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Abstract: Fiber-feedback optical parametric oscillators (OPOs) incorporate intracavity fibers to
provide a compact high-energy wavelength-tunable laser platform; however, dispersive effects can
limit operation to the sub-picosecond regime. In this research article, we modeled pulse propagation
through systems of cascaded fibers, incorporating SMF-28 and ultra-high numerical aperture (UHNA)
fibers with complementary second-order dispersion coefficients. We found that the pulse duration
upon exiting the fiber system is dominated by uncompensated third-order effects, with UHNA7
presenting the best opportunity to realise a cascaded-fiber-feedback OPO.

Keywords: fiber dispersion; nonlinear optics; optical parametric oscillators

1. Introduction

Optical parametric oscillators (OPOs) provide a versatile platform for the generation
of wavelengths ordinarily inaccessible directly from laser gain media [1–3], and have found
applications in spectroscopy [4], metrology [5] and multi-photon imaging [6]. Exploiting
χ(2) effects in nonlinear crystals, an OPO acts as a photon splitter, generating longer
wavelength signal and idler outputs from a short wavelength pump laser in an energy
conserving process. Ultrashort pulsed operation requires synchronous pumping, in which
a cavity resonant at the signal wavelength is formed around the nonlinear crystal [7], as
illustrated in Figure 1a. A conventional synchronously-pumped OPO has a cavity length
LOPO that is inversely proportional to the repetition frequency fREP of its pump laser. The
cavity length is selected to provide periodic temporal overlap between the incoming pump
and resonant signal pulse trains, with a length directly equal to that of the pump laser
providing the highest gain [8]. Meeting these criteria becomes increasingly challenging
when moving to a high-energy regime with few-MHz repetition frequencies, as long cavity
lengths introduce space and engineering constraints [9].

Fiber-feedback OPOs (Figure 1b) address this issue by placing a single-mode fiber
inside the OPO cavity as a length-eating mechanism, exploiting the ∼1.45x optical path
reduction in silica-based fibers [10]. Due to the large material dispersion introduced by
the fiber, these OPOs have primarily operated in the picosecond regime [11]; however,
sub-150-fs femtosecond operation is desirable for many applications but has only been
demonstrated in a few instances [12,13]. Intracavity compression using prism or grating
pairs is not feasible when longer fiber lengths are employed, and these approaches also
introduce additional engineering complexities.
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Figure 1. Schematic of a synchronously-pumped OPO. (a) A conventional free-space OPO cavity.
(b) A fiber-feedback OPO using intracavity fiber to reduce the free-space path length.

In this paper, we modeled the net dispersion of cascaded fibers for use in OPOs operat-
ing at 1550, 1700 and 2090 nm, wavelengths of interest for infrared material processing [14],
three-photon imaging [15] and mid-IR frequency comb applications, respectively [16]. We
simulated pulse propagation through lengths of SMF-28 Ultra (Corning) and ultra-high
numerical aperture fibers (UHNA, Coherent-Nufern) to identify combinations that balance
both second- and third-order dispersive effects to support femtosecond operation.

2. Methods
2.1. Determination of Beta Coefficients

Chromatic dispersion within a fiber can be expressed in terms of phase constant β,
which can be expanded as a Taylor series around central frequency ω0 [17]:

β(ω) = β0 + β1(ω−ω0) +
1
2!

β2(ω−ω0)
2 +

1
3!

β3(ω−ω0)
3 + . . . (1)

with

βm =
dm

dωm

(
n(ω)

ω

c

)∣∣∣∣
ω=ω0

(m = 0, 1, 2 . . . .) (2)

where n(ω) is the refractive index at frequency ω. The second-order dispersion β2 is
responsible for pulse broadening and is given by:

β2 =
1
c

(
2

dn
dω

+ ω
d2n
dω2

)
(3)

However, it is also common to use the alternative representation D to describe the disper-
sion parameter of a fiber, which is linked to β2 by:

D = −2πc
λ2 β2 (4)

Dispersion information for Coherent-Nufern UHNA fibers was not available from
the manufacturer; however, measurements of dispersion parameter D were carried out
by Ciąćka et al. [18] over the 1400–2200 nm wavelength region using spectral
interferometry [19,20]. Their results also provided good agreement with dispersion mea-
surements of Corning SMF-28 Ultra over the 1200–1625 nm range specified by the manufac-
turer [21]. We extracted numerical data for D for SMF-28 Ultra, UHNA1, UHNA3, UHNA4
and UHNA7 from [18] using the free software WebPlotDigitzer [22], with around 40 points
collected per data set across each wavelength range. Fitting to this data and evaluating
at a higher point density provided increased resolution (Figure 2a). The second-order
dispersion β2 was calculated from Equation (4), and a multi-order polynomial fit applied
to evaluate the dispersion coefficients from β2 to βn, evaluated at ω − ω0, where ω0 is a
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frequency corresponding to a selected wavelength of interest (Figure 2b). The calculated β2
and β3 coefficients for each fiber, evaluated at 1550, 1700 and 2090 nm, are shown in Table
1 and Table 2, respectively. Uncertainties in our approach are dominated by the standard
deviations reported in [18]; however, these only introduce a <1% error in our calculations
of β2 and β3.
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Figure 2. (a) UHNA3 dispersion parameter D, with data points extracted from Figure 4 of [18] (blue
circles) and fitted curve (red line). (b) UHNA3 β2 coefficient evaluated at ω0 =̂ 2090 nm.

Table 1. β2 coefficients (ps2/m).

SMF-28 UHNA1 UHNA3 UHNA4 UHNA7

1550 nm −0.0215 0.0436 0.1065 0.0694 0.0263
1700 nm −0.0371 0.0463 0.1178 0.0814 0.0316
2090 nm −0.0852 0.0207 0.1276 0.0801 0.0514

Table 2. β3 coefficients (ps3/km).

SMF-28 UHNA1 UHNA3 UHNA4 UHNA7

1550 nm 0.1256 −0.0392 −0.1133 −0.1149 −0.0402
1700 nm 0.1679 −0.0023 −0.0947 −0.1006 −0.0603
2090 nm 0.3173 0.3384 0.0290 0.2062 −0.1452

2.2. Pulse Propagation Model

To model pulse propagation in different fibers, we simulated a temporal electric field
with a Gaussian pulse envelope of the following form:

E(t) ∝ exp
(
− [2 ln 2]t2

∆τ2

)
(5)

where ∆τ is the full-width half-maximum (FWHM) of the temporal intensity. The spectral
field can be obtained via Fourier transform of the temporal field:

E(ω) =
∫ +∞

−∞
E(t)e−iωt dt (6)

The spectral phase accumulated by propagation through fiber length L with phase
constant β was added to E(ω), with the resultant change in pulse duration obtained by
inverse Fourier transform:

E(t, L) =
1√
2π

∫ +∞

−∞
E(ω)e−iβLeiωt dω (7)
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We selected an input pulse duration of ∆τ = 50 fs and a length resolution of
dL = 5 mm. The UHNA fibers have core diameters ≤ 2.5 µm [23], presenting an acute
coupling challenge. We addressed this by using SMF-28 Ultra as an input/output coupler,
taking advantage of the larger 8.2 µm core diameter and connectorized end facets, resulting
in a cascaded SMF-28/UHNA/SMF-28 fiber system. Losses between these mismatched
cores can be as low as ∼0.3 dB when using a “fire polish” thermal diffusion splice [13].
Component fiber lengths were selected such that the net second-order dispersion after
1 m of propagation was close to zero, within the 5 mm resolution of our simulation. SMF-
28 possesses negative β2 at our test wavelengths, while all UHNA fibers have positive
β2 coefficients, providing compensation of second-order dispersive effects. Individual
fiber lengths are shown in Table 3, and were determined by the absolute ratio of the β2
coefficients in the cascaded SMF-28/UHNA/SMF-28 system, such that:

LSMF-28

LUHNA
=

∣∣∣∣∣ β2(UHNA)

2 β2(SMF-28)

∣∣∣∣∣ (8)

Table 3. Length ratios minimising β2 through 1-m of cascaded SMF-28/UHNA/SMF-28 fibers.

UHNA1 UHNA3 UHNA4 UHNA7

1550 nm 0.325/0.35/0.325 0.41/0.18/0.41 0.38/0.24/0.38 0.275/0.45/0.275
1700 nm 0.265/0.47/0.265 0.38/0.24/0.38 0.34/0.32/0.34 0.23/0.54/0.23
2090 nm 0.09/0.82/0.09 0.30/0.40/0.30 0.235/0.53/0.235 0.185/0.63/0.185

3. Results and Discussion

In Figures 3–6, we plotted the results of our fiber dispersion model, along with output
pulse profiles after propagation through the cascaded system. Stepwise animations of
pulse propagation through each fiber combination at a wavelength of 2090 nm are available
as Supplementary Files.

The normalized FWHM output duration was calculated at each wavelength for com-
parison against the 50 fs input pulse. With fiber lengths selected to minimize second-order
dispersion, pulse broadening is dominated by uncompensated third-order contributions.
SMF-28 possesses positive β3 that increases with wavelength; therefore, the UHNA fibers
must provide negative β3 contributions to prevent pulse breakup.
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Figure 3. Top row: pulse temporal intensity before (blue) and after (red) propagation through SMF-28
and UHNA1. Bottom row: evolution of the temporal intensity profile through the system of cascaded
fibers. White lines indicate transitions between different fibers.
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The cascaded UHNA1 system (Figure 3) displayed moderate broadening at 1550
and 1700 nm, with net positive third-order dispersion producing a trailing pulse edge.
Oscillations in the pulse envelope did not drop to zero; therefore, the pulse remained intact.
However, at 2090 nm, both SMF-28 and UHNA1 had large β3 coefficients (>0.31 ps3/km)
and the pulse broke up, with only 76% of the input energy remaining in the primary pulse.
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Figure 4. Top row: pulse temporal intensity before (blue) and after (red) propagation through SMF-28
and UHNA3. Bottom row: evolution of the temporal intensity profile through the system of cascaded
fibers. White lines indicate transitions between different fibers.

UHNA3 displayed high β2 values (>0.1 ps2/m) and, therefore, longer lengths of
SMF-28 are required in this cascaded system (Figure 4). Uncompensated third-order terms
were positive at all test wavelengths, and pulse breakup was evident at 2090 nm.
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Figure 5. Top row: pulse temporal intensity before (blue) and after (red) propagation through SMF-28
and UHNA4. Bottom row: evolution of the temporal intensity profile through the system of cascaded
fibers. White lines indicate transitions between different fibers.

Results for UHNA4 are shown in Figure 5. Both UHNA3 and UHNA4 possessed
similar β3 coefficients at 1550 and 1700 nm, and both fibers displayed similar amounts of
broadening. At 2090 nm, UHNA4 had a large positive β3 which, when combined with the
SMF-28, created significant pulse breakup, again with around 75% of the energy remaining
in the primary pulse.
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Figure 6. Top row: pulse temporal intensity before (blue) and after (red) propagation through SMF-28
and UHNA7. Bottom row: evolution of the temporal intensity profile through the system of cascaded
fibers. White lines indicate transitions between different fibers.

UHNA7 differed from the other fibers in that it had a low and flat β2 curve, but
also displayed negative β3 at all test wavelengths. With both second- and third-order
coefficients opposite in sign to those of SMF-28, it presents the best opportunity for dis-
persion compensation in a fiber-feedback OPO. The pulse propagation results for UHNA7
are shown in Figure 6. At all wavelengths, pulse broadening was minimal, with the
shortest pulses observed in our model (59.7 fs) found when using UHNA7 at 1700 nm.
This agrees with the experimental results reported in [13], which incorporated cascaded
SMF-28/UHNA7/SMF-28 in a degenerate OPO operating at 2090 nm.

4. Conclusions

We modeled pulse propagation through systems of cascaded SMF-28 and UHNA
fibers for use in fiber-feedback optical parametric oscillators. Dispersion curves were
extracted from [18] using freely available software [22] and evaluated at key wavelengths
of interest to the ultra-fast community. We observed that uncompensated third-order
dispersion dominates in a cascaded fiber system, and will produce pulse breakup in many
UHNA fibers at 2090 nm. The design of UHNA7 produced negative β3 coefficients that
complemented the positive third-order dispersion of SMF-28, leading to minimal pulse
broadening after propagation along 1 m of cascaded fiber. Our results will serve as a
guideline for the design of fiber-feedback OPOs operating in the few-MHz regime and
incorporating longer lengths of fiber.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/opt2020010/s1, Video S1: Pulse propagation through cascaded SMF-28/UHNA1/SMF-28
fibers at 2090 nm, Video S2: Pulse propagation through cascaded SMF-28/UHNA3/SMF-28 fibers at
2090 nm, Video S3: Pulse propagation through cascaded SMF-28/UHNA4/SMF-28 fibers at 2090 nm,
Video S4: Pulse propagation through cascaded SMF-28/UHNA7/SMF-28 fibers at 2090 nm.
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