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Abstract: Highly nonlinear silicon core fibers (SCFs) that offer extended mid-infrared transmis-
sion provide a unique platform for efficient wavelength conversion within the 3-5 um atmospheric
window of use for free-space communications and remote sensing. Here, we numerically
explore an intermodal four-wave mixing (FWM) scheme that allows for wide spectral translation
using large, few-micron-sized-diameter SCFs, well-suited for transmitting the newly generated
long-wavelength light. This scheme can be implemented in practical all-fiber devices using
tapered nanospike couplers, enabling compact and integrated systems. Benefitting from the
unique feature of intermodal zero dispersion, we predict that using only a 25 mm long SCF,
it is possible to achieve wide conversion bandwidths (>300nm) and very high efficiencies
(2-15%) when pumped with a single fiber-based source at 1.95 um. The all-fiber conversion
scheme eliminates the need for bulky pump sources and mode converters, showcasing the unique
advantages of SCFs for wide-ranging mid-infrared applications.
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1. Introduction

Parametric nonlinear optical processes are widely exploited in numerous signal processing and
quantum optical applications as they allow for frequency conversion of optical data signals
with phase preservation [1-3]. These processes are generally classified into two categories
based on the underlying nonlinear mechanism determined by the access to the second-order
(%) or third-order (y) susceptibilities. Second-order nonlinear processes such as parametric
down-conversion (PDC) are often associated with larger conversion efficiencies owing to the high
x? coefficients, but many of these systems rely on the use of bulk nonlinear crystals that hinder
compact integration [4]. In contrast, four-wave mixing (FWM), a third-order nonlinear process,
is highly compatible with integration schemes in both planar and fiber-based systems [5,6].

Over the past two decades, substantial progress has been made in realizing high-performance
FWM demonstrations in both highly nonlinear silica-based fibers (HNLFs) and integrated silicon
photonic waveguides [7—10]. While fiber-based devices offer a robust and low-loss interface
to telecommunications systems, glass-based fiber devices can be bulky due to the extensive
lengths required to achieve significant parametric gain, often ranging from meters to hundreds of
meters. Furthermore, efficient parametric mixing necessitates meticulous dispersion management
throughout the entire length of the fiber, particularly ensuring a stable zero-dispersion wavelength,
which complicates fabrication and drives up costs.

In contrast, silicon photonics can offer high efficiencies over short lengths, and extensive
studies of the phase-matching conditions have revealed the optimum FWM performance within
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these integrated systems [11-14]. A complementary platform to the planar waveguides that has
emerged recently is the silicon-core fibers (SCFs), as these can offer the benefits of the highly
nonlinear silicon - two to three orders of magnitude higher than that of silica glass - inside a
fiber geometry. Specifically, compared to conventional silicon-on-insulator (SOI) waveguides,
SCFs offer radially symmetric mode field distributions that provide fundamentally different
modal properties than rectangular planar waveguides. This supports excellent interconnection
capabilities with standard fiber systems, addressing a key integration challenge for silicon
photonic devices. Additionally, the larger core dimensions with higher numerical aperture (NA),
scalable up to tens of micrometers, support a large number of guided modes with strong optical
confinement, making SCFs particularly well-suited for mid-infrared applications where there is
significant interest for free-space communications, environmental sensors, and imaging systems.

In particular, SCFs have been shown to support broadband supercontinuum generation up to
wavelengths >5 um, as well as FWM and Raman application beyond 2 um [15,16]. However,
extending the FWM capability to the mid-infrared window (3-5 um) poses significant challenges.
The dispersion characteristics of SCFs restrict the fundamental-mode FWM gain primarily to
wavelengths close to the pump, necessitating that pump sources be as near to the 3—5 wm range
as possible. The most commonly used fiber-based lasers, thulium-doped fiber lasers, can only
provide wavelengths up to approximately 2 um, resulting in a substantial spectral gap of over
1000 nm between the available pump wavelength and the desired 3—5 um idler output. This
considerable conversion span makes efficient fundamental-mode FWM for telecommunications-
to-mid-infrared wavelength conversion unattainable.

In recent years, there has been growing interest in harnessing the multimode nature of optical
fibers to overcome inherent limitations of single-mode systems. Fortunately, SCFs are inherently
heavily multimode due to the large refractive index contrast between the silicon core (n = 3.48) and
the silica cladding (n =~ 1.44), and a SCF with a 5 um core diameter can support over a thousand of
guided modes. Moreover, there have also been several successful demonstrations in harnessing the
multimode nature of silicon systems to access a much wider array of phase-matching conditions
through intermodal FWM, thus achieving broader wavelength conversion [9,17,18]. However, a
distinct advantage of the SCFs over their planar counterparts is that the fibers can offer efficient
conversion between the circularly symmetric mode profiles that have a high mode overlap [19], as
has been demonstrated using multimode silica-based fiber systems [20-22]. Moreover, the SCFs
are highly compatible with many 2 um fiber lasers that are commonly used as pump sources for
FWM applications targeting wavelength generation beyond 3 pm.

In this work, we use numerical simulations to investigate intermodal FWM in SCFs, targeting
broadband frequency conversion into the mid-infrared spectral region. Our analysis reveals that
the conversion efficiency (CE) of intermodal FWM is comparable to that of intramodal FWM
using only the fundamental mode, while enabling the previously unattainable telecommunications-
to-mid-infrared wavelength conversion. In a 5 um core size SCF, we predict that it is possible
to achieve broadband conversion bandwidths (>300 nm) and high efficiencies (2-15%, for fiber
losses 0.2-1.2 dB/cm) assuming pumping by a thulium-doped fiber laser at 1.95 um. Moreover,
the pumping scheme can be simplified by using a tapered nanospike coupler, which facilitates
simultaneous coupling of the LPy; and LPg; modes with only one pump source. This offers
a pathway towards realizing fully fiberized telecommunications-to-mid-infrared parametric
converters, where there is potential for use in application areas such as free-space optical
communications and remote sensing.

2. Results and discussion
2.1. Silicon core fiber parameters

SCFs consist of a crystalline silicon core with a circular cross-section surrounded by a fused silica
glass cladding, as shown in Fig. 1(a). They are typically fabricated in lengths of up to hundreds
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of meters using a modified fiber drawing approach based on the molten core drawing method
[23]. Through post-processing techniques such as fiber tapering, propagation losses in the range
of 0.2 dB/cm at telecom band can be routinely achieved, which is sufficiently low to observe
significant nonlinear effects in lengths of less than 1 cm [15,24]. Fiber tapering can also be used
to precisely adjust the core diameter from several micrometers down to hundreds of nanometers
to alter the waveguide dispersion, which is required to achieve the desired phase-matching
conditions for the FWM processes in different wavelength regions [25,26].
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Fig. 1. (a) Schematic of the SCF structure supporting FWM. (b) Energy conservation
diagram for pump wavelength degenerate FWM. (c) Phase-matching condition for intramodal
FWM. (d) Phase-matching condition for intermodal FWM.

For FWM to occur in the SCFs, energy conservation requires the two pump photon energies
must be equal to the sum of the signal and idler photon energies, as displayed in Fig. 1(b). At
the same time, momentum conservation requires phase-matching of the effective wave numbers
of the four interacting waves, which for the case of intramodal FWM (all waves in the same
mode) can limit the conversion to narrow wavelength span, as shown in Fig. 1(c). However, if
the FWM process is expanded to consider multiple modes such as the two-mode intermodal
case shown in Fig. 1(d), a much greater conversion bandwidth can be achieved. In this study we
focus on cases where the two pump beams have the same wavelength, but where they can exist
in different modes as per the red dots in Fig. 1(d). In such cases only a single pump source is
required, simplifying the practical implementation.

Due to the high refractive index contrast between the core and cladding, SCFs exhibit strong
multimode behavior [19]. For a 5 um core diameter SCF, the normalized frequency V ~ 49 at
~2 um wavelengths, corresponding to over 1000 modes. Additionally, the weak birefringence
inherent in silicon’s cubic crystal structure results in these modes being polarization-independent.
Analyzing all possible mode interactions in SCFs is challenging. To simplify the analysis, it
is practical to focus on specific modes that are easier to manipulate experimentally and offer a
strong overlap to facilitate efficient FWM processes. Despite the high refractive index contrast
between the SCF core and cladding, we use the linearly polarized (LP) mode description for our
study. This is justified as we are focusing on fibers with large core dimensions so that the effective
indices of the degenerate vector modes are nearly identical, and the E, component of the modal
field can be neglected. The modal profiles of the first two circularly symmetric LP modes (LPy,
LP(,), which are most easily coupled to using on-axis launching conditions [19], are shown in
Fig. 2(a) at representative wavelengths of 1.3 um, 2 wm, and 5 um in a 5 um core diameter SCF.
Despite this broad wavelength span, the modal field distributions exhibit remarkably similar
characteristics, demonstrating negligible shape variations due to the strong confinement inherent
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in SCFs. Figure 2(b) shows the effective mode areas (Ag) for both the LPy; and LPg, modes as
a function of wavelength, confirming minimal variations across the wavelength range of interest.
This similar characteristic is also generally valid for IR fibers based on heavy glasses like tellurite
and chalcogenides used for ultra-broadband frequency conversion [27].
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Fig. 2. (a) Mode profiles of LPy; and LPy; modes at wavelengths of 1.3 um, 2 um, and
Sum in a 5 um core diameter SCF. (b) Effective mode areas (A.g) of LPy; and LPy, modes
as a function of wavelength. (c) Effective refractive index versus wavelength for a 5 um SCF.
(d) Group index (left vertical axis) and second order dispersion (right vertical axis) across
wavelength of interest.

The refractive index values for the silicon core and silica cladding are taken from Refs. [28,29].
Figure 2(c) presents the effective index (n.g) for the two modes as calculated for a 5 um core
diameter SCF, specially designed for mid-infrared frequency conversion. The effective index
difference between LPy; and the LPy, mode at a wavelength of 2 um is approximately 0.05. In
contrast, for silica-based fibers, this value can be as low as ~0.002 [10]. This large discrepancy
arises from the substantial refractive index contrast between the silicon core and silica cladding in
SCFs, which amplifies the differences in field overlap with the cladding between different modes.
This characteristic is similarly reflected in the group index ng and group velocity dispersion f3.
The zero-dispersion wavelengths (ZDWs) for the LPg; and LPy, modes are located at 3.5 pm and
2.25 wm, respectively, as illustrated in Fig. 2(d), highlighting the significant dispersion difference
between the two modes. Additionally, the considerable variation in group index results in greater
modal dispersion.

While our current implementation focuses exclusively on LPgx modes, the broader potential
of mode-mixing techniques remains to be explored. Although spatial light modulators enable
arbitrary mode excitation, practical all-fiber mode coupling with high efficiencies are better
aligned to the circularly symmetric modes, thereby rendering LPox modes the most promising
for wavelength conversion applications. For interactions between the LPy; and LPy, modes,
assuming degenerate pump wavelengths, there are 12 possible FWM combinations as listed in
Table 1. Among these, intramodal FWM accounts for the case where all four waves propagate in
either the LPy; or LPy; mode. For intramodal FWM, phase-matching is typically constrained to
occur near the ZDW, determined by the dispersion curve of the respective mode. The remaining
combinations represent intermodal FWM. We calculated the modal overlap factors for these
cases using the definition provided in [30], as summarized in Table 1. These overlap factors are
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calculated from:
[[FiF,F3F;dxdy
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where F; and F; are the spatial mode field distribution of the pump at pumping wavelength, F3
and F, are the spatial mode field distribution of the signal and idler at operation wavelength.
Moreover, we use normalized overlap factors f, , 5 , to provide a more intuitive comparison of
different mode combinations relative to the intramodal case as f1 234 = Acfr//niny/ n3nafi 234,

where A is the geometric mean of the effective area for both pumps, nj, n; are the effective
mode index of the pumps and n3, ny are the effective mode index of the signal and idler.

ey

f1234 =

Table 1. Normalized Overlap Factors for FWM Combinations Between LPy1 and
LPg2 Modes. Pump waves at 1.95 um, signal at 1.3 um, and idler at 3.9 um.

Pump 1 Pump 2 Signal Idler Overlap Type
LPy; LPy; 1 Intra modal
LPy; LPy, 0.87
LPy; LPy;
LPo> LPy; 0.81
LPg, LPy, 0.85
LPg; LPy; 0.72
LP()[ LP()2 0.75
LPy, LPgy Inter modal
LPy, LPo; 0.75
LPy; LPy) 0.66
LP, LP, 0.77
LPy, LPo, 01 02
LPg, LPy, 0.78
LPgy LPgy 0.97 Intra modal

In our calculations for Table 1, we accounted for wavelength-dependent mode profiles: the
pump mode profile is calculated at 1.95 um, with the signal mode at 1.3 um and idler mode
at 3.9 um. The fiber core diameter is fixed for 5 um. For other signal and idler wavelengths,
the overlap factors have minimal fluctuation due to the strong modal confinement of SCF. For
example, in an intermodal configuration (pumps in LPg; and LPy,, signal in LPg;, and idler in
LPy»), the overlap factor varies by merely 2.5% (from 0.76 to 0.74) when signal/idler wavelengths
range across 1.2-1.44 pm/3-5 pm.

2.2. Mode coupler design for all-fiberized intermodal FWM

All-fiberized devices are low-cost, compact, and robust, eliminating the need for bulk coupling
lenses. However, a significant practical challenge in realizing an all-fiberized intermodal FWM
system is selectively exciting fiber modes while preserving the all-fiber architecture. This requires
coupling of the pump into the SCFs without introducing free space components such as spatial
light modulators. To address this challenge, we utilize an inverse taper coupler structure that
enables the simultaneous excitation of the LPy; and LPy, modes while also facilitating seamless
fusion splicing between the SCF and a standard single-mode fiber (SMF) delivering the pump
laser. The SCF inverse taper coupler, also referred to as the nanospike coupler in SCFs, was first
proposed in 2017 [31]. These couplers can be formed directly when the SCFs are tapered down
to tens of micrometer outer dimensions such that the silicon core gradually disappears as the
cladding collapses, forming a spike shape. The tip of the nanospike is less than 50 nm in size,
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which is small enough to allow the mode from the silicon core to leak into the silica cladding,
where it is guided by the cladding-air structure. Mostly, these nanospike couplers have been used
for fundamental mode coupling by using long coupling lengths to support an adiabatic transition.
However, by using slightly shorter lengths, we have found that these structures can also support
coupling to the LPy; mode. Thus, by utilizing a single tapered nanospike coupler at the input,
light can be coupled into both the LPy; and LPy, modes of the SCF simultaneously, enabling a
single pump to trigger the intermodal FWM process.

The focus of this work is the generation of mid-infrared idler waves for applications in the
3-5 um region. Thus the pump source is modelled based on a thulium-doped tunable fiber laser
operating over the range 1.9-2 um and the signal is based on an O-band semiconductor laser
at ~1.3um [32]. As illustrated in the schematic of Fig. 3(a-b), the pump and signal could be
combined using a wavelength division multiplexer (WDM) and coupled into a short section
of SCF via the nanospike coupler connected to an SMF that has been tapered to match the
outer diameter of the SCF, as described in Ref. [31]. This allows for the modes to transfer
seamlessly within the silica cladding, before coupling into the core of the SCF through the sharp,
nanometer-sized silicon tip. Most of the light is coupled into the LPy; mode of the SCF, with
a smaller portion can be coupled into the LPg; mode, ensuring both pump and signal waves
undergo mode conversion.
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Fig. 3. (a) Schematic of the intermodal FWM system based on a tapered nanospike coupler.
Initially, the pump and signal are in the fundamental mode (LP(;), which are then converted
to LPg; and LPg> modes via the nanospike coupler at the SCF input. The FWM process
occurs in the SCF section, generating an idler wave in the LPy; mode. (b) Proposed setup
for the all-fiber mid-infrared laser system. The fiber-coupled pump and signal are combined
via a WDM, transmitted through an SMF segment, and coupled into the nanospike coupler
via a tapered SMF fusion splice.

After passing through the coupler region, the light will propagate through the section of un-
tapered SCF with a core size of 5 um, as selected for optimized phase-matching. As mid-infrared
wavelengths cannot be coupled back into SMF due to the high absorption of silica at these
wavelengths, we propose a free-space output coupling scheme. Such an approach would maintain
the all-fiber architecture for pump and signal coupling, while enabling efficient generation and
free-space extraction of the mid-infrared light for practical applications. The coupling loss
for the output end can be primarily attributed to Si-air reflection (0.8 dB) and mode overlap
mismatch (0.4 dB) between the fiber and collection optics, assuming using a 5 um core SCF with
a NA =0.85 mid-infrared lens. The coupling loss at the input end is primarily due to the coupling
ratio to the cladding mode of the SCF, which is strongly influenced by the input field area. The
smaller the cladding diameter of the SCF at the fusion joint with the silica fiber, the lower the
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coupling loss. A coupling loss of 4 dB has been reported experimentally for a cladding diameter
of 30 um; however, this loss can be reduced to 0.5 dB when the fiber cladding is minimized to
10 um [31].

Owing to the wide wavelength separation, the signal and pump waves exhibit different coupling
efficiencies into the LPy; and LPy, modes, which depend on the length of the nanotaper design.
These mode coupling efficiencies were calculated using finite-element eigenmode expansion
(EME) solver, where the input end receives the fundamental mode from a tapered single mode
fiber. The SCF nanospike structure features a tip diameter of 50 nm, a variable taper length,
and terminates in a 1 wm diameter end facet forming an elongated conical region. To illustrate
this, Fig. 4(a) shows calculations of the mode coupling ratios as a function of taper length for a
nanospike structure with a 10 um cladding at the coupling facet. The results show that a 1.95 um
LPy; pump wave from silica fiber can achieve 83% coupling efficiency in the LPy; mode and 14%
efficiency in the LPg; mode when the taper length is 200 pm. This coupling process is shown
in Fig. 4(c). In contrast, a signal wave positioned at 1.3 um has a coupling efficiency of 47%
in the LPy; mode and 24% in the LPy; mode. Figure 4(b) illustrates the relationship between
the coupling efficiency and wavelength for the LPy; and LPyp, modes when the taper length is
200 um. It is evident that there is a significant correlation with wavelength.
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Fig. 4. Calculated coupling performance of the nanospike taper coupler. The SCF nanospike
structure features a 10 um cladding diameter, a tip diameter of 50 nm, terminates in a 1 um
diameter end facet, and has a taper length of L. The input is from a 10 um air-clad silica
fiber. (a) Coupling efficiency as a function of taper length for specific operating wavelengths
(as labeled in the legend). (b) Coupling efficiency to LPg; and LPy, modes as a function
of wavelength from 1.2-2 um for a fixed spike length of 200 um. (c) Calculated intensity
distribution of mode field transmission for a spike length of 200 um, wavelength of 1.95 um.

We note that the remaining light is expected to couple into higher-order modes or cladding
modes before being scattered out. The coupling ratios for different modes in the nanospike can
also be adjusted by varying the taper length or changing the input mode type. For example, by
using a tapered multimode fiber as the input end and launching the LPy, mode as input, the LPy,
mode of the SCF can be excited more efficiently.

2.3. Conversion efficiency of SCF

In the proposed intermodal FWM process, two identical wavelength photons w; and w, from
separate pump waves, propagating in LPy; and LPy, modes respectively, are converted to a signal
photon w3 and an idler photon w4. The generated signal photons amplify the incident signal beam,
while the idler photons generate a beam at a new frequency. Efficient FWM processes occur
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when both energy conservation and momentum conservation are satisfied. Energy conservation
is expressed as:

w1 + Wy = w3 + w4. 2)

In our proposed scheme for mid-infrared generation, both pumps operate at 1.95 um (w; = w»)
while the signal is positioned near ~1.3 um, correspond to an idler wave near ~3.9 um. Conser-
vation of momentum is more challenging and requires minimal phase mismatch between the four
waves. The effective phase mismatch Ak comprises both linear and nonlinear contributions:

Ak = AkL + AkNL. (3)

The linear phase mismatch is governed by the fiber design and operation wavelength, and is

given by:
n3ms3 n4 w4 nywp np w7
Aky, = + - - , “4)
C C C C

where c is the speed of light in vacuum. The nonlinear phase mismatch in multimode fiber
four-wave mixing is expressed as a linear combination of the two pump powers with nonlinear
coeflicients:

AKNL = P1vemr1 + P2vem2, %)

where P; and P, are the corresponding pump powers, and Yeg; and Y are the real part of
effective nonlinear coefficients for the respective pumps. The effective nonlinear coefficients
for pump1 and pump?2 accounts for all relevant self-phase modulation (SPM) and cross-phase
modulation (XPM) contributions between different modes, and is described as [33]:

Yefit = 20331 + 204f41 — 202621 — d:1f1y, (6)

Yefiz = 203132 + 204f42 — 201f12 — 02120, (7

where fy,, = f f F{Fadxdy/ \/ f f |F; |>dxdy f f |F,|2dxdy, represents the mode overlap integral
between modes m and n, which quantifies the spatial overlap of the electric field distributions. 0;
is defined as §; = 2mi, /A, where 1, is the Kerr coefficient.

Figure 5(a) shows the calculated intermodal phase-matching as a function of signal wavelength
for a 50:50 power distribution (P; = P, = 10W, i, = 9 X 10‘18m2/W [34], core diameter
d = 5 pm, pumpl, pump2, signal and idler are in LPg;-LPgy-LPg;-LPgy). Near the pump
wavelength of 1.95 um, there exists a zero dispersion point where Ak remains close to zero for a
wide signal/idler wavelength range. This result introduces the novel concept of intermodal zero
dispersion, which represents a significant discovery that distinguishes our work from previous
studies. The ratio between the two pump powers can influence the gain coefficient, with maximum
gain achieved when both pumps have equal power.

To accurately model intermodal FWM in SCFs, we have included a comprehensive coupled-
wave equation framework in the Appendix that incorporates both linear losses and nonlinear
effects such as two-photon absorption (TPA) and free-carrier absorption (FCA). However, these
equations are complex and lack analytical solutions, requiring numerical methods for computation.
Thus, to gain an intuitive understanding of the process, we start by adopting a simplified analytical
approach where TPA and linear losses are neglected. The validity of this approximation is helped
by the large SCF core sizes and the low TPA parameters of the pump wavelengths considered in
our analysis, and by considering low pump intensities over short propagation distances. Thus, we
derive closed-form analytical expressions (see Appendix) for the phase-matching dependence on
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wavelength for a 5 um core diameter SCF. (b). Parametric gain g as a function of pump
power ratio in the LPy; mode to total pump power.

the signal and idler evolution equations as:

0A

3_3 = i63[2f1234A1 Ar A exp(—iAkz)], (8a)
zZ

0A

6_24 = i64[2f1234A1A2A§ exp(—iAkz)]. (Sb)

Here, A1, Ay, A3, A4 are the complex amplitudes of the two pump waves, signal wave, and
idler wave respectively, z is the propagation distance along the fiber. Thus, the wavelength
dependent modal properties primarily influence the signal and idler propagation through the terms
6;f1234 and Akyy. The signal and idler expression are obtained after rigorous and standardized
mathematical procedures for solving Eq. (8) [35,36]:

2
Ps(z) = P5(0) |1 + (YFWMT ‘P‘PQ) sinhz(gz)l, (9a)
2
Pi(2) = P3<0>(YFWMT m) OLsink g, 9b)
3

where Yrww is the real part of effective nonlinear coefficient for the intermodal FWM process:

YEwM = V03041234, (10)

and g is the parametric gain coeflicient:

g= \/(YFWM P11)2)2 - (%)2 (11)

The parametric gain coefficient g provides a comprehensive description of the intermodal FWM
signal and idler evolution, incorporating both linear phase mismatch and nonlinear coupling
effects. This model is equivalent to modulation instability analysis in the small-signal regime,
as both phenomena originate from the same underlying process. The parametric gain approach
offers practical advantages for device design by directly relating pump power distribution and
phase-matching conditions to CE, enabling systematic optimization of modal configurations and
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wavelength selection for enhanced FWM performance. From Eq. (9), we can obtain the CE
between signal and idler as:

2
CE = Py(z) _ (YFWMVP1P2) 04

)
=50 - . 5 sinh“(gz), (12)

According to the Eq. (12), CE is determined by the combined effects of the geometric mean
pump power VP;P,, the nonlinear coefficient yrwym and the phase mismatch Ak. The key
distinction from intramodal FWM lies in that both nonlinear coefficient and Ak are influenced by
the modal field overlap between different modes, as shown in Egs. (5-7). When Ak/2 exceeds
vrwM VP1 P2, the gain coefficient becomes imaginary and parametric amplification ceases. The
system exhibits two distinct regimes: in the low pump power regime (g << 1), CE o g2, while in
the high pump power regime (g >> 1), CE o 2%, highlighting the exponential scaling advantage
of operating at higher pump powers with optimal phase matching conditions.

Figure 5(b), calculated using Eq. (11), presents a theoretical sensitivity analysis demonstrating
how variations in pump power distribution between the LPy; and LPy; modes impact the
achievable parametric gain coefficient. This analysis is included to assess the system’s robustness
when the coupler’s coupling ratio deviates from its designed value due to fabrication tolerances.
Assuming optimal phase matching (Ak = 0), the results reveal that modest coupling deviations,
such as +20% power imbalance between P and P;, do not significantly impact the parametric
gain coefficient g.

To demonstrate the flexibility of our two-mode system, we calculate the conversion efficiency
for different modal combinations of the LPy; and LPgp, modes by systematically scanning
various pump and signal wavelengths. The corresponding idler wavelength for each pump-signal
combination is determined based on energy conservation, and the total phase mismatch is
calculated by combining both linear and nonlinear contributions from modal dispersion and
overlap integrals. The parametric gain coefficient g and CE are subsequently obtained by
combining Ak with the FWM nonlinear coefficient ypyys using Eq. (11,12), as illustrated in
Fig. 6(a-d). We analyze four pump configurations for FWM: both pump waves in the LPy; mode
(Fig. 6(a)); pump waves in both the LPy; and LPy; modes (Fig. 6(b)); both pump waves in the
LPy, mode (Fig. 6(c)); and intramodal FWM within the LPy; mode (Fig. 6(d)). The simulations
assume a total input power of 1 W, which is low enough to reduce the effects of nonlinear loss
and yet remains compatible with our previous experimental work [37]. Based on the nanospike
coupler analysis in Fig. 4, the powers coupled into the LP(; and LPy, modes are 0.84 W and 0.14
W, respectively. The main fiber section length is set to 10 mm, and while this parameter affects
the CE bandwidth and absolute values, it does not influence the conversion band positions.

The bright curves in Fig. 6 represent the best-matched wavelength combinations for FWM,
where different signal and idler mode combinations satisfy the phase-matching condition for each
pump configuration, leading to varying conversion efficiencies. While more accurate CE values
depend on loss performance of the fiber, this section focuses mainly on conversion band position.
For the intramodal cases (Fig. 6(c) and Fig. 6(d)), CE is close to the pump wavelength. In contrast,
when the pump and signal are in the LPy; mode but the idler is in the LPyp, mode (Fig. 6(a)), the
idler can be converted to the 3—5 pm range, far from the pump wavelength. Similarly, when both
the pump and signal are in the LPg; mode, the phase-matching is determined by the single-mode
dispersion curve, restricting the signal efficiency to the pump wavelength vicinity and preventing
large-span wavelength conversion (3-5 um). The most effective scenario occurs when the pump
is coupled into both the LPy; and LPy; modes, while the signal is coupled into the LPy; mode,
facilitating idler phase matching in the 3—5 pum range and extending the conversion bandwidth.
A key finding is that intermodal FWM in Fig. 6(b) enables multiple conversion bands, where a
single pump wavelength corresponds to several idler conversion bands. As shown in Fig. 6(b),
when the pump wavelength is less than 1.94 um, idler waves can emerge in the 3—4 um and
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Fig. 6. Normalized CE for four FWM pump configurations between LPg; and LPgy, modes
as functions of pump wavelength for a 5 um diameter SCF. (a) Both Pump1 and Pump2 in
LPy; mode, with the signal and idler in either LPg; or LPy, mode. (b) Pump1 in LPy; mode
and Pump?2 in LPy> mode, with the signal and idler in different mode combinations. (c) All
four waves (two pumps, signal, and idler) in LPy, mode. (d) All four waves in LPy; mode.

4-5 um regions. Notably, these two phase-matched bands merge at the intermodal zero-dispersion
wavelength (IM-ZDW), resulting in a broadband idler conversion range for a wide spectrum of
signal wavelengths.

To investigate the evolution of conversion bands generated by intermodal FWM, Fig. 7(a)
illustrates the conversion bandwidth at the IM-ZDW wavelength as a function of effective SCF
length (fiber diameter: 5 wm, input total peak power: 1 W, coupling ratio as shown in Fig. 4(b),
pump mode combination: LPy;-LPg-LPgy;-LPg,, pump wavelength: 1.94 um). Here again we
use effective fiber length to account for losses for rough estimations, as this graph primarily
estimates the relationship between conversion bandwidth and transmission length. At shorter
fiber lengths, the conversion band is a single, wide band; for instance, at a transmission distance
of 5mm, the 3 dB conversion bandwidth spans 3.26-3.72 um, totaling 460 nm. As the fiber
length increases, the conditions for FWM become more sensitive to phase matching, causing
the single band to split into two sidebands at 3.6 um and 3.38 um. This behavior aligns with the
data in Fig. 6(b), where the same pump wavelength corresponds to two conversion sidebands.
Consequently, while the conversion efficiency significantly improves with longer fibers, the
3 dB bandwidth decreases. Nevertheless, for a length of approximately 20 mm, the sum of the
conversion bandwidths of the two sidebands reaches 264 nm (with 40 nm for the signal). In the O
band, a bandwidth of 40 nm is enough for wavelength division multiplexing communication with
more than 50 channels.

Moreover, the pump and idler wavelength regions can be tuned further by adjusting the SCF
core size. Figure 7(b) demonstrates the relationship between the IM-ZDW and the fiber core
size for a 20 mm SCF. For pump lasers operating in the 1.9-2.1 um range, SCF core diameters
of 5-6 um can effectively achieve mid-infrared wavelength conversion via intermodal schemes.
The conversion bandwidth also increases with the fiber core diameter. An SCF with a 6 um core
diameter enables the broadest conversion bandwidth of up to 380 nm with a pump wavelength of
2.1 um, which is still within the operational range of thulium-doped fiber lasers.

To evaluate the practical capability of SCFs for generating intermodal FWM, we extended the
original simplified coupled equations beyond the undepleted pump approximation. In practice,
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Fig. 7. (a) Normalized CE bandwidth of SCF LPg; and LP, intermodal FWM at the
IM-ZDW as a function of fiber length. (Input peak power: 1 W; coupling efficiencies for
pumpl, pump?2, and signal are 0.83, 0.14, and 0.47, respectively; fiber diameter: 5 um.) (b)
Tuning IM-ZDW and bandwidth via core diameter for a 20 mm SCF: the blue line indicates
the pump wavelength required to access the IM-ZDW (left-hand axis), while the red line
shows how the 3 dB conversion bandwidth (right-hand axis) varies with changes in core
diameter and pump wavelength. (c) Evolution of photon conversion efficiency for idler and
signal waves with fiber length. The red, green, and blue curves correspond to pump/signal
loss 0of 0.2, 0.7, and 1.2 dB/cm, respectively. The idler loss is set to 2 times the pump loss.

high pump intensities can lead to significant nonlinear losses from TPA, while longer fiber lengths
result in non-negligible linear losses. Therefore, we incorporated both linear and nonlinear
loss terms into the coupled equations to provide a more accurate evaluation of the conversion
efficiency. The complete set of coupled equations is presented in the Appendix. Wavelengths
dependent loss is also considered here as we use different linear loss value for pump, signal
and idler waves. At wavelengths around 1.5-2 um, reported losses are as low as 0.2 dB/cm,
primarily due to Rayleigh scattering from the polycrystalline silicon grain boundaries [15,38]. In
the mid-infrared region (3-5 um), losses increase substantially due to silica cladding absorption,
which depends on the modal overlap with the cladding and scales with the core diameter relative
to wavelength. For our 5-6 um core design, the theoretical cladding absorption loss remains
below 0.1 dB/cm for wavelengths under 4.5 um [16], though practical values may be higher due
to OH™ contamination during fabrication. In our modeling, we adopted experimentally relevant
loss values: 0.2 dB/cm for both pump and signal waves, and 0.4 dB/cm for the mid-infrared idler
wave, representing two times the near-infrared loss as approximation.

To solve the coupled equations incorporating pump depletion effects, we employed the Euler
method to iteratively calculate the evolution of all four wave amplitudes during fiber propagation.
At each discretized step (< 100 um), we computed the instantaneous loss and gain coefficients
and their cumulative effects on the signal and idler wave amplitudes. A TPA coeflicient of
1 x 107'2 m/W is assumed for the ~1.95 um, adopted from Ref. [39]. A nanosecond pump with
1 W average power and 1/40 duty cycle is used to avoid fiber damage. The results, presented in
Fig. 7(c), demonstrate that the CE varies with fiber losses, ranging from a few percent to over
20% for a typical fiber length of 25 mm. Loss substantially impacts the idler conversion efficiency
and establishes an optimal fiber length corresponding to maximum CE. Beyond this optimal
length, severe pump depletion causes the gain to fall below the loss threshold, preventing further
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growth of idler photon numbers. We found that TPA-dominated nonlinear absorption significantly
influences the net gain through both direct absorption and accompanying free carrier absorption,
which can affect pump, signal, and idler waves simultaneously. Therefore, nanosecond pulse
durations represent the optimal practical configuration for intermodal FWM, as they effectively
suppress free carrier accumulation while remaining minimally affected by picosecond-scale
group delays, ensuring negligible intermodal dispersion-induced walkoff effects.

2.4. Prospect and challenges

As we have shown, using intermodal FWM wavelength conversion in SCFs can be achieved
over an unprecedented wavelength range. Although far-tuned mid-IR conversion can also be
achieved using dispersion-managed glass-based fibers [18,40], a key advantage of using SCFs
is their compact size along with the narrowband Raman gain they offer. The narrow Raman
gain bandwidth (0.1 THz) results in spontaneous Raman noise emerging in discrete spectral
bands [15,41]. This is particularly advantageous for FWM based photon pair sources used in
quantum communication, where signal and idler photons operate at the single-photon level and are
susceptible to interference from Raman emissions. The all-fiber integration scheme introduced
here also offers great potential for the construction of robust and practical components. However,
despite the clear benefits of the tapered nanospike coupler designs, they face several practical
challenges in terms of their fabrication. A primary issue is the production of tapered SCFs with
10 um cladding diameters at the splice facet. While we have successfully demonstrated robust
fusion splicing of SCFs with 20 um cladding diameters to tapered SMFs using a commercial fiber
workstation [24], achieving smaller diameters requires more advanced equipment. Moreover,
variations in the nanospike structure can lead to significant fluctuations in the LPyp, mode coupling
ratio, resulting in low fabrication yield. The reported insertion loss for the fundamental mode
in the nanospike coupler was 4 dB, primarily attributed to the input tapered SMF not being
small enough (30 wm), resulting in the excitation of unwanted cladding modes in the SCF [31].
Furthermore, since the fiber diameter is small, it is relatively soft and prone to bending. This
bending can further excite unwanted cladding modes of the SCEF, affecting the coupling efficiency
of the nanospike. However, due to the short length of the device, this issue can be mitigated by
using specialized fixtures to straighten the fiber. These challenges are part of our on-going work
to standardized the fabrication processes and produce more precise SMF to SCF couplers.

3. Conclusions

In conclusion, intermodal FWM serves as a powerful complement and extension to intramodal
FWM. It enables SCFs, a novel highly efficient nonlinear fiber platform, to achieve a broader
range of frequency conversion into the mid-infrared region (3—5 um). We have demonstrated the
potential for efficient 3—5 um wavelength conversion using a single thulium-doped fiber laser.
A detailed model for intermodal FWM with a wavelength-dependent modal profile and losses
has been developed. For a 25-mm SCF, a conversion efficiency of approximately 2-15% is
attainable under representative conditions. The multimode pumping scheme can be implemented
using an optimized nanospike coupler, which enables the fiberized multimode excitation of the
SCF from standard silica fibers. Thus, this work lays the foundation for compact, fiberized
mid-infrared parametric wavelength conversion devices, providing a detailed design blueprint
for use in applications such as parametric amplification, entangled photon pair sources, and
free-space communications.

Appendix

The model of this work for calculating the CE is based on the coupled equation modified from
[14,36,42,43]. The underlining assumption is that the fields are under quasi continuous wave
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(CW) conditions, such that all terms involving derivatives with respect to time are ignored
(dispersion is negligible).

= iy [(F11| AL + 2f12] Aol + 2613 As|® + 2614 | AglP)A L + 261234 A5 A3 A4 exp(iAkz)]- 1 (12 + orcaNAL
(A1)

B2 = iy, [(Eaal Aal® + 2621 | A1 P + 2623 As[? + 2624 Ag?)As + 261234 ATA3 A exp(iAkz) |~ L (a1 + TrcaNe)As,
(A2)

OB = iya[(£33)As]® + 2651 |A1L P + 265 Aol® + 2634 AuP)As + 2f1234A1 Ar A} exp(—iAkz) |- L (a3 + opcaNo)As,
(A3)

984 = iyl (FaslAal® + 2641 | A1 ? + 2600 | Ao + 2643 AsP)As + 261234A1 Ap A exp(—iAkz) |~ L (s + orcaN) A,
(A4)
Here, Aj, A, Az, Ay are the complex amplitudes of the two pump waves, signal wave, and
idler wave respectively, z is the propagation distance along the fiber, a3, @3, a4 are the linear

loss coeflicient of pumps, signal and idler, N, is the free-carrier density, orcy is the free-carrier
absorption coefficient, vy, = “’%ﬁz +i ﬁ?% is the complex nonlinear coefficient for each wave. In
our configuration, the pump power is much larger than signal and idler, so the terms with |A3|?
and |A4|? can be ignored. As a quasi-CW pump is used, the free-carrier density N, is assumed as
constant, and is estimated from the rate equation adopted from [43]. The phase evolution of the

pump does not affect the amplitude of signal and idler so it can be ignored.

oA . 1
= = mEnlAl + 2flA )AL = 5@ +oraNdAL (AS)
0A . 1
(9_12 = iva(faa|Aa|® + 2621 A1[H)As — 5(0/12 + 0rcalNe)As, (A6)
O3 yal2Es1 AL + 2650l Aa)As + 2612301 AgA iAkz)] -2 A
a7 iva[(2f31|A1]7 + 2f32|A2]7) Az + 201234 A1 A2 A exp(—i Z)]—E(% + OFcaN:)A3,
(A7)
dAs . . . 1
(9_24 = 1'Y4[(2f4| |A1 |2 + 2f42|A2|2)A4 + 2f1234A1A2A3 eXp(—lAkZ)]—E((m + O-FCANC)A49
(A8)

In the undepleted pump regime, where the pump intensity is low and linear losses are negligible,
Eq. (A5)—(AS8) can be simplified to:

0A3  inpws

I [2(f51]A11 + f32lA2lP)As + 2f1234A1 Ao A exp(—iAkz)], (A9)
i [2(f41]A1]7 + f42] A2 F)Ag + 261234 A1 As A exp(—iAkz)]. (A10)

Neglecting the phase terms of signal and idler, we obtain:

0A; impw;3

Pl 2f1234A1 As A, exp(—iAkz), (A11)
% = iﬁi‘”“ 21234A1 Ar A% exp(—iAkz). (A12)
Setting k3 = ™2222f|3,A A5 and ky = 2242f|534A A,, we obtain
% = K3A; exp(-iAkz), (A13)
% = k4A} exp(—iAkz), (A14)

The coupled differential equations Eq. (A13,A14) can be solved analytically using standard
techniques in Ref. [36] to obtain the Eq. (9—12) in the main text.
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