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We introduce the concept of a gain-switched diode-
based fiber-feedback optical parametric oscillator with an
intracavity echelle grating stretcher for time-dispersion
wavelength tuning. Our approach enables four different
tuning ranges corresponding to different grating orders in
the stretcher. Within each tuning range, the wavelength is
adjusted electronically by varying the pump laser’s rep-
etition rate. This approach maintains entirely static op-
tics while delivering a narrow linewidth of less than 1nm
and a wavelength reproducibility of 2 pm. Time-dispersion
wavelength tuning by a static echelle grating stretcher with
grating-order multiplexing combines high repeatability, sta-
bility, and electronic tuning, and expands the tuning range
by the number of grating orders. This concept can be trans-
ferred to other grating types and spectral ranges and is ideal
for applications in infrared narrowband AM/WM spec-
troscopy. Published by Optica Publishing Group under the terms of
the Creative Commons Attribution 4.0 License. Further distribution of
this work must maintain attribution to the author(s) and the published
article’s title, journal citation, and DOI.
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Optical parametric oscillators (OPOs), including fiber-feedback
OPOs (FFOPOs), are highly stable and tunable infrared (IR)
light sources [1-4]. They are widely used in applications such
as spectroscopy [5,6] as well as in nonlinear imaging techniques
like coherent anti-Stokes Raman scattering (CARS) and stim-
ulated Raman scattering (SRS) [7-10]. Increasing the tuning
speed of OPOs enables novel spectroscopic and imaging tech-
niques, including real-time detection of greenhouse gas finger-
prints via coherently controlled quartz-enhanced photoacoustic
spectroscopy [11] or high-speed multicolor coherent Raman
imaging [12]. The advancement of these cutting-edge methods
has driven the demand for laser sources that offer a combina-
tion of rapid tunability and narrow linewidths in the IR. The
primary limitation of conventional OPOs lies in their reliance on
the mechanical movement of optical components to tune their
output wavelength. This not only reduces tuning speed but also
compromises stability and reproducibility. To address this, the
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concept of highly dispersive resonators presents a compelling
alternative. Here wavelength tuning is achieved by mechanically
altering the cavity length, which effectively modifies the res-
onator’s oscillation frequency [13]. This approach provides a
pathway to wavelength tuning through adjustment of the pump
laser’s repetition rate.

Recent advancements have demonstrated the development of
high-power gain-switched diode-based (GSD) lasers [14,15],
enabling OPOs to operate efficiently when driven by such
sources [16—18]. This approach offers electronically tunable
repetition rates, enabling the combination of highly dispersive
cavities with GSD-driven pump lasers for rapidly and elec-
tronically tunable OPOs [19]. This innovative architecture sup-
ports real-time applications [12] and can even be implemented
as a portable laser [20]. However, extending this concept to
higher wavelengths in the range of 1.4—4.5pum introduces new
challenges. Achieving the necessary dispersion would require
feedback fibers extending over tens of kilometers due to the
low dispersion in single-mode fibers or ultra-broadband chirped
fiber Bragg-gratings, both of which are impractical [21].

In this contribution, we present a novel gain-switched diode-
based fiber-feedback optical parametric oscillator (FFOPO),
which incorporates an intracavity echelle grating stretcher for
time-dispersion wavelength tuning. This innovative approach
utilizes grating-order multiplexing, providing access to multi-
ple highly dispersive tuning ranges. Within each tuning range,
the optics remain static, and wavelength tuning is achieved by
adjusting the repetition rate of the gain-switched diode. To tran-
sition between different tuning ranges, only the phase matching
period of the periodically poled lithium niobate (PPLN) crystal
and the repetition rate of the GSD must be adjusted, ensur-
ing that mechanical adjustments are kept to a minimum. This
setup enables electronic wavelength tuning within four tun-
ing ranges lying in the signal range of 1.4-2um (idler range:
2.3-4.4 um), offering a theoretical tuning speed of up to 4 nm/us
and achieving a wavelength tuning accuracy of 2 pm with narrow
linewidths of below 1nm.

As depicted in Fig. 1, the linear cavity FFOPO is driven by a
gain-switched diode that generates 50 ps pulses at a wavelength
of 1064 nm, with a continuously tunable repetition rate between
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Fig. 1. Schematic of the FFOPO incorporating the echelle grat-
ing stretcher. DM, dichroic mirror; G1/G2, echelle grating; PBS,
polarizing beam splitter; PPLN, periodically poled lithium niobate;
QWP, quarter waveplate.

1MHz and 20 MHz. Following an ytterbium-doped fiber ampli-
fier and a Nd:YAG solid state amplifier, which yield a pump
power of up to SW at SMHz, the pump pulses are directed
to a 25-mm-long PPLN (26-32 um poling periods), where the
signal and idler are being generated. After the residual pump
and the generated idler are coupled out using two dichroic mir-
rors, the oscillating signal pulse is coupled into a 20-m-long,
temperature-controlled, polarization-maintaining single-mode
feedback-fiber (PM1550-XP), which provides single-mode op-
eration from 1440nm to 2000 nm. The pulse is then temporally
stretched by the echelle grating stretcher and coupled back into
the feedback-fiber.

The temporal overlap between the pump and stretched signal
selects the amplified spectrum, setting the output wavelength.
Lower repetition rates correspond to higher wavelengths and
vice versa as the grating stretcher induces anomalous dispersion.
Signal outcoupling is implemented with a quarter-wave plate
and a polarizing beam splitter, where the outcoupling ratio is
tunable and was set to 95% for all measurements.

This setup not only extends the concept of a GSD-driven
pump source combined with a highly dispersive resonator [19] to
higher wavelengths but also introduces the technique of grating-
order multiplexing, enabling access to multiple tunable spectral
ranges. For the FFOPO to work, the signal must oscillate in a
well-aligned cavity, which means that the second echelle grating
(G2) and the subsequent end mirror must be aligned precisely for
the signal to be coupled back into the feedback-fiber efficiently.
Figure 2 shows the wavelength-dependent diffraction angles of
the echelle gratings, calculated for an incident angle of 60° and
plotted for diffraction orders m= 15 to m=12. The angular range
supporting an oscillating signal, which we call the acceptance
range, is determined by the spatial positioning of G2. However,
G2’s rotational orientation is restricted by the orientation of G1.
Setting the echelle gratings G1 and G2 (Thorlabs, 63° blaze, 79
lines/mm) to an incidence of roughly 60° places them near peak
efficiency. With the gratings spaced 40cm apart, the geometry
yields an angular acceptance range of 2°, which is highlighted
in light grey in Fig. 2. When the diffraction angle intersects with
the acceptance range, the FFOPO is expected to generate an out-
put signal. The wavelength regions marked in color represent
the experimentally measured tuning ranges of the FFOPO. The
measurements show excellent agreement with the theoretical
calculation of the resulting tunable ranges.

The illustration at the bottom of Fig. 2 demonstrates that for
different diffraction orders specific wavelengths are diffracted

Letter

-70

_72 acceptance
range

-76

Reflection angle (deg)
S
=N

1530 1538 1639 1650 1764 1777 1910 1925
Wavelength (nm)
m=15 m=14 m=13 m=12
— — 2 —
% Z % &

\ \
Fig. 2. Top: wavelength-dependent diffraction angles for vari-
ous diffraction orders for an incident angle of 60 degrees. Grating
orders, ranging from m=15 to m=12 are plotted in black. The
acceptance range is highlighted horizontally in light gray, while
the measured spectral ranges are plotted vertically in different col-
ors. Bottom: visualization of the spatial overlap between different
diffraction orders under white light (WL) illumination for various
wavelengths.

towards G2, providing feedback for the FFOPO. Although all
diffraction orders overlap spatially, their spectral components
are rotated relative to one another. This spatial overlap allows a
fixed grating configuration across wavelength ranges, where the
tuning range is changed simply by adjusting the PPLN phase-
matching condition. To reach wavelength regions outside the
set of tuning ranges accessible with a given alignment, how-
ever, the grating stretcher must be realigned to allow the desired
wavelengths to oscillate within the cavity.

The resulting tuning ranges are illustrated in Fig. 3(a), where
spectra measured in 1nm steps demonstrate the gapless tun-
ability including the narrow linewidths below 1nm. Below
the spectra, the main oscillator frequency and the correspond-
ing frequency fine-tuning, expressed in parts per million, are
displayed.

The dispersion introduced by the grating stretcher depends
on the incidence angle, wavelength, and diffraction order. With
a chosen angle of incidence of 60° and a diffraction order of
m=15 at a wavelength of 1530nm, the dispersion is approxi-
mately 220 ps/nm/m. With the gratings spaced about 40 cm apart
and the light passing through the stretcher twice, the total re-
sulting dispersion is calculated to be around 170ps/nm. For
time-dispersive wavelength tuning to be possible, it is essential
to stretch the signal to a timescale longer than that of the pump.
With a pump pulse duration of 50 ps, this condition is fulfilled.
Furthermore, as dispersion increases with higher wavelengths,
narrower linewidths are expected. This trend is evident in the
first three grating orders, from m=15 to m=13, where increas-
ing wavelength results in progressively narrower linewidths.
However, for m=12, the resulting spectra are distorted by water
vapor absorption in air, rendering them uninterpretable. Addi-
tionally, for m=15 and m= 14, the lowest wavelengths exhibit
reduced linewidths, which is an effect caused by tuning near the
edge of G2, artificially narrowing the linewidth. The GSD timing
jitter of 8ps RMS contributes to the effective linewidth, where
at a SMHz repetition rate, 8 ps corresponds to a relative repe-
tition rate jitter of 40 ppm which converts into a jitter-induced
minimum linewidth of 0.2 nm.

As the FFOPO is inherently lossy, the resulting low-Q factor
leads to fast transient dynamics [22], supporting the assumption
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that steady state is reached after roughly 10 round trips. At a
repetition rate of about 5MHz, this corresponds to a theoretical
tuning rate of 500kHz, or a time interval of 2 us between two dis-
tinct wavelengths. For the first tuning range, this corresponds to
a maximum tuning speed of 4 nm/ps, given that the largest wave-
length increment is 8 nm. Large wavelength jumps, where the
FFOPO briefly turns off, provide the potential for direct ampli-
tude modulation (AM) measurements due to the system’s ability
to switch on and off rapidly. In contrast, small wavelength jumps
enable wavelength modulation (WM), as they allow for rapid
adjustments of the generated wavelength.

However, it is important to note that electronic tuning is
only possible within the gain-bandwidth of the PPLN crystal.
Outside this bandwidth, mechanical movement of the PPLN be-
comes necessary to maintain proper phase matching, limiting
the tuning speed in between tuning ranges. At shorter wave-
lengths (1530nm) the crystal bandwidth is 10 nm, increasing to
120 nm at longer wavelengths (1920nm). If the grating stretcher
were sufficiently broadband, the crystal bandwidth would set
the limit for rapid tuning. In the lower two tuning ranges, the
PPLN gain bandwidth is comparable to the stretcher’s tuning
range, producing a pronounced drop in output power toward
the edges; at higher wavelengths, the PPLN bandwidth exceeds
the stretcher range, so the edge roll-off is more gradual (Sup-
plement 1, Fig. S1). The main oscillator frequency of the GSD
varies with the grating order due to the dispersion introduced
by the 20-m-long feedback-fiber. Without the additional disper-
sion introduced by the fiber, the main oscillator’s repetition rate
would remain constant across the tuning ranges, as only the spa-
tial induced dispersion by the grating stretcher would determine
the repetition rate.

As the echelle grating stretcher is inherently lossy, the overall
transmission of the stretcher configuration is approximately 6%,
including both the coupling into and out of the feedback-fiber,
where the input coupling efficiency is around 70% at 1535nm
but decreases further for higher wavelengths. The dominant loss
contribution arises from the grating stretcher itself, as the fiber
exhibits very low attenuation. These cumulative losses explain
the high threshold power of approximately 1.7 W required for
operation, as shown in Fig. 3(b). Despite this, the high nonlinear
gain enables up to 800 mW output at 1535 nm. At longer wave-
lengths, the slope efficiency declines, consistent with reduced
OPA efficiency in the crystal, while the oscillation threshold
remains nearly constant due to the very high cavity losses.

A key advantage of grating order multiplexing is that the dis-
tance between G1 and G2 controls the tuning range bandwidth
and the linewidth of the tuning range. Decreasing the distance
expands the range but broadens the linewidth while longer or
stacked echelle gratings can increase the tuning range. Increas-
ing the grating distance narrows the linewidth but reduces the
tuning range and weakens cavity feedback, which raises the
oscillation threshold.

In an ideal configuration, the system could be designed such
that when a diffraction order reaches the upper edge of G2,
thus limiting the tuning range, the next diffraction order would
enter on the opposite side of the grating, resulting in a gap-
less tuning range. This would ultimately be limited only by the
phase matching periods of the PPLN crystal, ensuring contin-
uous spectral coverage across an ultrabroad tuning range. The
theoretically achievable wavelengths are then constrained by the
phase-matching condition of the PPLN crystal, which can pro-
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Fig. 3. (a) Four distinct tuning ranges including the correspond-
ing linewidth, the main oscillator frequency, the used grating order,
and the fine tuning of the repetition rate in parts per million (ppm)
relative to the main frequency (marked as red dotted line). (b) Out-
put power slopes for all tuning ranges.

vide signal wavelengths from 1.4um to 2.1 um in the signal
range.

To quantify the tuning precision of the system, the repetition
rate was varied by 430 ppm around 4.980 MHz, resulting in a
2 nm wavelength shift displayed in Fig. 4(a) (Supplement 1, Fig.
S2). This yields a remarkable tuning precision of approximately
5pm/ppm, demonstrating the high resolution and accuracy of
the system. Such tuning precision demands exceptionally stable,
temperature-independent dispersion. Since the feedback-fiber is
temperature-controlled, its dispersion remains fixed. The spa-
tial dispersion introduced by the grating stretcher remains stable
and unaffected by temperature fluctuations as the light trav-
els through air, which has a negligible temperature dependence
compared to other materials like glass or fiber. The temperature-
independent dispersion ensures exceptional reproducibility of
the system, which is demonstrated in Fig. 4(b). To quantify the
system’s reproducibility, the repetition rate was adjusted be-
tween two values five times in order to tune the wavelength
back and forth over a period of 1 hour. The resulting wavelength
shift showed a fluctuation of only 2 pm RMS, demonstrating the
exceptional precision and consistency of the system.

In conclusion, we have demonstrated the significant advan-
tages of grating-order multiplexing in a gain-switched diode-
based fiber-feedback optical parametric oscillator with an intra-
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Fig. 4. (a) Demonstrating the precise tuning capability of the
OPO’s center wavelength by adjusting the repetition rate of the gain-
switched diode. (b) This plot highlights the system’s reproducibility
of 2 pm enabled by the system’s electronics and the highly constant
dispersion.

cavity echelle grating stretcher for time-dispersion wavelength
tuning. This innovative approach offers the unique ability to con-
figure the FFOPO in various ways, providing access to multiple
distinct tuning ranges by leveraging different grating orders. The
system’s stable dispersion enables fine-tuned control over spec-
tral tuning, delivering electronic wavelength adjustments with
a theoretical tuning rate of 500kHz and maintaining a narrow
linewidth of less than 1 nm with exceptional wavelength repro-
ducibility of 2pm. We successfully transferred the innovative
approach of using a gain-switched-diode pumped OPO with a
dispersive cavity [19] to even longer wavelengths in the range of
1.4-4.5ym.
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