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Fiber-feedback OPOs are widely used as broadly tunable
ultrashort pulse sources, but their limited parametric single-
pass gain at a broad bandwidth often necessitates post-
amplification stages. Our recently developed multipass am-
plification allows us to break this gain-bandwidth limit. The
novel, to the best of our knowledge, zigzag implementation
presented in this Letter enables five dispersion-engineered
passes through a single nonlinear crystal using only two
nearby plane mirrors. This compact geometry combines
high gain with high bandwidth and is integrated in a fiber-
feedback cavity. The resulting zigzag fiber-feedback multi-
pass OPO (FFMOPO) delivers up to 1.2 W of shot-noise-
limited 100 fs pulses that are continuously tunable from
1360 nm to 1800 nm at a 76 MHz repetition rate and up
to 40% system conversion efficiency. With only a few cu-
bic centimeters in size, the ultracompact zigzag geometry
can be seamlessly integrated into existing single-pass OPO
designs, eliminating the need for post-amplification and re-
ducing the size and cost of tunable pulse sources for ultrafast
spectroscopy and bioimaging. Published by Optica Publishing
Group under the terms of the Creative Commons Attribution 4.0 Li-
cense. 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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The advent of ultrafast lasers has given rise to an ever-increasing
number of practical applications. Their short pulse duration and
large bandwidth enable ultrafast metrology [1,2]. Due to their
high peak energy, a wide range of applications from biomedical
imaging [3–6] and ablation [7] to THz generation [8] are pos-
sible. Many of these applications greatly benefit from specific
central wavelengths. As the high gain at the required bandwidth
for short pulses can only be provided by a few gain media, such
as Ytterbium [9], Erbium [10], and Thulium [11], multiple laser
sources are necessary to cover the entire near-infrared region.
Even then, some wavelengths are unreachable. In contrast, a sin-
gle free-space optical parametric oscillator (OPO) [12] enables
gap-free coverage of the entire near- and mid-infrared spectral
region. OPOs require synchronous pumping and thus large free-
space cavities equal in length to that of the pump laser. Synchro-
nization requires precise control of the cavity lengths, increasing

the footprint, complexity, and cost while decreasing reliability.
In fiber-feedback OPOs (FFOPOs) [13], the bulk of the cav-
ity length is provided by the fiber. This fiber-feedback keeps
the cavity compact at low repetition rates, enables shot-noise-
limited performance without active cavity length stabilization,
enhances drift stability [14], and acts as a mode cleaner, en-
suring a Gaussian-shaped beam after each cavity round trip.
However, it comes at the expense of increasing the intra-cavity
losses, limiting the efficiency and output power of the FFOPO.
One approach to mitigate this is to use an active feedback fiber
[15], but this decreases the feedback bandwidth and severely
limits tunability. Another approach is using a high outcoupling
degree to limit the intra-cavity power, thus diminishing the influ-
ence of the losses, while still allowing for a high output power,
but only for a sufficiently high single-pass gain. The single-pass
optical parametric amplifier (OPA) inside a common FFOPO
cavity achieves comparatively little gain at the high bandwidth
required for short pulses, often necessitating cascaded post-
amplification stages, increasing the size and cost of the FFOPO.
Thus, a high-gain amplifier is required to construct a compact
FFOPO. The reasons for this limited gain are both the tempo-
ral walk-off of pump and signal, as well as back-conversion of
signal and idler to pump, limiting the efficiency of single-pass
OPAs [16]. Idler elimination is a possible improvement for spe-
cial wavelengths and materials [17,18]. Likewise, chirped pulse
amplifiers [19] with a noncollinear pump [20–23] can increase
the efficiency but necessitate stretching and compression stages.
We recently introduced a compact multipass [24,25] paramet-
ric amplifier (MPA) that uses dispersion-engineered coatings to
drop the idler and compensate the walk-off, allowing for high
gain and bandwidth in a collinear geometry with a single crystal
that is passed multiple times [26]. The compact palm-size am-
plifier was successfully demonstrated as the gain medium for a
FFOPO, forming a fiber-feedback multipass OPO (FFMOPO)
[27]. In this Letter, we present a novel zigzag FFMOPO with a
significantly smaller amplifier footprint, easier alignment, lower
cost, and tunable bandwidth. In contrast to the FFMOPO [27],
the zigzag OPO forgoes the mode-mixing cavity in favor of
a bare minimum component count without compromising per-
formance. The device achieves 1.2 W, 100 fs shot-noise-limited
pulses with a Gaussian beam profile, up to 40% system con-
version efficiency, and tunability from 1360 nm to 1800 nm.
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Fig. 1. (a) Schematic setup of the experiment. The pump laser
drives a fiber-feedback (FF) OPO containing a zigzag multi-
pass OPA. The optical elements are DM, dichroic mirror; DEM,
dispersion-engineered mirror; QWP, quarter wave plate; PBS, po-
larizing beam splitter; and PPLN, periodically poled lithium nio-
bate. (b) A photograph of the zigzag amplifier and (c) its detailed
beam path. Note that each pass sees a different poling period. This
can be changed to a constant period by rotation of the crystal. (d)
The DEM is dropping the idler and resetting the temporal walk-off
after each pass.

Compared to a recently demonstrated multipass slab amplifier
[28], our zigzag MPA does not need external compression stages
or custom-ground crystals, as it uses dispersion-engineered
coatings and commercial periodically poled crystals. This en-
sures a compact size, broad tunability, and operability at nJ pulse
energies. Hence, the zigzag MPA is suitable as a major drop-in
enhancement for common single-pass FFOPOs. Moreover, the
device can easily accept high power levels due to the large focal
spot size, ensuring power scalability.

The zigzag MPA is depicted schematically in Fig. 1(c). As in
single-pass OPAs, the light is focused into the gain medium, but
instead of leaving after a single pass, two plane mirrors reflect
the light back and forth along a zigzag [29] path. As detailed in
Supplement 1, five gain passes are chosen to balance increased
conversion, linear losses, and ease of alignment. After each pass,
the idler is dropped, and the dispersion is reset using our novel
dispersion-engineered coatings, as illustrated in Fig. 1(d). In
contrast to conventional chirped mirrors, the group delay of the
mirrors, and not only their group delay dispersion, is engineered
to synchronize pump and signal after passing through the crys-
tal. Thus, the broad bandwidth of the 1-mm-long periodically
poled lithium niobate (PPLN) crystal (HC Photonics Corp.) used
in the experiment can be conserved, while the gain of a much
longer crystal is achieved. Temperature control of the crystal
is not required as quasi-phase matching has a low sensitivity
towards temperature and the amplification bandwidth spans sev-
eral tens of nanometers. The zigzag MPA prototype is barely
larger than the single-pass crystal, as evidenced by the photo-
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Fig. 2. (a) Output spectra and signal power of the device with
a constant poling period for each crystal pass and 2.7 W of pump
power, achieving a tuning range well over 400 nm. (b) Measured au-
tocorrelations with FWHM and Gaussian pulse duration (in brack-
ets). The Fourier limit autocorrelations are plotted in black; the gray
curves depict a Gaussian pulse.

graph in Fig. 1(b), and can be made comparable in size to just
the bare crystal. Because only two plane mirrors with the same
dielectric coating are used to construct the zigzag MPA, design
iterations of it are more cost-effective than for the FFMOPO de-
sign in [27], which requires two different coatings. Furthermore,
the geometry is easy to align and has a large effective aperture
due to the beam being focused at the edges of the folding mir-
rors. The zigzag MPA also has a beam path equivalent to that
of a single-pass OPA with just an additional offset of around
one millimeter. This makes the zigzag MPA an ideal drop-in
enhancement to greatly increase the performance of FFOPOs.
Figure 1(a) depicts a proven FFOPO design [30], but with the
zigzag MPA as a novel gain medium. It is pumped by a commer-
cial low-noise Yb-based pump laser (FLINT, Light Conversion
Ltd.), providing sub-145 fs pump pulses at a repetition rate of
76 MHz and a central wavelength of 1030 nm. A pump 1/e2 ra-
dius of around 45 µm is utilized, allowing for a pump power of
up to 3.6 W without damaging the crystal. This is equivalent
to a depth of field of around 10 mm, hence long enough that
divergence during the repeated crystal crossings is not an issue.

Figure 2(a) displays the broad tuning range spanning well
over 400 nm from 1340 nm to over 1800 nm. The spectra are
measured for a constant poling period at each crystal pass and
for a constant pump power of 2.7 W, enabling constantly high
signal powers of around 500 mW over most of the tuning range.
The representative autocorrelations, depicted in Fig. 2(b), agree
well with the gray Gaussian functions of the same width and are
close to the Fourier limit plotted in black. A consistent pulse du-
ration of around 100 fs is achieved throughout the entire tuning
range. For the higher wavelength range, green-induced infrared
absorption [31] limits the maximum pump power to 2.7 W, but
for lower wavelengths the pump power can be increased up to
the maximum available pump power of 3.6 W. Figure 3 depicts
the signal power (a) and Gaussian pulse duration (b) over the
wavelength when pumping close to the damage threshold. The
blue curves demonstrate that for a constant period, the zigzag
FFMOPO provides sub-150 fs pulses over the entire tuning range
with up to 1.2 W of output power, thus eliminating the need

https://doi.org/10.6084/m9.figshare.33010856
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Fig. 3. (a) Signal power versus wavelength for a constant period
(blue dots) and a variable period (brown crosses). The curves have
been measured with a variable pump power up to 3.6 W, just below
the damage threshold. (b) The measured pulse duration is depicted.
The Fourier-limit for both measured curves is indicated with grey
dashed lines. A variable period increases the bandwidth while de-
creasing the output power.

for post-amplification. The Fourier limit, depicted by the gray
dashed line in Fig. 3(b), is close to the pulse duration determined
by the autocorrelation, verifying the assumption of a Gaussian
pulse shape. At 1500 nm, a slight deviation from the Fourier
limit is observed. This may be caused by imperfect group delay
dispersion compensation or by a chirped seed due to soliton dy-
namics at the high signal power levels. In future work, soliton
formation may also be engineered to shape the signal spectra
[32]. The zigzag geometry allows for a unique way to further
reduce the pulse duration. As depicted in Fig. 1(d), the PPLN
crystal can be aligned so that the beam plane, in which the zigzag
passes are spread, is parallel to the plane of the fanout. The crys-
tal can also be rotated a quarter turn around the optical axis so
that the beam plane is perpendicular to the fanout plane. For per-
pendicular orientation, each pass sees the same crystal period,
while for parallel orientation, each pass sees a different period.
Until now, all results discussed were for the perpendicular case
with constant period. Figure 3 compares the perpendicular case
(blue) with the parallel case, i.e., changing periods (brown). As
expected, using multiple periods spreads the gain over a broader
wavelength range, increasing the bandwidth, hence shortening
the pulse duration while sacrificing output power. This can be
observed from 1450 nm to 1650 nm.

As the linear fan in the crystal leads to a nonlinear distribution
of phasematched wavelengths over the crystal axis position, the
same zigzag pattern covers a larger wavelength region for higher
wavelengths. At lower wavelengths, the poling period variation
is not significant, leading to a constant bandwidth for all crys-
tal orientations. At the highest wavelengths, the bandwidth of
both crystal orientations is enough to cover the bandwidth that
the seed provides, and the additional bandwidth just leads to
losses. In future work, this effect can be interesting for ultra-
broadband amplifiers and FFMOPOs with continuously tunable
pulse duration.
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Fig. 4. The power slopes (solid lines) and system conversion
efficiencies (dashed lines) are shown for two wavelengths and con-
stant poling periods. The Gaussian beam profiles measured at 3.6 W
pump power are also depicted for two different wavelengths.

For a constant period, the power slopes and efficiencies are de-
picted in Fig. 4. As an efficiency metric, the system conversion
efficiency:

𝜂sys =
𝑃s,out
𝑃p,in

𝜆s
𝜆p

, (1)

is used, with the input pump power 𝑃p,in, the output signal power
𝑃s,out, and their corresponding wavelengths 𝜆p and 𝜆s. This nor-
malizes the energy lost to the idler and makes the efficiencies at
different wavelengths comparable, while taking into account the
practical system reflection and transmission losses. With this, it
can be seen that a high system conversion efficiency up to 40%
can be achieved over a broad tuning range. This is comparable
to the efficiency of the bulkier MPA [26] when implemented
as an FFMOPO [27]. Common femtosecond OPAs accomplish
system conversion efficiencies of around 10–30% [33] and ef-
ficient non-degenerate femtosecond FFOPOs up to 30% [34].
Thus, the zigzag FFMOPO enhances the efficiency compared
to common ultrashort pulse FFOPOs while conserving a proper
Gaussian beam profile over the entire tuning range, as evidenced
by the two insets in Fig. 4 and the measured beam quality fac-
tor M2 ≤ 1.32 detailed in Supplement 1. It is notable that this
is achieved here without wave-guiding and mode-mixing by a
cavity [35,36], but only by eliminating the idler and thus prevent-
ing backconversion [16]. In contrast to previous systems relying
on top-hat profiles [28], we demonstrate this effect for Gaussian
beams.

Figure 5 demonstrates that the zigzag FFMOPO conserves
the excellent low-noise performance of single-pass FFOPOs
without any active cavity length control. This is an important
advantage of the zigzag FFMOPO over cw-seeded paramet-
ric generators [37,38], which share the low complexity and
small footprint, but have worse noise characteristics. To measure
the relative intensity noise (RIN) of the FFMOPO, the signal
is frequency doubled to 715 nm and detected using a fast Si-
photodiode (FDS100, Thorlabs) and a lock-in amplifier (MFLI,
Zurich Instruments). The frequency doubling is realized below
saturation; thus, it should only add noise to the RIN. At a pho-
tocurrent of 19.4 mA, the signal reaches the shot noise limit
of 167.8 dBc/Hz for frequencies over 500 kHz. The long-term
power stability measured over one hour at the same wavelength
only fluctuates by 0.18% rms.

https://doi.org/10.6084/m9.figshare.33010856
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Fig. 5. (a) The relative intensity noise (RIN) of the frequency-
doubled signal at 715 nm is plotted. The shot noise of 167.8 dBc/Hz
at a photocurrent of 19.4 mA is reached for frequencies over
500 kHz. (b) Power stability over 60 min at the maximum pump
power of 3.6 W, measured at 1430 nm.

In conclusion, we demonstrate a zig-zag multipass fiber-
feedback OPO with a record-small volume, extremely few parts,
and a 1.2 W, 100 fs shot-noise-limited performance, tunable
from 1360 nm to 1800 nm. The zigzag FFMOPO is a com-
pact drop-in enhancement for single-pass FFOPOs to achieve
output characteristics commonly only obtained with bulky and
expensive post-amplification stages. The easy-to-align zigzag
amplifier is similar in size and cost to just a single-pass crystal,
as it requires only two plane mirrors to achieve 5 dispersion-
engineered crystal passes. It conserves the excellent beam qual-
ity and low noise characteristics of its single-pass counterpart.
Furthermore, we can demonstrate a new degree of design free-
dom as the spatially spread-out crystal passes can be constrained
in the same poling period or distributed over different gain
regions. This enables a tunable output bandwidth of the de-
vice by a simple rotation of the crystal. This gain broadening
mechanism may be exploited for the direct amplification of few-
cycle pulses in future research. Fiber-based self-compression
[30,39] would be a straightforward way to generate ultrashort
pulses from the zigzag FFMOPO. Together with intra-pulse
difference frequency generation, the compressed zigzag signal
could form a low-cost mid-infrared source for cancer detec-
tion [40] or plasma analysis [41]. As increasing the focal spot
size increases the Rayleigh length, allowing for more passes
or longer nonlinear media, the system power scales well, and
high-power applications could be an interesting avenue of fu-
ture research. Power scaling would enable a tunable, efficient
source to leverage wavelength-dependent ablation properties for
manufacturing [42] and medicine [7]. Further miniaturization is
another natural extension of this work.
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