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Abstract: We present a new approach to the design of optical mi-
crostructured fibers that have group velocity dispersion (GVD) and effective
nonlinear coefficient (y) tailored for supercontinuum (SC) generation. This
hybrid approach combines a genetic algorithm (GA) with pulse propagation
modeling, but without include it into the GA loop, to allow the efficient
design of fibers that are capable of generating highly coherent and large
bandwidth SC in the mid-infrared (Mid-IR) spectrum. To the best of our
knowledge, this is the first use of a GA to design fiber for SC generation.
We investigate the robustness of these fiber designs to variation in the fiber’s
structural parameters. The optimized fiber structure based on a type of
tellurite glass (70TeOy — 10Na, O — 20ZnF,) is predicted to have near-zero
group velocity dispersion (< £2ps/nm/km) from 2 to 3 pm, and a effective
nonlinear coefficient of ¥~ 174W ~'km~" at 2 um. The SC output of this
fiber shows a significant bandwidth and coherence increase compare to a
fiber with a single zero group velocity dispersion wavelength at 2 um.
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1. Introduction

Supercontinuum (SC) generation is a process of spectral broadening of short pulses that occurs
as a result of a cascade of nonlinear processes. It has been studied intensively since it was first
discovered [1, 2]. It has a wide range of applications in optical metrology and optical imaging
because of its large bandwidth and high intensity [3, 4, 5, 6, 7, 8]. Most of the studies of SC
generation performed to date have been based on silica fibers. Due to the properties of silica
glass, SC generation has been limited to visible and near infrared wavelengths. Today, with the
development of soft glass microstructured optical fibers [9], the effective nonlinear coefficient
of fibers can be enhanced by a few orders of magnitudes [10], the group velocity dispersion of
the fiber can be tailored to a variety of profiles [9] and the range of operating wavelength can
also be extended into mid-infrared [11, 12]. The use of such fibers promises SC applications in
the mid-IR such as mid-IR Light Detection and Ranging (LIDAR) [3], mid-IR optical coherence
tomography (OCT) [4], mid-IR absorption spectroscopy [5] and mid-IR coherent anti-Stokes
Raman scattering (CARS) [6, 7, 8], etc. A Mid-IR SC source would also be a good substitute
for current mid-IR sources such as optical parametric oscillators and quantum cascade lasers.
Some studies on soft-glass fiber based mid-IR SC generation have demonstrated that they can
generate SC up to 4~5um [11, 12, 13]. However, to the best of our knowledge, these mid-IR
SC studies have been more focused on generating bandwidth extending into the mid-IR rather
than the coherence of the generated SC.

Coherence is a measure of the correlation properties between two pulses. Many SC applica-
tions depend upon the coherence such as OCT [14], ultra short pulse compression [15], optical
frequency combs for frequency metrology [16, 17, 18, 19, 20], etc. Although the level of co-
herence (high or low) and the types of coherence (spatial, temporal or spectral) vary from one
application to another, the ability to control coherence through fiber design is usually appre-
ciated. The complexity of SC itself makes this control difficult to achieve desired coherence
properties by simply scanning the range of potential fiber structures and pump regimes. There
are a few cases that allow us to obtain high coherence SC generation [21, 22]. However, these
cases are either complicated or do not consider optimizing other aspects of SCG such as band-
width. Usually, to obtain high coherence, it can be necessary to trade off bandwidth since the
main broadening mechanism needs to rely on self-phase modulation. However, achieving re-
quired level of coherence and a certain bandwidth over a specified propagation length is not
straightforward using the approaches described to date.

The process of SC generation involves multiple physical effects including self-phase mod-
ulation (SPM), cross-phase modulation (XPM), four-wave mixing (FWM), stimulated Raman
scattering (SRS), soliton fission and dispersive wave generation. [23, 24]. To manipulate the
process or the output of a SC requires controls of multiple parameters. This makes it difficult
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to find the most optimized set of parameters for specified characteristics. A number of meth-
ods have been used in previous studies to tailor the SC spectrum, such as shifting the zero
dispersion wavelength (ZDW) [25], flattening dispersion slope [26], tuning pulse chirp [27],
modification of the pulse shape [28] and connecting multiple piece of fibers with different
dispersion [29]. All of these methods influence the generated SC. However, because of the
lack of degrees of freedom (free parameters), their usefulness in the design of SC generation
is usually limited, and in general, large parameter space searches are required. For example,
shifting the ZDW with respect to the pump wavelength can vary the SC output dramatically.
However by doing this, higher order dispersion and nonlinearity also change, which also in-
fluences the generated SC. A more advanced example is shown in Ref.[26]. Although this
example demonstrates a high level of dispersion control, it first relies on an assumption that
the total fiber dispersion is the linear summation of material dispersion and waveguide disper-
sion (Dyorar = Dinaterial + Dwaveguide) 130, 31, 32], which is not always appropriate, and second
it does not optimize the fiber nonlinearity for SC generation. To extend our ability to control
and specify the properties of the generated SC, a more general method is required so that all
relevant attributes of a fiber can be considered in SC optimization.

To avoid the need for exhaustive parameter searches, and to increase efficiency, we have
developed a Genetic Algorithms (GA) [33] based method to optimize the design parameters of
optical fibers. GAs simulate natural selection. They evolve a group of parameters by crossover
and mutating the contents of these parameters and mating them according to certain design
rules. By doing so, the outputs calculated based on these input parameters can have better
overall properties with the increase of generations (iterations) [33]. GAs have been used widely
for optimizing complex problems including fiber design for special dispersion profiles [34].
However, to the best of our knowledge, they have never been used to design fiber structures
for the purpose of optimizing the bandwidth and coherence of SC generation. In this paper, we
demonstrate, for the first time, the use of a GA to design a fiber structure for SC generation and
target at large bandwidth and high coherence in mid-IR spectrum.

While GAs are relatively mature algorithms, there is still one major obstacle that needs to
be overcome to apply them to this specific problem. Conventionally, GAs work by evaluating
a fitness function (in our case a fitness function is related to the SC bandwidth and coherence)
based on a set of parameters (in our case the fiber design parameters). In this work, the eval-
uation of the fitness function starts with a calculation of the fiber nonlinearity and dispersion
corresponding to a given fiber design using a finite element method and then the SC band-
width and coherence using a pulse propagation method (labeled as the ’Full Genetic Algorithm
Approach” (dashed blue arrows) in Figure 1). However, this full GA approach would be imprac-
tical due to the time-consuming pulse propagation. As an example, assuming 1000 structures
(i.e., parameter sets, normally called population in GAs [33]) are used and 10 iterations are
needed to get the required result then it will take about 11.4 years (10 hours for each structure)
to accomplish the job on a typical current computer (2.66 GHz Intel Quad-Core CPU, 4GB
800MHz Memory).

To overcome this obstacle, we develop here a versatile intermediate approach (known here
as the Hybrid Approach) to exclude the beam propagation part out of the GA loop. As the red
solid arrows shown in Fig. 1, instead of using the full GA approach, we solve this problem with
a two-step approach and only use GA for half of it. With this approach, we first explore the
relations between fiber properties (dispersion and nonlinearity) and SC output (bandwidth and
coherence) through a simplified model and then use a GA to optimize the fiber design based on
these relations.

This paper consists of four parts. In Section 2, we discuss the fundamental elements of the
pulse propagation method. In Section 3 we explain our simplified model and determine the
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Finite Element Method _ - - Nonlinearity & Dispersion S~ \Pulse Propagation Method
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(Full Genetic Algorithm Approach) ~__.-~

Fig. 1: Schematics of full and hybrid GA approach. Dashed blue arrows form the full GA loop,
solid red lines form the hybrid GA loop.

conditions for obtaining large SC bandwidth and high coherence. In Section 4, we start with an
initial fiber design and use GA to optimize its structure for the conditions identified in Section
3. Finally, in Section 5 we present the SC output of the optimized fiber design and discuss the
results.

2. Basics of beam propagation modeling

Before we show the simplified model, a few key components of pulse propagation modeling
need to be discussed. Modeling of beam propagation is based on the nonlinear Schrodinger
equation (NLSE) which can be written as [23]

0A(z,t)  « i kA(z )
“or T LA -
11+ it ) (a) [ R x4 T 1) Par) n

where A(zt) is the envelope of the electric field of a propagating pulse E(x,y,z,t) =
A(z,t)F (x,y)eP(@)2 We assume the mode field distribution F(x,y) of different modes do not
change during propagation. The propagation constant of the pulse modes f(w) for specific
geometry can be pre-calculated through finite element method (FEM). Here, the coefficients
Br = 9*B(®) /90| o=, are the coefficients in the Taylor series expansion of (@) around
frequency of input pulse @y. ¢ represents the loss calculated based on the material and confine-
ment loss and 7 is the effective nonlinear coefficient of the fiber. Details of the definitions of
these parameters are shown in Appendix I (Eq. (6-9)). It should be noted that Eq. (1) is derived
in the regime where the weak guidance approximation is valid. A full vectorial pulse propaga-
tion model [35, 36] should be used in order to accurately describe the nonlinear and dispersive
effects in fibers with high index glasses and sub-wavelength structures. However, the hybrid
GA method proposed here could still be applied to the full vectorial model, which is beyond
the scope of this paper.

The Schrodinger equation Eq. (1) is solved numerically using a split-step-Fourier method.
As part of this procedure, the dispersion terms Y-, (™1 /k!)[Bi0*A(z,t)/0T*] are included
in the frequency domain using B(®)A(®) where A(®) is the Fourier transform of A(t) [23].
The frequency dependence of ¥ is calculated through optical shock term 7,0 The modeling
work presented here is based on a type of Tellurite glass (707eO, — 10Na, 0 — 20ZnF,) [37].
Its Raman response function and Raman fraction are calculated using Eqgs. (14) and (15) (see
details in Appendix I) and the Raman gain spectrum as shown in Fig. 2.

The Raman fraction fg is equal to 0.064 for this composition of glass (see the derivation in
Section 7, Eq. (10-15)). Although this value is about 3 times smaller than that of silica glass
(0.18), the fact that the nonlinear refractive index n; of this tellurite glass (5.9 x 10~1%m? /W) is
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much higher than silica glass (2.36 x 107202 /W) [38] results in much higher Raman response
(vfrhg(t) see Appendix I) for tellurite glass than silica glass.

In this paper, the spectrum coherence of a SC output refers to mutual pulse coherence and it
is defined as Eq. (2) [39];

(Ef(A,11)Ex(A,12))
\/< EL(A,0)[2 >< |Ex(A,00) 2 >

2

812 A N

where E| and E; are the electric fields of two pulses from two different shots, A is wavelength,
t1 and 1, are time. To calculate coherence, shot noise is randomly introduced into each initial
pulse and 20 such pulses are taken for each coherence calculation [40]. For convenience, we
also use average coherence < |g§12>\ >= f|g§12) (X,0)||[E(X)[2dA/[|E(L)[>dA to describe the
overall coherence of a pulse across the spectrum [24]. The bandwidth of the generated SC is
defined as the width at 20dB of the maximum point in the spectrum.

3. Simplified models

The main nonlinear effects that are involved in SC generation include SPM, XPM, FWM, SRS,
soliton fission and dispersive wave generation [24, 41]. Depending on the fiber properties (non-
linearity and dispersion) and inputs conditions (pulse width, intensity, wavelength, chirp, etc.),
the detailed mechanisms underpinning SC generation can vary dramatically [24]. This indi-
cates an important difference between SC generation and individual linear-nonlinear effects
like SPM, XPM, FWM, SRS, etc. While for the individual processes there is usually an ap-
proximate analytical relation that can be used to find the optimized conditions of the process,
for SC generation, we have to rely on numerical methods. Furthermore, although SC generation
can always be predicted numerically when all required initial conditions are provided, noise can
be a critical aspect for the SC process because of the modulation instability (MI). In particular,
”Rogue waves” [42] in optical fiber (optical solitons) can make the outputs of SC generation so
different from pulse to pulse that only statistical predictions can be made.

Although the broadening process has random factors, we still can build up a basic under-
standing of the relations among fiber nonlinearity, dispersion, SC bandwidth and coherence by
exploring different combinations of nonlinearity and dispersion profiles. However, the infinite
possible combinations still make this exploration process too complicated to be useful. That is
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why simplified models are required to explore the physics of combined linear and nonlinear
processes involved in SC generation.

The simplified model will be used as guide line for defining the fitness function for the GA.
While this choice is not unique and influences the accuracy of predicting the output SC in
the final fiber. Because of this, it may require a few iterations before an appropriate simplified
model can be decided for practical use. For purpose of this paper, to show the feasibility of using
a hybrid GA to effectively design fibers to generate SC with particular desired characteristics.
We approximate dispersion and nonlinearity to the first order (i.e. we use constant dispersion
and nonlinearity). Together with Raman response function, we use the simplified model to
explore the relationship between the nonlinearity and dispersion of fibers and the bandwidth
and coherence of SC outputs. In this simplified model, the UV cutoff and IR cutoff are set
at 0.4um and 6um respectively. The loss around the cutoffs is interpolated with exponential
functions and the loss between these cutoffs is assumed to be zero.

Figures 3 and 4 show the bandwidth and coherence variation of the SC generation of a 100
fs, 10 kW peak power pulse propagating along the fiber from 0 to 50 mm for values of D = -5 to
5 (ps/nm/km) and ¥ = 100 and 200 (W~ Ykm~1). The basic trends of the spectral broadening and
coherence degradation as shown in the figures can be summarized as follows: 1) the coherence
decreases as either nonlinearity or dispersion increases, and it mainly happens in anomalous
dispersion regime, 2) the bandwidth increases as either nonlinearity or dispersion increases and
it increases dramatically in anomalous dispersion regime. By analyzing the spectrum evolution
of the propagating pulse, it is clear that: 1) in the normal dispersion region, SPM dominates the
broadening, (2) in the anomalous dispersion region, FWM, MI and soliton fission dominate the
broadening.

It can be inferred from the results shown here that a broad bandwidth SC that is only lim-
ited by transmission window of that fiber can readily be obtained from SC generation based
on fibers with anomalous dispersion and large nonlinearity. However, the coherence reduces
dramatically in this regime. On the other hand, although the spectral broadening is relatively
slow in the normal dispersion regime, a broad bandwidth can still be obtained with large non-
linearity and small absolute values of dispersion (for comparatively long propagation lengths).
Furthermore, no obvious coherence degradation is observed for small absolute values of dis-
persion. Therefore, for the purpose of designing a large bandwidth and highly coherent SC
source, fibers with high nonlinearity and flat small absolute values of dispersion are preferred.
It is worth mentioning that the conclusions obtained here are based on some simplifications. In
reality, both nonlinearity and dispersion are wavelength dependent, and thus the broadening of
pulses differs from the simplified models. However, this simplified model provides important
information (at least to first order) about the relation between SC bandwidth and coherence and
fiber nonlinearity and dispersion, which is used in the next section for the GA to generate fiber
structures that are suitable for this purpose.

4. Fiber structure design and genetic algorithms

Based on the results of the simplified model shown above, we seek to use a Genetic Algorithm
to design a fiber [33]. When using a GA, the choice of initial fiber structure is as important as
the definition of an appropriate “fitness function”, which quantifies the suitability of the proper-
ties of the fiber for the purpose of generating coherent broadband SC. The initial fiber structure
needs to contain several free parameters that control the structure, and ideally, its topology
should be capable of supporting a broad range of variations in the fiber properties (particu-
larly nonlinearity and dispersion). From previous reports, we know that structures with small
cores are able to provide high nonlinearity [25, 10] and structures with relatively more glass in
the cladding (such as rings-of-holes structures) can in some cases provide flat and low disper-
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Fig. 4: Coherence < \gglz) | > of the outputs of SC generation with different constant dispersion

and nonlinearity at different propagation length. < | g§12)| > =1 is maximum value associated
with perfect coherence

sion [34]. The design of the initial structure also takes account two other aspects: confinement
loss and fabrication distortion. To reduce confinement loss and minimized glass flow between
core and cladding regions during fiber drawing, we decided to use a double cladding structure
with inner structure providing special optical properties and suspended by the outer structure
through thin struts to provide high confinement.

Based on this knowledge, an initial fiber geometry is designed based on the geometry shown
in Fig. 5. This geometry is defined by a set of parameters R1, R2, R3, R4, RS, rl, 12, r3, L1
and L2. Depending on the values chosen for these parameters, this structure can vary from a
small-core structure with high nonlinearity (when core region (R3) is small) to rings-of-holes
structure (when inner six holes are at similar size and sit at middle of the core region). In order
to increase the efficiency of this GA calculation, only R1, R3, R4, r1, r2 and L1 are set as free
parameters.

In a GA, the fitness function acts as a figure of merit and its value can quantitatively describe
the goodness or badness of the input information (structure parameters). In order to choose
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Fig. 5: Initial design of the fiber structure.

an appropriate expression of fitness for this problem, we have to take account of fiber nonlin-
earity and dispersion, where the dispersion includes material (via the Sellmeier equation) and
waveguide dispersion effects.

The material dispersion always exhibits large negative values at short wavelengths and large
positive values at long wavelengths. The waveguide dispersion cannot cancel the material dis-
persion in those regimes unless the fiber structure is operating in the extreme sub-wavelength
regime (when the core size is much smaller than wavelength). In such cases, both material and
waveguide dispersion are insensitive to the fiber structure. For fibers with relatively large core
diameter, the cutoff wavelength of glass transmission is usually reached before the dispersion
at that wavelength becomes insensitive to the structure. Therefore, in the dispersion profile of
a non-sub wavelength fiber, there still are large negative and large positive values at short and
long wavelengths respectively. Only in the middle region, where waveguide dispersion values
can have similar magnitude of material dispersion, that the total dispersion can be effectively
manipulated via the choice of the fibre structure. Based on this information, we choose to define
the fitness function as:

F = Ypump x (Z,|Di|)_1 3

1

where Y,ump is the nonlinearity at pump wavelength and D; are the dispersion values across the
wavelength region for which we strive for flat dispersion. The reason for taking the summation
in Eq. (3) instead of integrating is to reduce the number of points used in the calculation to
speed up the modeling. This fitness function is consistent with the results of our simplified
model in Sec. 3 that large nonlinearity and small absolute values of dispersion are required
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for large bandwidth highly coherent SC generation, since both large nonlinearity and small
dispersion will result in large fitness. This is not the only definition for the fitness function that
could be used. Other choices can also be used as long as the fiber structures converge as the
fitness increases (or decreases). For simplicity and to make the numerical calculation viable,
we only use three dispersion values at wavelengths A = 2000 nm, 2500 nm and 3000 nm for
the summation on the denominator of Eq. (3).

In our GA model, we use 1000 parameter sets (each set consists of values for R1, R3, R4, r1,
r2 and L1). The crossover functions are defined as Eq. (4) and (5), which are used in the mating
process of GAs to create new generation without losing old genetic information. See details in
Ref.[33].

Psetye, = 00 x Psetly) + (1 — &) x Pset};) “)
Pset'a, = (1—a) x Pset(glld) +ax Pseﬂ(ﬂzi )

Where Pset,(,zev are new generated parameter sets, Pseté}?l are old parameter sets and « is a

random number between O and 1. The mutation rate (see Ref. [33]) is set to 20% which is
found to be a good ratio for this model. After 6 iterations, the output of this GA model is the
structure in Fig. 6(a) whose dispersion shows a low flat region between 2 ~ 3 (um) as shown in
Fig. 6(b). The variation of dispersion is about 2 ps/km/nm within this wavelength range where
nonlinearity is in the range of 68 ~ 174 (W ~'km™"). It is worth mentioning that this range of
nonlinearities are far smaller than the maximum nonlinearity that can be achieved in this glass
(calculated around 1500 W—'km~! with R3 close to 0.65 um). In addition, the nonlinearity
decreases quickly with increasing of wavelength as it is evident in Fig. 6. This is because
of the effective mode area increases quickly with wavelength, and the spatial location of the
guided mode transitions from being confined within the central six holes, to seeing the scalloped
hexagonal as the core. This result shows the efficiency of GA (since only 6 iterations were
taken) for this problem. It also demonstrates the capability for achieving dramatic dispersion
control with our new fiber design.

20 400

Dispersion

Nonlinearity

300

200

100

Dispersion (ps/nm/km)
Nonlinearity (W'lkm")

s 2.0 25 3.0 35
Wavelength (um)

(a) (b)

Fig. 6: Optimized structure (a) and its corresponding dispersion and nonlinearity (b).

The stability of the convergence of the GA for this problem was investigated through study
of a subset of GA outputs with fitness values larger than 100 nm/ps/W within the last generation
(iteration). Their nonlinearity and dispersion profiles are shown in Fig. 7. Within this subset, the
maximum difference in dispersion among these samples is about Sps/nm/km and the maximum
difference in nonlinearity at 2 um is about 40 W~'km~'. The variation of each parameter of
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Fig. 7: Dispersion(left) and nonlinearity(right) of a range of samples.

the structure are listed in Table 1. The last column of Table 1 shows the relative change of
each structural parameter within the subset, which indicates the potential influences of each
parameter brought in by fabrication.

Table 1: Statistics of the structure parameters

Average (um) | Standard Deviation (um) | Relative Error
R1 1.64e-006 8.03e-009 0.49%
rl 4.05e-007 1.01e-008 2.49%
2 3.16e-007 8.14e-009 2.57%
R3 3.20e-006 8.50e-009 0.26%
R4 6.24e-006 6.54e-007 10.48%
L1 1.17e-006 1.76e-007 15.02%

From this table, it is clear that the position of the six holes in the center region (R1) and
the amount of glass around these holes (R3) are particularly critical. The size of the center
six holes are also important parameters. The standard deviations of r1 and r2 are smaller than
the difference between them, which means rl and r2 need to be different in order to have
fine control of dispersion and there are at least two localized solutions around the average
radius of these two since the symmetry of the fiber geometry shows they are exchangeable. The
influence of the outer ring (R4) and its thickness (L1) is clearly less. These results tell us that,
in fabrication, more attention needs to be paid to the central structure rather than outer parts,
which is unsurprising.

5. SC generation in optimized structure and discussion

As discussed in Section 4, unlike the ideal constant dispersion cases, any practical fibers al-
ways have large negative (normal) and positive (anomalous) dispersion for short and long
wavelengths respectively. The fiber nonlinearity is also wavelength dependent. Nonlinearity de-
creases as wavelength increases as result of nonlinear refractive index decreases and effective
mode area increases. These wavelength dependencies make the choice of pumping wavelength
critical for SC generation (in practice, one should choose the pumping wavelength before de-
signing and optimizing the fiber). To investigate this in detail, in the following, we use the
optimized fiber structure developed in the previous section and predict the generated SC when
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it is pumped with pulses that have 10 kW peak power and 100 fs width at wavelengths ranging
from 1500 nm to 3500nm.
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Fig. 8: Bandwidth (left) and coherence (right) of SC outputs with different pump wavelengths
in the optimized fiber. Between the vertical dashed lines is the region of optimization.
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Fig. 9: Normalized intensity (left) and coherence (right) spectrums of pulses propagating along
the optimized fiber pump at 2, 2.2, 2.5 um from top to bottom respectively.

Figure 8 shows the bandwidth and coherence of the pulses propagating along the fiber. Recall
that the fiber design developed in previous section is optimized for SC generation in the spec-
trum region of 2 ~ 3um (region between the dashed lines). In this region, as indicated in Fig. 8,
the bandwidth initially increases as pump wavelength increases. However, this is then followed
by a decrease and an increase as the pump wavelength increases towards the end of the spec-
trum (~ 3um). On the contrary, the coherence first decreases and then increases as the pump
wavelength increases. According to the results of the simplified model, large values of nonlin-
earity or dispersion result in large bandwidth and low coherence, small values of nonlinearity
or dispersion result in small bandwidth and high coherence. The changes in the bandwidth and
coherence in Fig. 8 are due to the increase of the average dispersion and decrease of average
nonlinearity across the pulse spectrum. For a certain propagation length, e.g. 20 mm, the pulse
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Fig. 10: Normalized intensity (left) and coherence (right) spectrums of pulses propagating along
the optimized fiber pump at 2.9, 3, 3.2 um from top to bottom respectively.

spectrum moves into flat near-zero dispersion region when the pump wavelength moves from 2
to 2.2 um, and then moves gradually into anomalous dispersion region when the pump wave-
length from 2.2 to 3 um. However, during this process, the nonlinearity drops more than a half
as the pump wavelength increases from 2 to 3 um. This is the reason why the bandwidth de-
creases for pump wavelengths around 2.5um and the coherence increases slightly around the
same region. Fig. 9 shows the intensity and coherence spectrums of SC generations pumped
at 2, 2.2, and 2.5 um, from top to bottom respectively. The decrease of coherence along the
propagation for these cases (also shown as the decrease of average coherence in Fig. § at cor-
responding pumping wavelength) is due to the anomalous dispersion after 3um of this fiber
design (Fig. 6(b)). This is explained in Appendix II. As the pulse sees more anomalous disper-
sion, MI start to have more impact on the broadening as can be seen in the side bands of the 2.2
and 2.5 um pumped cases in Fig. 9. For pump wavelengths longer than about 2.7 ytm, the pump
is in the anomalous dispersion regime and nonlinearity is low. Once the pulse is broadened
initially, there is not enough power to arise sufficient nonlinear effects to cause the decrease of
coherence. That is why the generated bandwidth is large but coherence remains high. Corre-
sponding examples are given in Fig. 10, which show the intensity and coherence spectrums of
pulses pumped at 2.9, 3, and 3.2 um from top to bottom respectively.

In order to show the enhancements of bandwidth and coherence that can be achieved with
our new design (Fig. 6), we compare its spectral output with that of a 10um diameter tellurite
glass rod surrounded by air which also has zero dispersion around 2um. The dispersion profile
of the rod calculated using the same Sellmeier equation as we used for our new design, is shown
in Fig. 11. Fig. 12 and Fig. 13 shows the comparison of the SC bandwidth and coherence of
three cases: a) the optimized structure, b) 10 um rod and c) an artificial case of a 10 um rod
with the nonlinearity of the optimized structure. Fig. 12 is the evolution of the intensity and
coherence spectra of SC generation along the propagation direction. The pump wavelength is
2 um. Case b) does not display much spectral broadening although the coherence is high due
to relatively low nonlinearity of the rod (47.3 W~ 'km~! at 2 um). Recall the optimization of
our design is to achieve high coherence as well as large bandwidth. So case b) is not ideal.
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Fig. 11: Dispersion and nonlinearity of a 10um diameter Tellurite rod surrounded by air.
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Fig. 12: Intensity (left) and coherence (right) spectra of a pulse propagating along the fiber with
different dispersions and nonlinearities. a) For dispersion and nonlinearity profiles of optimized
structure, shown in Fig. 6, b) for dispersion and nonlinearity profiles of 10 pm diameter rod,
shown in Fig. 11, c) for dispersion profile of 10 um diameter rod with nonlinearity profile of
the optimized structure.

Case c) has larger bandwidth than case b) due to higher nonlinearity. Comparing c) to a), the
bandwidth of c) broadens at a shorter propagation length than a) but the final bandwidth of c)
is not as large as a) and its coherence is also lower than the one of a). Fig. 13 shows the same
conclusion in a different form. These comparisons show that the fiber structure optimized by
the hybrid GA approach does have better SC performance in terms of both large bandwidth and
high coherence than conventional fiber designs.
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6. Conclusion

In this paper we demonstrated the first application of GAs to design fibers that are optimally
suited for SC generation. A hybrid approach is introduced to increase the efficiency and prac-
ticality of GAs for SC generation. In our hybrid approach, we considered a simple case of
constant nonlinearity and dispersion and found the relation between the coherence and band-
width of the SC generation as a function of constant nonlinearity and dispersion. This relation
was used to establish the fitness function for the GA model. Although, the choice of the initial
simplified case is not unique, the one used here provides insight into the regimes that produce
coherent SC. It is computationally efficient and leads to fiber designs with high SC coherence
and bandwidth.

Applications of this hybrid approach and the prototype of our new fiber design are not limited
to design SC generation. Other applications can take advantage of this hybrid approach. For
example, it could be used to optimize the gain bandwidth and the phase matching condition of
an optical parametric oscillator (OPO). Although there are already known relations for OPO
such as relations for gain wavelength and bandwidth, and we can use these relations directly,
the hybrid approach still can be useful if other characteristics apart from the gain wavelength
and bandwidth needed to be optimized.

7. Appendix I: Definition of components in nonlinear Schrodinger Equation

The effective nonlinear coefficient is defined as [23]

o 27 neff
Ao Acsf

where Ag is the wavelength of input pulse, and

(7. ma(x,y) | F|* dxdy)?
(=, |F[* dxdy

(6)

) )

Meff =

(JI=, |F|* dxdy)?
Agpp = =T XV 8
= [P dxdy ®
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Tshock 10 Eq. (1) is the optical shock time which is defined as [24]

1 1 Inesr(o) 1 dAy(o)

T = —— —
shock wo neff(a)()) oo |w0 Aeff(wO) 0w ‘(1)0

€))

where 7,77 is the effective refractive index of the propagating modes. R(r) in Eq. (1) is the
nonlinear response function which is defined as [23]

R(1) = (1= f&)8(1) + frhr (1) (10)

where f is the Raman fraction and /g (¢) is Raman response function. The first term represents
instantaneous nonlinear effects and the second term represents delayed effects. Previously, in
silica glass, fg is estimated by using the peak value of the Raman gain [23]. However, this is
not accurate for glasses with multiple peaks in Raman gain. In this work, the Raman fraction
Jr is calculated through an integration over the Raman gain spectrum. According to Ref.[43],
the complex nonlinear refractive index can be expressed as

N2(Q) = frN2(0)hg(Q) (11)

where Q = @ — @y, N2(0) = ny(ay). The imaginary part of the nonlinear refractive index N> (Q)
can be expressed in terms of Raman gain [43],

Aog(Q)
Im(N,(Q)) = 12
m(va(@) = 288 (12)
use the Kramers-Kronig relations, we can obtain the real part the N>(Q) and express N>(Q) as
M, 8(Q) - 8( Q)4
Ma(@) = (22 [ aerf =l +iS) (13)

where & is Cauchy principle value. Take inverse Fourier transform on Eq. (11) and then inte-
grate over 7 on both side, and recall [;° hg(r)dt = 1, therefore we have

Z~ (M (Q)

hR(t) = 7= 1 (N, (Q))ar (14
o gr—1
PSS s

N>(0)
Notice the symmetry of the real part and the antisymmetry of the imaginary part of N, the
integral been taken in fy is real.

8. Appendix II: Cause of coherence degradation

The degradation of coherence occurs due to the fact that the anomalous dispersion tail that
starts to dominate from 3um as a result of the increasing role of material dispersion in this
regime. To prove this, we compare the coherence from the dispersion profile in Fig. 6 to the
ones from a couple of artificial dispersion profiles as shown in Fig. 14. The dispersion profile
MOD1 is modified based on profile ORIG where the flattened region is extended from 2 ~ 3um
to 2 ~ 4um. The dispersion profile MOD?2 is obtained by inverting the tail of ORIG profile
from the point when the derivative is zero. The third artificial dispersion profile MOD3 is also
obtained by inverting the tail of MODI1 profile. Fig. 14b shows the behavior of coherence as
a function of propagation length for all the profiles. The behavior of coherence in MOD1 is
similar to ORIG, i.e., it decreases after a certain length of propagation, but the degradation
happens at longer lengthes compared to ORIG. In contrast, MOD2 and MOD?3 do not show any
obvious loss in coherence.
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