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Abstract—Recent years have witnessed much progress in the
development of fiber lasers in the 2 pm region. Yet, to date, their
power levels are limited by modulation instability and soliton
formation attributed to the strong anomalous dispersions of
fused silica in this wavelength region. Further power scaling
requires a novel design of an all-solid silica active fiber that
features normal dispersion by compensating the material
dispersion with the waveguide dispersion. At the same time, a
large mode area, low losses, single mode operation and
robustness need to be maintained. In this paper, we propose an
all-solid anti-resonant fiber (AS-ARF) design that meets these
demands. We demonstrate that normal dispersion can be
achieved in AS-ARFs at 2 pm by exploiting the Kramers-Kronig
relation. To balance the desired dispersion with the other
performance parameters, we optimize the design of the AS-ARFs
using a genetic algorithm. The optimized AS-ARF has a mode
field area of 1170 um? and normal dispersion over the spectrum
from 1.96 pm to 2.04 pm. Within this spectrum, the maximum
confinement loss (CL) of the fundamental mode (FM) is
16 dB/km and the minimum CL of the higher order modes
(HOMs) is over 100 dB/km. The HOMs can be easily coupled out
by bending the fiber while the FM stays in the core. For example,
the CLs are over 2x10* dB/km for the HOMs and below
200 dB/km for the FM at 2 um at a bending radius of 20 cm.
Moreover, the properties of the proposed AS-ARF remain
favorable even under large geometric variations, showing good
tolerance to manufacturing errors. We expect the proposed AS-
ARF to further stimulate the development of high-power fiber
lasers in the 2 um region.

Index Terms— Fiber laser, anti-resonant fiber, optical fiber
design, genetic algorithm.
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. INTRODUCTION

IBER lasers in the 2 um wavelength region have attracted
much attention due to their compactness and wide
applications, such as micro-machining [1], light detection and
ranging (LIDAR) [2], spectroscopy [3] and telecommunication
[4]. Over the past decade, much effort has been devoted to
scaling the pulse energy of 2 um fiber laser systems [5]. It has
been shown both theoretically [6-8] and experimentally [9-
12], that self-similar pulses or dissipative solitons formed in
normal dispersion laser cavities can have much higher pulse
energies and peak powers than their counterparts generated in
cavities with anomalous dispersion or near zero dispersion
[13-19]. Therefore, it is desirable to operate with active fibers
that feature normal dispersion at the laser wavelength.
Unfortunately, the group velocity dispersions (GVDs) of
active fibers in the 2 um region are dominated by the strong
anomalous dispersion of fused silica of ~47 ps/(hm-km). To
shift the zero-dispersion wavelength towards longer
wavelengths, the anomalous material dispersion has to be
compensated by the waveguide dispersion. This can be
realized, for example, in a small-core fiber with a W-type
index profile [20]. However, high nonlinearity in such small
core fibers limits the pulse energy. Increasing the core size for
this waveguide design would not only result in multimode
operation and a degradation of beam quality but also weaken
the waveguide dispersion. A large mode area (LMA) normal
dispersive fiber at 2 um has been proposed by adding a ring of
high-index rods in the cladding [21]. However, the proposed
fiber struggles to keep single mode operation. Photonic crystal
fibers (PCFs) can achieve LMAs with single-mode operation
and normal dispersion at 2 pum [22], thanks to the air-hole
structures in the cladding. Nevertheless, splicing PCFs to all-
glass fibers to form all-fiber laser cavities remains a challenge.
Therefore, power scaling of 2 um fiber lasers calls for novel
designs of LMA all-glass fibers with solid single-mode
operation and normal dispersion.
To tackle this problem, we adopt the anti-resonant approach
that has been widely used in hollow-core fibers [23-25]. Light
guidance in such a structure is provided through the inhibited
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coupling between the light in the core and the light in the
cladding capillary rings [26]. Hollow-core anti-resonant fibers
(HC-ARFs) have many favorable properties such as LMAs
and low-loss single-mode operation over wide bandwidths.
The possibility of dispersion design while maintaining low
losses has been demonstrated for HC-ARFs [27]. Recent work
has also shown that such approaches can be transferred to all-
solid anti-resonant fibers (AS-ARFs) [28, 29]. Moreover, the
light guidance can benefit from additional nested capillary
rings [30-33], which introduce another degree of freedom in
the AS-ARF design.

Since the AS-ARF design problem has a huge parameter
space and multiple objective functions, it is not feasible to do
a simple parameter sweep. Genetic algorithms (GAs) have
been successfully applied to such multi-parameter problems
[34]. Inspired by natural evolution, GAs optimize the design
parameters by passing the “genes” of good designs to future
generations, while introducing randomness through mutations.
In this paper, we utilize a GA to search for the optimal design
of AS-ARFs for active all-glass fibers in the 2 um wavelength
region. We develop a customized fitness function to evaluate
designs, in terms of dispersion, loss, single-mode operation
and robustness against bending. By evolving the fiber designs
according to their fitness values, we are able to find an AS-
ARF design that simultaneously features all desired properties
with a mode field area (MFA) of 1170 um?, small normal
dispersion over the wavelength span from 1.96 pum to
2.04 um, low confinement loss (CL) of the fundamental mode
(FM) of 16 dB/km, high CL of the higher order modes
(HOMs) of 108 dB/km which can be significantly further
increased by bending, and still acceptable CL of the FM at 2
pum for bending radii down to 20 cm. In addition, we have
demonstrated the robustness of our proposed AS-ARF design
to geometric variations by a tolerance analysis.

Il. PRINCIPLE

The top left figure in Fig. 1 (a) illustrates the geometrical
parameters of the cross-section of the AS-ARF that need to be
optimized. For simplicity, only a single ring structure in the
cladding is shown. The AS-ARF has a core with radius R, in
which an area with radius Rqoped iS doped. The ring structure
consists of two capillary rings with radii R; and Rz, and the
same capillary thickness t. The capillary rings are concentric,
to avoid the detrimental effects of the touching points between
the inner rings and the outer rings that appear in nested HC-
ARFs. The eight design parameters of the AS-ARF and their
corresponding ranges are listed in the table in Fig. 1 (a). The
number of the ring structures in the cladding N can either be 5,
6, 7 or 8. To ensure a LMA, the core radius R¢ has a minimum
value of 20 um and can be increased up to 35.5 um with a step
of 0.5 um. The ratio m of Raopea/Rc can be varied between 0.5
and 1. The dopant in the core is assumed to be thulium. The
refractive index difference Angoped core Detween the doped core
Ndoped core(A) and the fused silica nsiica(A) takes values from
-0.001 to 0.0025 with an increment of 0.0005. The refractive
index of fused silica nsiiica(A) at wavelength A is calculated by
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the Sellmeier equation [35, 36]. The capillary rings are
assumed to be doped with germanium to achieve a refractive
index difference of Anying, Which can be varied from 0.015 to
0.05 with a step of 0.005. The capillary thickness t is related to
the normalized frequency F at 2 pum through the equation
given in the table. According to the Kramers-Kronig relations
[37], operating at smaller frequencies near the resonance
frequencies can lead to a huge drop in dispersions. Moreover,
the anti-resonant reflecting optical waveguide (ARROW)
model [38] states that the resonance frequencies occur when F
=1, 2, 3, etc., whereas numerical simulations show that the
actual resonance frequencies in ARFs are slightly larger [39,
40]. Therefore, we vary F between 0.95 and 1.1. Once an F is
chosen, the capillary thickness t can be readily calculated. The
ratio p between R; and R¢ has a minimum value of 4t/R.. Its
maximum value can be derived from the geometry. The ratio g
between R, and R; take values from 2t/R; to 1 - 1.5t/R,. Each
design parameter is converted to a binary string of “genes”
with an assigned number of bits (see Supplementary Materials
for details). Finally, we combine all the binary strings into a
“chromosome” (Fig. 1 (a) top right). In this way, any AS-ARF
can be encoded to or decoded from its chromosome.

We create an initial population of 50 individual AS-ARF
designs by randomly generating chromosomes (Fig. 1 (b)). To
evaluate the “fitness” of the individuals in terms of
dispersions, CLs, single-mode operation and robustness, we
perform mode analyses over a wavelength span from 1.95 um
to 2.05 pum with a step of 0.01 pm using COMSOL
Multiphysics with MATLAB. We define a multi-objective
fitness function to calculate the fitness value of each
individual'
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D(4) is the set of dispersion values over the evaluated

spectral range, excluding the first and last wavelengths (see
Supplementary Materials). CL,, (1) and CL,, (4) are the
set of CLs of the FMs and the set of the lowest CL of the
HOMs at each wavelength, respectively. CL,,, (2xm) is the

CL of the FM at 2 pm when the fiber is bent with a bending
radius of 20 cm towards the gap between two ring structures

(Supplementary Materials). o (-) is the sigmoid function

written as o/(x) :]/<1+ e™). We choose the sigmoid function

because its curve suits our purpose well. For example, since a
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Fig. 1 (a) Encoding and decoding between the AS-ARF designs and the chromosome representations. Top left: sketch of the cross-section of the AS-ARF to be
optimized indicating the geometrical parameters. For simplicity, only one ring structure is shown. Green and blue areas are the doped part of the core and the
concentric cladding rings, respectively. Middle: The design parameters, their descriptions and ranges. A number of bits is assigned to each design parameter
which create a binary string. Top right: the chromosome of an AS-ARF. It is constructed by appending all the binary strings of the design parameters. (b)
Schematic diagram of our GA to optimize the AS-ARF. In each iteration, the fitness of the individuals in the population is evaluated. The new population are
produced through several steps, in which the individuals with higher fitness scores have higher chances of passing their genes.
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max(CLy, (1)) of ~10 dB/km is acceptable for an active

fiber at 2 um, searching for individuals with unnecessarily low
CLs should not result in a large gain of the fitness value. On
the other hand, the sigmoid function increases rapidly to
penalize the GA for generating individuals with

max(CL, (1)) beyond 10 dB/km. With even larger

max(CLy, (1)), the sigmoid function saturates at 1 and
prevents the GA from focusing solely on this factor.
max (CLy,, (1))

Therefore,
[ 10[dB / km]

—4} is chosen as the argument

of the sigmoid function, so that max (CLy,, (4))=10[dB/km]

to 100[dB/km]corresponds to the range of most significant

increases. We note that the fitness function needs to be and
has been carefully tuned to balance the trade-off among the
multiple objectives.

After the fitness evaluation, the population goes through
several steps to produce the next generation (Fig. 1 (b)). First,
the fittest 20% of individuals are immediately kept as the
steady state. Next, we perform tournament selections and
crossovers on the whole population to create new “children”.
For each child, we randomly choose 5 individuals and select
the fittest one as one parent. Then we repeat the procedure to
select the other nonidentical parent. To produce the
chromosome of the child, we choose a crossover point at
random and exchange the genes of the two parent
chromosomes up to the crossover point. New children are
generated until the missing 80% of the next population
generation is created. Note that a new child is abandoned if the
same chromosome has already been included in the
population. Finally, we mutate 5% of the total genes in the
new population, excluding the top 2 individuals from the
previous population, by flipping the binary bits. We conduct
mutation until there are no identical chromosomes in the
offspring. The GA is run for 100 iterations. The whole process
takes ~7 days on a desktop with a 16-core CPU and 128 G
memory.

1. RESULTS

Fig. 2 shows the average values of the top 20% fittest
individuals in each iteration. As can be seen, the average
fitness score Fitness (the black curve) increases rapidly over
the first several iterations and then reaches a plateau. After
evolving for many generations, a much fitter individual is
produced at the 36th iteration. Its genes are passed to future
populations, which significantly improves their fitness.

Similar behavior can be observed in max(D(2)) (the red

curve), which decreases greatly after the 36th iteration and
eventually reaches normal dispersion. Moreover, we also
notice the trade-off among the multiple objectives.

max(CLp, (1)) (the blue curve), min(CLyy, (1)) (the
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yellow curve) and CL,,,, (2um) (the green curve) all move

away from their own targets in the early stage, when the GA
manages to trade them off for larger overall fitness scores.
Average of top 20% individuals
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Fig. 2 The averaged values of the top 20% individuals in the population as a
function of iteration.

The optimized AS-ARF after 100 iterations has a fitness
score of 1.5298. Its design parameters are N = 5, F =
1.01328125, Rc = 20 pm, m = 0.984375, Andoped core = 0.001,
Aning = 0.045, p = 1.087259912379027 and q =
0.800768685699695, which translate t0 Roped = 19.69 pum, Ry
~21.75 ym, Rz = 17.41 pm, and t = 2.795 pum in the optimized
design (Fig. 3 (a)). The optimized AS-ARF features a large
FM with a MFA of 1170 pm? (see Supplementary Materials).
The FM is in the normal dispersion regime over the whole
target spectrum from 1.96 pm to 2.04 um (Fig. 3 (b) top), with
low CLs (maximum CL = 16 dB/km at 1.96 um) (Fig. 3 (b)
bottom, red line). Moreover, the CLnom Stays relatively high
in the wavelength range, with a minimum value larger than
100 dB/km (Fig. 3 (b) bottom, the blue line). The CLnom can
be further increased if the fiber is bent, allowing strict single-
mode operation. For example, the CLpom is more than
2x10* dB/km at 2 um when the bending radius is 20 cm. In the
meanwhile, the FM exhibits robustness to fiber deformations.
In Fig. 3 (c), we plot the CLgm at 2 pm when the AS-ARF is
bent towards the gap between the ring structure (the yellow
line) or bent towards the ring structure (the green line). The
bending radius is decreased from 100 cm to 5 cm in -5 cm
steps. The CLgm remains relatively small even when the AS-
AREF is substantially bent. At a bending radius of 20 cm, CLgm
is less than 200 dB/km.
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Fig. 3 (a) The cross-section of the optimized AS-ARF by GA, together with
the mode profile of the FM. (b) Top: the dispersion of the FM from 1.96 to
2.04 pm. Bottom: The CLs of the FM (the red lines) and HOMs (the blue
lines) from 1.95 to 2.05 um. (c) The CLs of the FM as a function of the
bending radius when the AS-ARF is bent towards the gap between ring
structures (the yellow lines) or towards the ring structure (green lines).

We further investigate the tolerance of the AS-ARF design
to fabrication errors, when the geometric parameters R; and
d =R; —t- Ry deviate from the values given by the GA, i.e.,
Ry = 21.75 pm and d = 1.545 pm (Fig. 4 (a)). We vary R;
from 20 um to 24 pm with a step of 0.5 pum, and d from 0.8
pm to 2 pm with a step of 0.1 um. Fig. 4 (b)-(f) plot the

overall fitness max(D(2)), max(CLgy, (1)),
min(ClLyoy (4)) and Cly,,, (24m) of the designs with

different combinations of the geometric parameters,
respectively. Several observations can be made. First and
foremost, we can see high fitness scores in a large region of
geometric parameters (the red area in Fig. 4 (b)), which
indicates the good tolerance of the AS-ARF design to
geometric variations. Secondly, the trade-off between multiple

scores,
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objectives can again be observed. As each individual objective
requires the geometric parameters to go in a certain direction,
the overall fitness has a hill shape with an optimum peak value
(the black triangle) that represents the best balance among all
the objectives. Moreover, we notice that the geometric values
given by the GA (the white square) deviate a little from the
actual optimum values (the black triangle), i.e., Ry = 21.75 pm
and d = 1.2 pm. We expect the GA to converge to these
optimum values if we run more iterations. Nevertheless, the
GA manages to locate the hill in the fitness mapping and find
designs with high fitness scores after 100 iterations.

IV. DISCUSSION AND CONCLUSION

By applying a GA, we found an AS-ARF design that
features highly desired properties for active fibers operating
around 2 pum. This AS-ARF can be fabricated using fairly
conventional fiber drawing techniques, and shows robust
performance regarding fabrication errors. The excellent
properties of the proposed AS-ARF can be attributed to a
superposition of resonances in the cladding. This becomes
clear considering Fig. 5 where we compare CLgm, dispersion
and CLuom of the proposed AS-ARF with nested rings (the
black lines) and the one with the same design parameters but
only a single ring in the cladding structure (the red lines). It
can be seen in Fig. 5 (top), that the single ring structure has
one major high loss peak as predicted by the ARROW model
[38], whereas the nested ring structure has an additional loss
peak. The FM can be coupled to the additional cladding modes
introduced by the nested ring structure, which broadens the
high loss regime (compare the red area with the blue area).
Since the proposed AS-ARF operates near the high loss region
(the yellow box), the superposition of the resonances results in
a greatly decreased dispersion (Fig. 5 middle), thanks to the
Kramers-Kronig relations [37]. On the other hand, although
the nested ring structure generally reduces CLgm and CLpom in
the low loss region (beyond 2.1 um in Fig. 5 top and bottom),
the losses are higher than the single ring structure in the
operating wavelength range close to the high loss region (the
yellow box), in analogy to nested HC-ARFs [31]. Therefore,
great care must be taken to design a nested ring structure with
desirable properties in the operating wavelength range.
However, due to the complicated structure, there is no
analytical function that fully describes the relationship
between the design parameters and the optical properties. To
date, the design process is mainly carried out through long
parameter sweeps. In contrast, we show that the GA offers an
effective and systematic way to find designs that can balance
multiple objectives  without tedious, time-consuming
parameter sweeps.

Fabrication of the proposed AS-ARF is feasible, as
described, e.g., in Ref. [29], thanks to the advanced
manufacturing technology of all-solid fibers. First, the rods of
the thulium-doped active core and the germanium-doped ring
structures are to be prepared. Both can be achieved by
modified chemical vapor deposition (MCVD). The fabrication
of the latter can be similar to that of Bragg fibers with radially
modulated refractive index profiles [41, 42]. Alternatively,
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reactive powder sinter technology can be utilized to enable a
more uniform refractive index profile with improved accuracy
[43, 44]. Secondly, holes are to be drilled in the active core
rod using precise drilling technology, which has been widely
used in fabricating polarization maintaining fibers [45]. Next,
the rods of ring structure can be inserted into the active core
rod to complete the preform. Finally, the preform can be
drawn to produce the proposed AS-ARF.
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Fig. 4 Test of the tolerance of the AS-ARF design to changes of the geometric
parameters that might occur due to fabrication errors. (a) Rirandd =R; -t - R;
are varied around the values given by the GA. (b-f) The overall fitness scores,

max(D(4)), max(CLg, (4)), min(ClLyoy(4)) and Cly,,(2um) of the
designs with different combinations of the geometric parameters, respectively.
White squares: the geometric parameters given by the GA. Black triangles: the

actual optimum geometric parameters in terms of the fitness score. The GA is
expected to converge to the black triangles with more iterations.

Future studies can be made in several directions. First,
although the requirement of LMASs has been included in the
ranges of the design parameters R¢ and m, it is not reflected in
the fitness function. Given the current fitness function, the GA
converges quickly to the smallest possible R of 20 um. Future
work can be done to add an extra term in the fitness function
in order to drive the GA to find designs with larger LMAs.
Secondly, the current design adopts the same design principle
of the nested HC-ARFs, where the inner and outer capillary
rings have the same thicknesses [30-33]. In nested HC-ARFs,
the identical ring thickness is to prevent the introduction of
additional high loss regions. However, this is no longer
required for the current purpose. As shown in Fig. 5,
additional high loss peaks can decrease the dispersion at 2 um
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without sacrificing much of the loss performance. Future work
can be done to investigate the possibility of using different
thicknesses for the inner and outer capillary rings.

In conclusion, we propose an AS-ARF design that fulfills
the requirements of an active fiber for further power scaling of
lasers and amplifiers in the 2 um region, e.g., small normal
dispersion over a wide wavelength range, LMA, low FM loss,
single mode operation, and robustness. We show that this is
achieved by operating near cladding resonances where the
dispersions can be greatly reduced without sacrificing much of
other desirable properties. By utilizing a GA, we successfully
find a combination of the design parameters that can balance
multiple objectives. With these great results, we expect the
implementation of the proposed AS-ARF in the next-
generation high power fiber lasers in the 2 um region.
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Fig. 5 The comparisons of (top) CLgw, (middle) dispersion, and (bottom)
CLuom between the proposed AS-ARF with nested rings (the black lines) and
the AS-ARF with the same design parameters but has single ring in the ring
structure (the red lines). The blue area and the red area demonstrate the high
loss region of these two designs, respectively. The yellow box marks the
operating wavelength range around 2 pm.
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