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Abstract

-N. Simakov'? . A. Hemming? - W. A. Clarkson'

In this paper, we describe a thermally guided fiber-rod amplifier and laser oscillator, which exploit thermal guiding to achieve
mode control. This power scalable approach operates with mode sizes that are typically an order of magnitude larger than
traditional single-mode fibers. Operating as an amplifier, we achieve a small-signal gain of 5 dB at 1030 nm whilst maintain-
ing excellent beam quality (M? < 1.1). In a laser configuration, we obtained 13.1 W of diffraction-limited (M < 1.1) output
power at 1032.5 nm, with a slope efficiency 53% with respect to absorbed power. A model predicting beam evolution through
the thermally guided fiber-rod gain medium is presented and validated.

1 Introduction

Lasers with high average power, high peak power, large
pulse energy, excellent beam quality, and high efficiency are
sought after for numerous applications including materials
processing, defence, and scientific research. These desirable
attributes can be provided by solid-state lasers which pro-
vide a versatile source of laser radiation. Broadly, solid-state
architectures can be divided into bulk and fiber geometries.
Within a bulk architecture, the resonator design dictates the
size of the free-space laser mode, whilst in a fiber, the guided
mode is defined by the engineered refractive index profile.
The prevalent bulk rod laser can deliver high peak power
and high pulse energy, but is limited in average output power
by deleterious thermal effects. For example, thermal lensing
can lead to aberration of the fundamental laser mode and/
or multimode operation degrading beam quality. Further-
more, although kW-level average power operation has been
achieved, beam quality is heavily compromised, suggesting
that fundamental mode operation is generally limited to the
100 W level [1, 2]. The extreme geometry of optical fibers
provides a large surface area-to-volume ratio, allowing these
devices to display excellent thermal management properties.
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Furthermore, fiber lasers have reached the 10 kW average
power level with diffraction-limited beam quality [3]. How-
ever, the tight beam confinement and long interaction length
favours nonlinear effects which can be very detrimental to
performance. In addition, high intensities can lead to laser-
induced damage of the fiber core. These effects are espe-
cially problematic in pulsed systems, severely limiting the
peak power and pulse energy that can be generated.
Consequently, increasing beam size within the fiber whilst
maintaining single-mode guidance is desirable for obtaining
higher peak powers and pulse energies. A larger beam will
result in a lower intensity for a given power, thus increas-
ing the threshold power for the onset of nonlinear effects
and laser-induced damage. Furthermore, a larger mode size
results in a higher saturation energy and, therefore, a higher
extractable pulse energy. However, a larger core must be
accompanied with a lower numerical aperture (NA) to main-
tain single-mode guidance. This approach cannot be applied
indefinitely, since a lower NA results in weaker guiding. One
can circumvent this limitation by utilising a slightly multi-
mode fiber with an appropriate degree of bending to ensure
higher order modes experience a significantly higher loss
than the fundamental mode, which becomes the only excited
mode. This approach has been employed in a fiber with a
40 um core diameter to achieve an average power of 1.36 kW
in a near diffraction-limited beam [4]. Alternative designs
such as microstructured fibers allow the realisation of large
core low NA devices. For example, 830 W was obtained for
640 fs pulses at 78 MHz [5], whilst a fiber with a 108 um
diameter core achieved a peak power of 3.8 GW for 480 fs
pulses [6]. Another concept is the single-crystal fiber which
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guides pump radiation, whilst the large signal mode propa-
gates freely. However, poor beam quality is typical of these
devices, with 250 W achieved in a highly multimode beam
(M?=~15) [7].

In light of these limitations, we have investigated an
alternative strategy for power scaling based on the use of
thermal guiding as the means for mode selection in a fiber
gain element. The use of thermal guiding as the guidance
mechanism in Yb-doped index-antiguiding-core fibers has
been reported in [8], and numerical studies on single-mode
operation of a thermally guided large-mode-area fiber ampli-
fier are reported in [9]. In this contribution, we investigate a
‘fiber-rod’ geometry with a much larger Yb-doped core and
a much shorter device length. This approach which we refer
to as a thermally guided fiber-rod (TGFR) laser occupies the
domain between bulk rod and traditional fiber lasers. The
TGFR consists of a rare-earth-doped core, with a diameter
on the order of hundreds of microns, and a lower refractive
index cladding layer, with a diameter on the order of hun-
dreds of microns to a millimetre. The length of the TGFR is
typically a few centimetres to a few tens of centimetres. The
key novelty of the TGFR laser is its unique method of mode
control, which utilises thermally induced lensing to elegantly
control the laser mode size along the device.

The TGFR laser is a power scalable concept, which
aims to achieve high average and/or peak power, large
pulse energy, and excellent beam quality by combining the
advantages of rod and fiber lasers whilst avoiding their limi-
tations. The large beam size compared to traditional fiber
lasers, combined with the relatively short length, ensures
that the TGFR has a higher threshold for deleterious non-
linear effects and optical damage. The larger mode area will
ultimately allow higher pulse energies to be extracted from
the device. Unlike traditional bulk rod devices, the TGFR
utilises the key thermal management advantage of the fiber
geometry by maintaining a high aspect ratio.

This paper investigates the underlying principles of
operation of the TGFR in the continuous-wave regime for
amplifier and laser oscillator configurations, as a proof of
concept. A simple theoretical model for mode propagation
in the TGFR is developed and validated in experimental
studies for an extra-large core Yb-doped fiber-rod. Finally,
the prospects for further power scaling whilst maintaining
diffraction-limited single-mode beam quality are considered.

2 Thermally induced guiding mechanism

Rare-earth ion-doped silica was deemed an excellent candi-
date for demonstrating the TGFR concept, owing to its high
fracture limit combined with well-established fabrication
techniques for producing high purity material with excep-
tionally low background loss, paving the way for high power
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operation. Crucially, this material has a positive thermo-
optic coefficient, dn/dT, which is an essential requirement
for the thermally induced guiding mechanism. An extra-
large-mode-area silica fiber supplied by Nufern was thus
selected for the demonstration. The all-glass fiber (cross sec-
tion shown in Fig. 1) consisted of a 300 pym diameter core
with an NA of 0.11 doped with Yb,0;, a 400 um flat-to-flat
octagonal inner-cladding with an NA of 0.22, and a 480 um
diameter outer-cladding. The preform was fabricated by
Heraeus using powder sinter technology as outlined in [10].

Figure 2 shows the cross section of the TGFR, where r
represents the radial coordinate. Here, we have considered
the TGFR to consist of two regions, namely, the core region,
radius r|, and the cladding layer, with radius r,. The TGFR
will guide signal radiation entirely within the core, whilst
pump radiation may be guided within the core or cladding
layer. Pump power is absorbed in the core region and a frac-
tion of this power is converted to heat.

To model guiding, it is necessary to have a knowledge of
the value of the refractive index, n, within the core region as
a function of radial position, r, and longitudinal position, z.
It is assumed that perturbations to the refractive index can
arise due to heating of the material from absorbing pump
radiation, and from an inherent static contribution that is
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built in to the TGFR as a result of the fabrication process. In
this analysis, we ignore the large change in refractive index
at the core-cladding boundary, since the mode size solutions
of interest are small compared to the core diameter. Both
these contributions are assumed to be parabolic in nature,
with the highest value, n, at the centre of the TGFR. This
scenario can be described in the following equation:

1 2
n(r,2) = ny(2) = 5ng(@)r, ey
where n, represents the rate of change of refractive index
with radial distance at a particular longitudinal position.
As discussed, ng comprises of a thermal, n, and static, n,,
component:

ny(2) = n(2) + n,. )

Here, we assume that the thermal component is a function
of z, since the pump deposition density depends on longi-
tudinal position, whilst the static component is considered
constant along the device. One can consider the device as
consisting of an infinite number of infinitesimally thin lon-
gitudinal slices of thickness dz. Therefore, pump absorp-
tion across a slice can be approximated as constant, and the
thermal component can be derived from the temperature
distribution in a cylindrical rod geometry [11] and Eqs. (1)
and (2) as

dn Py
d)) = —| —— s
n(dz) dT < 27rrf1(dz > 3)

where dn/dT is the thermo-optic coefficient of the material,
Py is the heat power deposited in a slice, and « is the thermal
conductivity of the material.

Py is related to the pump power, P(z), at position z:

dP,(z) >
dz,
dz

Py =— <7/H “
where yy is the fraction of absorbed pump power converted
to heat.

One can model the guiding effect using Gaussian beam
propagation combined with ABCD matrix formalism. Using
the equation:

q _ Aqm+B 5
out qun+D7 ( )

where g;, . 1S the complex beam parameter of the input/out-
put beam of each slice. The relevant ABCD matrix describ-
ing a slice of medium governed by Eq. 1 is given by [11]

dz, /n—g> L (d [
(A B> _ cos( z m o sin ( dz ”0)
cD —1/My ng sin <dz,/ﬁ> Cos(dz\/§>
Vlo no

Furthermore, one can use the output beam parameters
produced from one slice as the input to the next. This allows
the output beam properties after any number of slices, and
hence the guiding nature of the device, to be predicted,
assuming knowledge of the relevant parameters.

To illustrate the impact of thermal guiding on mode size
evolution, Fig. 3 depicts several examples, where we con-
sider the guiding to be purely thermal in nature. Here, we
assume a simplified case, where pump power is absorbed
uniformly within the core region of a 10 cm long section of
the demonstration material, as shown in Fig. 1. The pump
wavelength is 915 nm and the signal wavelength is 1030 nm.
It is assumed that the device is water-cooled. Values for the
thermal conductivity and thermo-optic coefficient for sil-
ica fibers are taken from [12, 13] as 1.38 W m~! K~! and
12.9%x 107 K~!, respectively. In this uniform heat deposition
scenario, it is possible to launch a beam size, such that the
diffraction of the beam is perfectly balanced by the focus-
ing of the thermally induced guide, resulting in a perfectly
guided beam which does not vary in size along the device
length. One can show that, by stipulating g;, =¢,, the beam
size that satisfies this condition, wy;, is described by

1/4
/12
Wg = < 2 > 5 @)
/3 non[

where / is the signal wavelength. By comparing Eqs. 3 and
7, we can see that

| 1/4
wg & (P—H> . ®)

Thus, as one would expect, an increase in absorbed heat
power results in a smaller guided beam size. This highlights
an important power-scaling feature of the TGFR, namely,
that the heat power absorption can be tailored by varying the
TGFR doping concentration and/or core/cladding area ratio
to ensure the guided beam size is suitable, i.e., the beam
does not become too small as a result of excessive heat load-
ing. This also means that the TGFR length would have to be
scaled accordingly to maintain high pump absorption effi-
ciency. Thus, scaling power in the TGFR, whilst maintain-
ing a relatively large beam size and high overall efficiency,
should be quite straightforward.

The first scenario in Fig. 3 considers launching a 100 pm
beam waist on the TGFR input face. The beam is initially
focused by the parabolic refractive index profile. However,
a smaller beam has a higher tendency to diffract, and there-
fore, the beam forms a waist of 30.6 um before expanding.
In contrast, a larger beam is more sensitive to lensing; there-
fore, the beam reaches a maximum of 100 pm before being
focused again in an identical manner. The beam repeats this
oscillation along the length of the device with a period of
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Fig.3 Beam evolution for scenario 1 (top) to 5 (bottom)
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42.6 mm. A simple argument based on equating the two
sides of Eq. 4 shows that the beam oscillation period is pro-
portional to 1/4/Py. Thus, if 1000 W were absorbed in the
device, (i.e., a tenfold increase), the period would decrease
by 1/\/%, to a value of 13.5 mm. The beam waist radius
within the device would also decrease owing to the stronger
thermal lens. In fact, the product of the maximum and mini-
mum beam radii is also proportional to 1/4/Py; hence, the
beam waist would reduce to approximately 9.5 um, as shown
in the second scenario. The third scenario assumes the origi-
nal absorbed pump power of 100 W, but instead launches
a beam waist of 30.6 um. The period and product of the
maximum and minimum beam radii are independent of the
input waist parameters; therefore, the beam oscillates out of
phase with scenario 1. By stipulating an equal beam waist
at the input and output of the device, i.e., Equation 7, we see
that the perfectly guided beam will have a radius of 55.4 um,
as shown in the fourth scenario. Finally, the fifth scenario
shows the situation, where the same input beam from sce-
nario 4 is launched into a device, where no pump power is
absorbed and we assume no static contribution. Thus, the
beam experiences diffraction with no focusing and conse-
quently interacts with the edge core/cladding interface after
approximately 34 mm, where the beam would be guided by
the engineered step-index guide. This interaction leads to
a degradation of beam quality and the formation of a non-
Gaussian beam profile. In this scenario, the mode size is
no longer small compared to the core diameter; thus, our
approach based on beam propagation through the ABCD
matrix given in Eq. 5 is no longer a valid description. Note
that we have not included the non-Gaussian beam propaga-
tion after the interaction point in scenario 5.

The scenarios in Fig. 3 show the TGFR operating in a
single-pass amplifier configuration. When considering a
laser design, it is important to ensure operation on the fun-
damental mode. The simplest resonator design would be
to butt-couple appropriate mirrors to the end-faces of the
TGFR device to construct a cavity. This concept is shown
in Fig. 4a, where a mirror with high transmission (HT) at
the pump wavelength and high reflectivity (HR) at the las-
ing wavelength is positioned at the pump input end, and an
output coupler mirror at the lasing wavelength is positioned
at the output end. This design does not provide feedback
discrimination for different modes, ensuring that each mode
has essentially the same high feedback efficiency. Therefore,
one would expect to obtain a highly multimode output beam
from this resonator, since the core of the TGFR can support
numerous transverse modes. An alternative strategy would
be to slightly offset the mirrors from the TGFR end-faces,
as shown in Fig. 4b. The higher order modes (shown in light
red) will diffract very rapidly from the TGFR end-faces, and,
therefore, experience a much reduced feedback. The higher
beam quality of the fundamental mode does not diffract as
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Fig.4 TGFR operating in a multimode (a) and single-mode (b) con-
figuration
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Seed input lenses 1:1 imaging
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Fig. 5 Experimental setup used to investigate thermal-guiding within
the TGFR device

quickly, and thus, through careful cavity design, one can
ensure that this mode is effectively fed back into the gain
medium. This approach ensures that the fundamental mode
reaches threshold first and, therefore, saturates the available
gain, leading to single-mode output.

3 Validation of guiding mechanism

To experimentally validate the guiding model, the experi-
mental setup shown in Fig. 5 was employed. In this
arrangement, a single-mode probe beam at 1080 nm,
provided by a tunable Yb-doped silica fiber laser, was
launched into one end of the TGFR with known input
beam parameters. A fiber-coupled diode laser operating
at 915 nm was launched into the signal output end of the

device in a counter-pumping configuration. The pump
wavelength was chosen for thermal guiding, amplifier,
and laser experiments, since it corresponds to a broad
absorption peak for Yb-doped silica. The pump fiber had
a core diameter of 105 um and a core NA of 0.22, and was
imaged into the device using an imaging system consist-
ing of collimating lens with a 25 mm focal length and a
focusing lens with a 50 mm focal length. This pump con-
figuration creates a beam waist radius of 105 um, with an
NA of 0.11, at the TGFR end-face, satisfying the condition
for core guidance. The probe beam is imaged from the
output face of the TGFR using a 1:1 imagining system,
consisting of two identical lenses of 50 mm focal length
separated by 100 mm. Therefore, the beam evolution from
the output plane of this imaging system can be consid-
ered identical to the beam evolution from the output of
the TGFR. Furthermore, one can measure the evolution
of the beam radius from the output plane as a function
of pump power. This evolution can be used to verify the
thermal-guiding principle once the static contribution to
guiding has been validated, since we know the input beam
parameter, g;,, the ABCD matrix, and the output beam
parameter, q,,. By varying the pump power, we can vary
the thermal lens strength in a controllable way. This will
change the parameters of each ABCD matrix that makes
up the TGFR. Therefore, the accuracy of the model can
be determined by comparing the modelled and measured
output beam evolution across a range of pump powers.
It should be noted that the model takes into account the
variation in pump power absorbed per unit length along
the fiber-rod gain medium.

Before investigating the effectiveness of the model in pre-
dicting thermal-guiding, it was first necessary to calculate
the static guiding contribution inherent to the TGFR device,
n,. To investigate this component, we utilise the imaging
system depicted in Fig. 5 without launching the pump power,
i.e., without inducing any thermal lensing effect.

The beam evolution investigation was conducted on
a 59 mm long section of the TGFR. Antireflection (AR)-
coated end-caps were spliced onto the end-faces of the
TGFR using an in-house splicing system which utilises a
CO, laser to reach the temperature required for splicing.
The AR-coated end-caps reduced the Fresnel losses of the
end-faces of the TGFR from approximately 3.4% to <0.5%
across the wavelength range of interest, i.e., 915-1080 nm.
An input beam, at 1080 nm, was focused to a waist radius of
approximately 78 pm, at a longitudinal position of z=0 mm.
The longitudinal position of the input face of the TGFR,
Zrgrre Was shifted relative to the waist position. The output
beam evolution was recorded for each value of zpgpg-

The value of n, was assumed to be longitudinally con-
stant. Since both g;, and g, are known, we can scan over a
range of ng to determine the predicted output, and, therefore,
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Fig.6 Output beam size (a) and radius of curvature (b) as a function
of n, for zrgpr =13 mm

find the solutions which satisfy our requirements. Figure 6
depicts this process, where we have plotted output beam size
and wavefront radius of curvature for zygpg =13 mm.

We have scanned the output beam parameters for
n,=0-50,000 m~2, to cover several oscillations of the beam
along the length of the device. This can be seen from the
oscillating beam size, as the output of the device periodically
coincides with a crest or trough of the undulating beam, and
also from periodic switching of the radius of curvature from
positive (expanding beam) to negative (converging beam).
The red lines shown in Fig. 6 correspond to the measured
output beam parameters; therefore, the intersection points
of the plots indicate values of ng that will satisfy the output
beam parameters. The green circles in the radius of curva-
ture plot indicate the solutions which satisfy the measured
values. The red circles in the beam radius plot indicate solu-
tions, whereby the beam radius satisfies the measured value,
and the beam has the correct sign for the radius of curvature,
which for this example is positive, as the beam is expanding
at the output. Here, we note three solutions for the beam
size which satisfy these requirements. The purple regions
indicate the discrepancy between each of the three solutions
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and the two nearest solutions for the radius of curvature, i.e.,
one solution either side. Here, we note that the discrepancy
is smallest for the first solution.

This examination technique was applied across the range
of zrgrr positions, and it was observed that the solutions
tended to centre on the solutions, as shown in Fig. 6. Tak-
ing an averaged solution for the region around the first red
circle of n,=3600 m~2, we observed excellent agreement
with the measured data. Figure 7 shows the predicted and
measured beam evolution for zpgpg = 13 mm, whilst Fig. 8
shows predicted and measured beam evolution from the out-
put plane for four zrgpg positions. Due to a lack of a reli-
able RIP on the TGFR core itself, we are unable to confirm
whether the solution from region 1 is in close agreement
with the measured profile. However, this solution provides
close agreement with the measured beam evolution, and,
therefore, allows us to investigate the additional impact of
thermal-guiding.
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Fig.7 Measured and predicted beam evolution through the TGFR for
ZrGrr = 13 mm assuming a parabolic RIP with 7,=3600 m~2
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The thermal-guiding aspect of the model was then
explored on the same TGFR device. In this investigation, a
beam at 1080 nm was focused to a waist of approximately
69 um, with the TGFR positioned at zpgeg =5 mm. These
input conditions were kept constant, whilst the launched
pump power was varied. Assuming the previously deter-
mined solution of n,=3600 m~2 and a value for the thermo-
optic coefficient of dn/dT=12.9x 107 K~!, we observed
excellent agreement with the measured data across the full
range of pump power, up to a maximum launched/absorbed
pump power of 30 W/20 W. The predicted and measured
beam evolution for the range of pump powers is shown in
Fig. 9. This excellent agreement proves the validity of the
thermal-guiding model, confirming it as a powerful tool that
can be utilised to optimise amplifier and laser performance.

4 Amplifier investigation

Following the mode control investigation, the TGFR was
characterised in terms of amplifier performance. In this
section, we experimentally measure gain in the device at
1030 nm. To investigate the single-pass gain within the
TGFR device, a similar setup to that used for the mode con-
trol investigation was used, as shown in Fig. 5. However, a
power meter replaced the camera to determine the output
power over a range of pump powers.

The tunable seed laser used for the thermal-guiding
experiment was tuned to 1030 nm for the gain investi-
gation. The input beam was focused to a waist radius of
approximately 70 um at the input face, which led to an
estimated average beam radius of 60 um throughout the
TGFR, according to the thermal-guiding model. The meas-
ured gain values for an input seed power of 50 mW and
1.1 W are shown in Fig. 10 up to a maximum launched
pump power of approximately 54 W. A maximum gain of
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Fig.9 Measured and predicted beam evolution from the TGFR for
various launched pump powers
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Fig. 10 Measured gain of a 59 mm long TGFR at 1030 nm

5.0 dB was achieved for the 50 mW seed resulting in an
output power of 160 mW and 3.9 dB for the 1.1 W seed
resulting in an output power of 2.7 W.

The beam quality remained excellent throughout ampli-
fication, i.e., M>< 1.1, over the full range of seed and
pump powers. Figure 11 shows the beam quality in the
x-direction and beam profile at maximum pump power for
the 50 mW beam amplified at the maximum pump power.

The results from the amplifier investigation are encour-
aging. At present, the single-pass gain is limited by availa-
ble pump power and fiber-rod length. Both can be scaled in
a relatively straightforward manner allowing much better
extraction efficiency and thus higher output power. Even
without further optimisation, the measured single-pass
gain values are more than sufficient for the demonstration
of a laser based on the TGFR.
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Fig. 11 Beam quality and beam profile for 50 mW at the maximum
pump power
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5 Laser investigation

The final experimental section of this paper utilises the
results obtained thus far to explore the TGFR device in a
laser configuration. The guiding investigation informs the
design of a stable cavity, whilst the gain performance inves-
tigation allows an estimation of threshold powers, thus dic-
tating appropriate intracavity optics.

For a stable resonator mode, we require that the beam
profile is self-reproducing. It is useful to be able to predict
which cavity configurations are stable, and what the result-
ing beam size will be throughout the cavity in that configu-
ration. This can be achieved with the guiding mechanism
introduced in Sect. 2. For simplicity, a two mirror cavity is
considered, as shown in Fig. 12. Here, a plane pump input
mirror and a plane laser output mirror are offset from the
end-faces of the TGFR by approximately 5 mm. The pump
input mirror is highly transmissive at the pump wavelength
and highly reflective at 1030 nm (the intended operating
wavelength). The laser output mirror has a reflectivity of
70% at 1030 nm. A stable resonator mode must form a waist
on the plane mirrors. Therefore, we can stipulate that Eq. 4
simplifies to

Ag+B
= ~ ©))
Cq+D

q

Thus, we can determine the beam parameters at the mir-
rors for a given pumping configuration. Following this,
we can propagate the beam through the TGFR as before
to establish the beam parameters at each position. Fig-
ure 12 shows the modelled beam evolution for a launched/
absorbed pump power of 50 W/27.5 W taking into account
the decrease in pump absorption per unit length along the
fiber rod. An important feature worth emphasising is that
the beam size evolves in a relatively slow manner (i.e., with-
out any abrupt increase in size or divergence), even though
the heat generated per unit length decreases by more than
a factor-of-two over the length of the fiber-rod. This con-
figuration gave an average beam size through the TGFR of
approximately 75 um.

The cavity was optimised for maximum output power.
Threshold was reached at approximately 14 W of launched
pump power. A maximum output power of 13.1 W was
achieved, with a corresponding maximum slope efficiency
of 44%/53% with respect to launched/absorbed power, as
shown in Fig. 13. Note that the slope efficiency increases,
as the laser is operated further above threshold, owing to
the laser radiation saturating gain more effectively in the
beam wings. The slope efficiency with respect to absorbed
power, 53%, is reasonable, with the theoretical limit for this
transition approaching 89% with a perfect overlap between
pump and laser mode. In addition, one would expect the
slope efficiency to improve by operating the laser further
above the threshold power.

Figure 14 shows the wavelength spectrum at maximum
output power. The wavelength spectrum is fairly broad with
several peaks. This is not surprising considering that no
wavelength selection was employed in this configuration.
The main peak is centred on 1032.5 nm with an FWHM of
1.3 nm.
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Excellent beam quality was achieved at maximum out-
put power with M? < 1.1. Figure 15 shows the beam quality
in the x-direction and the beam profile at maximum pump
power. This result confirms that non-parabolic phase distor-
tion, due to the non-uniform radial pump profile, is negligi-
ble at the power levels under consideration here. At higher
power levels, the use of a cladding-pumped architecture
would lead to a more uniform radial pump deposition and
help mitigate unwanted beam distortion. This is in contrast
to the situation in a crystal fiber gain medium, where the
absence of a cladding means that the thermal load extends
edge of the medium, making it difficult to avoid non-para-
bolic phase aberration.

6 Conclusion

In this paper, we have introduced and demonstrated the con-
cept of the TGFR using an extra-large-mode-area ytterbium-
doped silica fiber. In Sect. 2, a guiding mechanism was sug-
gested which utilises a thermal and static parabolic refractive
index profile to control mode size. Section 3 investigated
this model experimentally, first calculating the strength of
the static contribution followed by a validation of the ther-
mally induced guiding mechanism. This confirms the value
of the guiding model as a tool for predicting beam evolution
through the TGFR. Section 4 investigates the performance
of the TGFR as an amplifier for a seed beam at 1030 nm up
to a maximum launched pump power of 54 W. A maximum
gain of 5.0 dB was achieved for a 50 mW seed resulting in
an output power of 160 mW, and 3.9 dB for a 1.1 W seed
resulting in an output power of 2.7 W. Excellent beam qual-
ity was maintained throughout amplification with M*<1.1.
The obtained results were then utilised to investigate the
performance of the TGFR as a laser in Sect. 5. The mode
control investigation was used to construct a model for pre-
dicting laser resonator stability. The model can predict how

the fundamental mode would propagate in an arbitrary cav-
ity, which for this investigation was a simple cavity with
plane mirrors approximately 5 mm from the TGFR end-
faces. The laser, operating at 1032.5 nm, reached threshold
at 14 W and achieved a maximum output power of 13.1 W
with a slope efficiency of 44%/53% with respect to launched/
absorbed pump power. Excellent beam quality was achieved
at maximum output power with M><1.1.

In future work, we aim to achieve a higher efficiency by
operating with a higher pump power and improved end-cap
AR coatings. One important design aspect of the TGFR is
that the heat loading per unit length should not fall to zero
at the end of the fiber-rod. Thus, achieving high overall
pump absorption efficiency and maintaining thermal guid-
ing require a double-pass pumping configuration or pumping
from both ends of the fiber rod. We also aim to investigate
this geometry in a pulse regime. As pump power increases,
the optimum guided mode size will decrease (Eq. 7); there-
fore, a longer device with a lower heat load per unit length
will be desirable. This can be achieved by lowering the dop-
ing concentration in the core of the TGFR, or using cladding
pumping, to reduce the overlap factor between the pump
radiation and the core region. This strategy will allow the
heat load per unit length to be kept at a reasonable value,
whilst the total power extracted from the device can be
increased whilst maintaining a large-mode size consistent
with a high damage limit and suppression of unwanted non-
linear processes.
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