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We theoretically investigate the generation of visible light using four-wave mixing (FWM) in photonic crystal fibers
(PCFs), whose input is produced by a high-power continuous wave (CW) or quasi-CW fiber laser. We analyze the
impact on the conversion efficiency of the randomly varying pitch along the fiber, which in turn leads to variations
of the FWM wavelength. We show that the conversion efficiency is maximized when the mean pitch and hole diam-
eters are chosen so that the derivative of the FWM wavelength with respect to the pitch is zero. We then use this
criterion to determine the maximum conversion efficiency over a wavelength range of 650-850 nm with a pump at
1064 nm. © 2024 Optica Publishing Group. All rights, including for text and data mining (TDM), Artificial Intelligence (Al) training,

and similar technologies, are reserved.
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1. INTRODUCTION

The development of fiber lasers has led to the commercialization
of many lasers for military, medical, and industry applications
[1-3]. However, the development of new laser sources at wave-
lengths that are not commercially available can be difficult and
expensive. Hence, there is considerable interest in developing
sources that can be tuned to cover a broad wavelength range
using nonlinear wavelength conversion of the pump power from
well-developed lasers. The ideal system should be compact and
simple in order to provide a low-cost solution.

Parametric conversion using four-wave mixing (FWM) in
optical fibers provides a mechanism for tunable wavelength
conversion [4,5]. It is a simple system that combines a section
of fiber and a high-power pump laser. A fiber laser, such as a
Yb’*-doped fiber laser, is an appropriate pump source for an
all-fiber integrated, tunable laser source. An all-fiber system
can avoid the issues with free space coupling while achieving
high average power and tunability at visible wavelengths. For
example, Wadsworth ez /. [6] demonstrated more than 30%
conversion of sub-nanosecond pulses from a Nd:YAG laser at
1064 nm to a signal at 732 nm in a single pass of a 3-m-long
photonic crystal fiber (PCF). Lavoute ¢t 4/. [7] demonstrated a
conversion efficiency of 30% in a single pass system using fiber
lengths less than 1 m. The combination of a Yb3+—doped fiber
laser system and a PCF can generate wide coverage of the red
and near-IR light from 650 to 820 nm by suitably choosing the
pitch and hole diameter of the PCF [7]. Other experiments have
demonstrated tunable optical sources with a wavelength range
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that is greater than 400 nm by tuning the pump wavelength near
the fiber zero-dispersion wavelength [8,9].

The FWM efficiency has a strong impact on fiber laser appli-
cations, and it plays an essential role in PCF-based fiber lasers
[10]. In order to optimize the efficiency of the wavelength
conversion when using a pump laser at 1064 nm, it is necessary
to optimize the PCF geometry. PCFs with different pitches
and hole diameters enable a wide variation of the dispersion
dependence on wavelength. On the other hand, a small amount
of variation in the air-glass interface also leads to large disper-
sion fluctuations along the fiber, compared to conventional
step-index fibers [11]. Previous research has shown that the
variation of the pitch along the length of PCFs can be as large as
1%-5% [12,13]. The effect of dispersion fluctuations on optical
parametric amplification has been widely studied theoretically
and experimentally [14—17]. The effect of randomly varying
dispersion fluctuations has also been studied using numeri-
cal simulations to obtain values for the mean and variance of
the parametric gain [11,17-19]. The dispersion fluctuations
induced by the variation of the fiber pitch and hole diameter
are hard to control when drawing the fiber, although the ratio
of pitch to hole diameter is nearly constant [13,20,21]. Even
though the stack-and-draw technique, which is commonly used
to manufacture PCFs, is well developed, small variations in the
fabrication process lead to variations in the pitch and hence
the dispersion. The final FWM efficiency depends strongly on
the variation of the pitch along the fiber—a variation that is
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embedded during the fiber drawing [22]. The dispersion char-
acteristics are particularly sensitive to the inevitable fabrication
inaccuracies in fibers that have a small core diameter, as is com-
monly the case for fibers that are used for nonlinear wavelength
conversion [22].

In this paper, we discuss an approach to minimize the impact
of variations in the fiber geometry and hence maximize the
wavelength conversion efficiency by appropriately choosing the
mean values of the PCF fiber geometric parameters—the pitch
A and the ratio of the hole diameter to the pitch 4/A. We study
the FWM conversion efficiency in the presence of dispersion
fluctuations, assuming a random variation of A and a fixed ratio
d/A. In this study, we consider a degenerate FWM process,
where two photons from the pump wave generate one photon
in both the signal and idler waves. Energy conservation in this
process is described by the equation, 2w, = w, + w;, where
w, is theangular frequency of the pump wave, w, = 27 ¢ /Arwm
is the angular frequency of the signal wave, w; is the angular
frequency of the idler wave, and ¢ is the speed of light in vacuum
[4,23]. We find that the conversion efficiency is maximized by
choosing A and 4/A so that the derivative of the four-wave
mixing signal wavelength Apw with respect to A equals zero,
i.e., dApwm/d A = 0. In this paper, we write Ay to denote the
signal anti-Stokes wavelength at which we aim to generate high
power. The choice of an optimal pitch A lowers the sensitivity of
the FWM process to fiber variations and thus enhances its gain.
We determine the geometric parameters that should be used
to maximize the efficiency over a wide range of output visible
wavelengths from 650-850 nm with a pump wavelength of
1064 nm.

2. FIBER DESIGN

In this section, we use the phase matching condition [7,24] to
estimate the FWM signal wavelength with a power of 1 kW. We
limited the PCF air hole cladding to five rings. We calculated the
fiber modes and their propagation constants using COMSOL
Multiphysics, a commercial full-vector mode solver that uses
the finite-element method. Anisotropic, perfectly matched
layers (PMLs) are positioned outside the cladding in order to
reduce the size of the simulation window [25]. We show that
contour plots of Apwm as A and 4/A vary in Fig. 1. Pump
wavelengths of 1064 nm and 1030 nm are used in Figs. 1(a) and
1(b), respectively. Both pump sources are widely used in experi-
mental applications [10,26-29]. A similar figure was presented
in Ref. [7] using a pump wavelength of 1064 nm. We use the
phase matching condition [7,24] to find the fiber configuration
when Apwm equals 750 nm, which is plotted as the red dashed
curve. The black cross in Fig. 1(b) denotes the parameter for a
measured NKT LMA-5 fiber [30]. This indicates that the NKT
LMA-5 fiber can be used to perform wavelength conversion
to generate the Apwym of 750 nm. Figure 1 serves as a visual
guide to understand how changes in fiber design parameters can
influence the phase matching condition for four-wave mixing, a
nonlinear optical process crucial in applications like wavelength
conversion and optical parametric amplification. Points “A”
and “C” mark the condition where the derivative dApwn/d A
equalszero and Apwy = 750 nm. If we slightly vary the pitch A,
the derivative dApwm/d A is no longer zero according to Fig. 1.
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Fig. 1.  Four-wave mixing signal wavelength Apwy using a pump

wavelength of (a) 1064 nm and (b) 1030 nm as a function of the pitch
A and the hole diameter to pitch ratio 4/A. The red dashed curve
shows the contour where Apwy = 750 nm. Points “A” and “C” show
the condition where dApwm/d A = 0, compared with point “B” where
dXrwm/dA is not zero. The yellow dotted curve shows the curve along
which dApwm/dA = 0 for different Apywyr. The black cross shows the
parameter location for a measured NKT LMA-5 fiber [30].

However, this derivative remains relatively small compared to
other points in the figure. Hence, we expect and will show in
Section 4 that the wavelength conversion process in this case
will be less sensitive to the variation of pitch along the fiber. We
further calculate the curvature of the red dashed curve at points
“A” and “C” based on the unit of tm in the x-axis and unitless in
the y-axis. We find that the radius of curvature is 8.9 and 5.9 for
points “A” and “C,” respectively. The configuration represented
by point “A” is expected to be more efficient compared with
point “C” in terms of conversion efficiency since dApwnm/d A
is zero with a larger radius of curvature. Hence, we will focus on
point “A” for the remaining of the paper. In addition, we also
plot the point labeled “B” with a sizable non-zero derivative of
dipwm/dA. We will compare the conversion efficiency at these
two operating points of “A” and “B” in Section 4.

In Fig. 1(a), we also show the yellow dotted curve for the
optimal choice of A and d/A at which dipym/dA =0 as
we vary Apwm. We further extracted the parameters from the
yellow dotted curve and plot A and /A as a function of Apwm
in Fig. 2. As the FWM wavelength Apwy decreases, the fiber
pitch A should increase, and &/ A should decrease. This choice
minimizes the sensitivity of the FWM process to variations in

pitch along the fiber.
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Fig. 2. PCF geometry of average pitch, A, and hole diameter to
pitch ratio, 4/ A, which is expected to generate a FWM signal insensi-
tive to the random variation of PCF pitch in the longitudinal direction.
This figure shows a wide range of Ay with the proper choice of PCF
geometry.

3. NUMERICAL MODEL

In this section, we will describe our wave propagation model. We
use the generalized nonlinear Schrédinger equation (GNLS)
to model nonlinear pulse propagation in the optical fiber
[24,31,32],

UCD & A~ ET [[B(wn +9) — Blen) — 2B @) AGz, 2]
=iy (14 £2) [AG. 0 [, R — ) AG, )Fdr],

wy 0t

(1)
where A(z, t) is the electric field envelope as a function of dis-
tance along the fiber z and retarded time #, 4 is the fiber leakage
loss, B(w) is the wavenumber as a function of frequency, and
Bi1(w) =dB/dw is the inverse group velocity. We use IFT to
denote the inverse Fourier transform, where €2 is the transform
variable and the tilda indicates the Fourier transform. The
third term on the left-hand side of Eq. (1) accounts for linear
dispersion, and the right-hand side accounts for the nonlinear
contribution. This equation includes several nonlinear optical
effects, including self-phase modulation, modulational insta-
bility, stimulated Raman scattering, and FWM. Although the
FWM process can be simulated using a more simplified equa-
tion, we still use the GNLS in order to accurately determine the
conversion efficiency, while including other nonlinear effects.
The chromatic dispersion for the silica glass material is also
included in our simulation [33].

Both continuous wave (CW) and pulsed laser sources
have been used to generate shorter wavelengths using FWM
[5,34,35]. Generally, picosecond pulse sources with kilowatts
of peak power have been used to obtain the highest FWM using
short lengths of PCF fiber [35]. Longer nanosecond pulsed
or quasi-CW laser sources with lower peak power have several
advantages for FWM generation. First, nanosecond to quasi-
CW lasers are more commonly available and usually have higher
average power than picosecond pulsed sources. Second, it is
more expensive to obtain a picosecond pulsed laser that can
reach multi-watt average output powers, than for nanosecond
and quasi-CW lasers. Third, the peak powers of typical nanosec-
ond and quasi-CW lasers are not as high as the peak powers of
picosecond pulsed lasers, so the competing process of SPM plays
a limited role. Finally, the low peak power pulsed or quasi-CW
lasers also lower the risk of laser damage at the fiber end. On
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the other hand, longer interaction lengths are often needed
when using these lasers. In this case, phase noise and intensity
fluctuations relative to the temporal interaction in the fiber
becomes important. This nondeterministic behavior makes
modeling these sources more challenging. There are several
different approximations that have been used to model long
pulse and quasi-CW laser sources. One approach is to model
these sources as a single frequency laser with random spectral
noise [36]. Another approach is to model these sources with a
constant temporal power and Gaussian-distributed phase noise,
which leads to a Lorentzian-shaped laser spectrum [37,38].
Both these approximationslead to difficulties [31]. Here, we use
the approach suggested by Travers ez /. [31] in which we model
a realistic laser. We start with a low power spectrum with com-
pletely random noise. We then amplify the spectrum through an
active fiber with spectrally dependent gain and gain saturation.
We model the Bragg gratings at the end of each amplification
pass by using a suitable spectral filter [39,40]. We iterate the
spectrum inside the cavity until the output peak power is at the
desired level. Using our model, we performed a comparison and
obtained good agreement between our simulation results and
the results of Travers ez a/. [31]. A bandwidth of 100 pm from
the quasi-CW laser is used in this simulation, in agreement with
experiments [41,42].

4. RESULTS AND ANALYSIS
A. FWM Spectrum

We carried out wave propagation simulations using Eq. (1)
with random variations of A, while holding #4/A constant,
as the ratio of pitch to hole diameter is nearly constant when
there are variations in A [13,20,21]. Figure 3 shows a schematic
illustration of the setup used in simulation, which consists of
a continuous wave (CW) laser that serves as the pump source,
coupled to a photonic crystal fiber (PCF). We used a fiber
length of 2 m in our simulation, and we simulated two fibers.
Type A fibers have an average pitch of A =2.9 um with a
fixed d/A = 0.31, while Type B fibers have an average pitch of
A =4.0 um with a fixed d/A = 0.38. We show both cases in
Fig. 1. We used a z-discretization Az =20 pm in our model.
The fiber in our simulation was made up of piecewise constant
sections of fiber, in which a new pitch was randomly selected
every AL = 15 cm. For simplicity, we used a uniform distribu-
tion with a maximum variation of § = 1% to model the random
selection of pitch values along the fiber. We then updated Eq. (1)
using the corresponding dispersion, effective area, and non-
linearity. We selected AL =15 cm based on previous results
[12]. We have verified that reducing A L to 2 cm yields the same
behavior thatis observed in Fig. 2.

Figure 4 shows the evolution of the spectrum along the fiber
for both type A and type B fibers. The growth of short and long
wavelength components due to the FWM process occurs along
the total fiber length of 2 m, with some depletion of the pump at
1.064 pm. The output wavelengths do not change significantly
when the pump peak power varies [7,43,44]. The Raman effect
plays a role in the evolution of the spectrum by shifting portions
of the spectrum of the anti-Stokes wave to longer wavelengths,
which also facilitates the additional generation of the Stokes
wave at shorter wavelengths.
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Fig.4. Powerevolutionin (a) atype A and (b) a type B fiber. A maxi-

mum random variation § = 1% is used in the simulation.

Figure 5 shows the output spectra for both type A and type
B fibers whose maximum random variations are § = 0%, 1%,
and 5%. We ran simulations with 300 fiber realizations, and we
show the statistical average for the spectrum in Fig. 5. We use a
resolution bandwidth of 1 nm to plot the spectrum. The output
spectrum of type A fibers does not change much as § increases.
However, the output spectrum of type B fibers changes notice-
ably as § increases from 0 to 5%. These results are consistent
with our discussion in Section 2. When we study the FWM
process, it is possible to find the PCF geometry with an average
pitchandafixed d/ A so that FWM is insensitive to the variation
of pitch along the fiber longitudinal direction.

B. Sensitivity

We now study the efficiency of FWM as the maximum random
variation § changes. Figure 6 shows the efficiency of the FWM
process, which is defined as the ratio of the total output power at
wavelengths below 900 nm to the total input power. We again
ran simulations with 300 fiber realizations, and we show the
statistical average for each data point in Fig. 6. Type B fibers have
a lower efficiency than type A fibers even at § = 0 due to their
larger pitch and hole diameter, which implies a larger effective
area and a smaller nonlinearity. However, a more important
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Fig.6. Efficiency using (a) type A and (b) type B fibers with § vary-
ing from 0 to 5%. We used 300 fiber realizations to estimate each of the
data points for the efficiency.

observation is the severe degradation in the efficiency of type B
fibers when 8 increases, while there is almost no degradation in
the efficiency of type A fibers. For type A fibers, the efficiency
only changes from 45% to 44% when § increases from 0 to 5%.
Hence, the FWM process is insensitive to the fiber variation
for the type A fibers. On the other hand, for type B fibers, the
efficiency drops by an order of magnitude when § increases from
0to5%.

Figure 7 illustrates the efficiency as a function of pitch A. The
corresponding d/ A is selected based on the red dashed curve
in Fig. 1(a). We ran 10 different fiber realizations for each pitch
A value. The efficiency is plotted as crosses in Fig. 7. Some of
the crosses overlap when the efficiency is small. The spread of
individual data points implies a spread of the FWM efficiency
due to the fiber variation along the longitudinal direction.
According to Fig. 1, if we vary pitch A by 5%, the phase match-
ing condition will lead to generation of slightly different FWM
wavelengths. In addition, the generalized nonlinear Schrédinger
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equation (GNLS) describes a complicated process that includes
the physical effects of self-phase modulation, cross-phase modu-
lation, modulation instabilities, stimulated Raman scattering,
and FWM. The small change in the generated FWM wave-
lengths leads to a spread of the efficiency, as shown in Fig. 7. The
circles indicate the average efficiency for each pitch A value.
The figure shows that a pitch 0f 2.9 pm is optimal. This optimal
point is identified as point “A” on a red dashed curve referenced
in Fig. 1(a). The optimized structure of optical fibers can lead to
enhanced performance for specific nonlinear applications.

5. CONCLUSION

In this paper, we investigated the dependence of the FWM con-
version efficiency on the geometric parameters (pitch and hole
diameter) of a PCF in which the pitch is randomly varying along
the fiber while the ratio of the hole diameter to the pitch remains
constant. We found that the conversion efficiency is maximized
by choosing the parameters so that the derivative of the FWM
wavelength Apwy with respect to the pitch is zero. The maxi-
mum average conversion efficiency reaches 45% with a fiber
pitch A of 2.9 um and a hole diameter to pitch ratio 4/A of
0.31. With this choice, the sensitivity of Apwa to changes in the
pitch is reduced. We applied this criterion to a pump at 1064 nm
and a range of visible signal wavelengths from 650 to 850 nm. At
an output signal wavelength of 750 nm, we contrasted in detail
the behavior of a fiber (labeled type A) that obeys this criterion
to a fiber (labeled type B) that does not. We found that while the
conversion efficiency of the type B fibers dramatically decreases
as the random variation increases, the conversion efficiency of
type A fibers remains almost flat.

While our focus in this paper was on a relatively simple
PCF that consisted of five air hole rings and a single pump
wavelength, corresponding to the output of a Yb-doped fiber
amplifier, we expect that our results will have a significantly
greater range of applications. It is difficult to reduce the variation
of the geometric parameters of a PCF below some lower limit.
Hence, it is appealing to design the mean parameters of the
fiber so that the FWM mixing process is insensitive to these
variations.
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