the light into the test fibre and output power
measured with a Gentec XLP12-35-H2-D0 powermeter. In order to perform the cut-back
measurement, the initial fibre length of 4924 mm was chosen as it was the longest length
that allowed for a signal to be measured by the powermeter at the other fibre end. The
test fibre was cut five times, approximately 1 m in length, and cleaved at least three times
for each length, aiming to ensure a good fibre end surface. The power was recorded each
time, and the absorption coefficient was obtained by fitting an exponential function to the
data, according to the Beer-Lambert law. This measurement gave a background loss of
1.66 dB/m. Accessibility to the data created, and further details are provided in the Data
Availability Statement at the end of this manuscript.

4. Discussion and Conclusions

An optical fibre produced with the powder-in-tube technique and initial preformed
core composition of 97 at.% Al and 3 at.% Yb was characterised in detail. The main
motivation of the study was to investigate the limits of the powder-in-tube technique in the
fabrication of active optical fibres with very large cores and a high percentage of aluminium
in the core glass matrix, with the ultimate goal of increasing the achievable rare-earth ion
doping concentrations while avoiding detrimental ion clustering and quenching effects.

One effect that is not often discussed in studies is the diffusion of the materials,
especially when thermal processes are involved. Diffusion constants [27] of aluminium
and phosphorus by MCVD deposition have been analysed previously, as well as the
effect on the refractive index of the material, based on the dopant concentration of the
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materials [28]. Fibre samples produced for the current research have shown diffusion
of the initial elements, where silica from cladding diffuses into the Yb/Al core. When
the silica and ytterbium/alumina molecules are in a molten state, they are able to move
more freely. The high temperature of the drawing tower and the tension applied to the
preform as the fibre is drawn cause silica molecules to diffuse into the Yb/Al matrix
by concentration gradients. From the EDX results, it has been observed that silica ions
migrate from high-concentration regions (cladding) to low-concentration regions (core).
The silica concentration decreases as it diffuses further into the Yb/Al core, providing an
ytterbium-aluminosilicate core with suitable optical properties that allow the transmission
of visible light.

From EDX analysis of the drawn fibre, we found that diffusion during thermal pro-
cessing and fibre drawing substantially alters the original core composition. In particular,
Si is found to be the most mobile element diffusing from the cladding tube into the entire
core volume. In the centre of the 45 um diameter fibre core, we measured a composition of
60 at.% Al 1 at.% Yb and 39 at.% Si, with the Si percentage increasing towards the edges
of the core region. As the refractive index of the glass matrix decreases with increasing
Si percentage, the observed diffusion effects reshape the refractive index profile from the
initial step-index preform to a gradient index fibre with NA = 0.678. It is also observed that
the fibre core contains only one-third of the initial preform Yb concentration, which should
be taken into account in the powder preparation step.

Alternatively, studies where core composition consists of 1.112 mol.% and 2.268 mol.%
Aly,Os3; and 0.128 mol.% and 0.256 mol.% Yb,O3, present an index difference of 0.0034 and
0.0072, respectively, and compared to the one of undoped silica glass [14]. In contrast [12],
with a core composition of 4 mol.% Al,Os, 0.025 mol.% Ce,O3 and 0.025 mol.% Yb,O3,
provided ~An of 0.011. Studies with elevated concentrations of alumina in the cladding
region have shown index differences (compared to that of silica) of 0.02 and 0.04 [17]
with concentrations of 17.5 at.% Al (9.589 mol%) and 35 at.% Al (21.212 mol%), respec-
tively. The fibre presented here, with converted concentrations to molar percentages of
43.165 mol% Al,Os3, 0.719 mol% Yb,O3 and 56.116 mol% SiO,, exhibited a calculated core
index of n = 1.61.

The long fluorescence lifetime of the fibre of 1.2 ms confirms that the high Al core
glass concentration successfully suppresses ion clustering and quenching effects that were
previously observed in fibres fabricated with similar techniques and comparable Yb-doping
levels but lower Al concentrations. Emission and absorption cross-sections on a level with
commercially available aluminosilicate fibres further underline the excellent quality of
the produced fibre. Implemented in basic low-power laser and amplifier setups, the
fibre showed a satisfactory performance level. However, given the large core and high
doping concentrations, the true performance of the fibre should be evaluated in high-power,
short-length pulsed fibre laser and amplifier configurations, which will be the subject of
future research.
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