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Generating sub-50 fs laser pulses in the near-IR using non-
linear down-conversion is challenging due to the funda-
mental tradeoff between amplification bandwidth and gain.
Conventionally, such ultrashort pulses in the near-IR are
generated by optical parametric oscillators (OPOs)/opti-
cal parametric amplification (OPA) or OPO/OPA combina-
tions, but the aforementioned challenges and the additional
complexity remain, often requiring even several OPA stages.
An elegant solution to circumvent this added complexity of
an additional OPO is a continuous-wave (cw)-seeded OPA.
However, such a setup usually encompasses a complex com-
bination of multiple OPA stages. To avoid these problems, we
here utilize our recently introduced compact multipass OPA
technology to demonstrate a cw-seeded, extremely compact
and simple, low-noise sub-50 fs watt-scale OPA that is tun-
able in the near-IR from 1.5 to 1.7 µm. Published by Optica
Publishing Group under the terms of the Creative Commons Attri-
bution 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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Femtosecond lasers with ultrashort pulse durations are powerful
tools in ultrafast spectroscopy [1], attosecond pulse generation
[2], time-resolved investigations of photochemical processes [3],
multiphoton microscopy [4], and environmental sensing [5]. A
key challenge in ultrafast optics is generating such short pulses
in the near-infrared spectral range, where many molecular vibra-
tional resonances lie. Various laser sources have been explored
for this purpose. Tm-doped fiber lasers provide direct emission
near 1.7 µm, achieving pulse durations in the sub-picosecond
regime [6–8], while the quantum cascade lasers which are tra-
ditionally limited to generating mid-IR pulses in the picosecond
domain [9], have recently been developed to produce femtosec-
ond pulses, extending their capabilities into the ultrafast regime
[10]. However, to access a broader spectral range and achieve
shorter pulse durations, nonlinear down-conversion techniques
are a key approach for ultrashort pulse generation. OPOs have

been optimized to enhance the gain bandwidth while main-
taining high conversion efficiency [11,12], but their stable op-
eration relies on complex resonant cavities. An alternative is
OPA [13–17], which eliminates the need for an optical cav-
ity but relies on precise temporal synchronization between the
pump and seed pulses. A particularly promising approach is cw
injection-seeded OPA [18], which simplifies system architecture
by removing the requirement for precise timing synchroniza-
tion while still providing significantly higher gain than opti-
cal parametric generation (OPG) and avoiding the complexity
of an OPO. However, all nonlinear down-conversion schemes
face a fundamental tradeoff between gain and bandwidth. Short
nonlinear crystals enable a broad amplification bandwidth but
suffer from low gain, whereas longer crystals provide higher
gain at the cost of spectral bandwidth, ultimately limiting the
achievable pulse duration. To overcome this limitation, various
strategies have been explored, including multi-stage OPA con-
figurations [19–22] and nonlinear spectral broadening [23,24],
each aiming to preserve a broad bandwidth while maintaining
high conversion efficiency. Multi-stage OPAs can be employed
for coherent pulse synthesis, where multiple amplification stages
generate spectrally distinct but phase-coherent pulses that are
subsequently combined to produce an ultrabroadband few-cycle
waveform. This approach has been successfully demonstrated
in both the near-IR and mid-IR spectral regions [19–22]. Re-
cently, Nägele et al. [25] demonstrated a multipass OPA (MPA)
concept in which the temporal walk-off is compensated by tai-
lored chirped mirrors and the idler is dumped after each crystal
pass, allowing for a long pump-signal interaction length, hence
increasing the gain, while preserving the broad bandwidth asso-
ciated with a short crystal. In addition, idler dumping after each
mirror bounce suppresses back-conversion inside the nonlinear
crystal, leading to further improvement of the efficiency.

In this work, we leverage a core strength of the versatile mul-
tipass amplifier, namely tens of decibels of small signal gain at a
large bandwidth, into an improved system design specifically tai-
lored for cw injection seeding. This allows us to achieve efficient
cw injection seeding in the 1.5–1.7 µm range while preserving
a broad amplification bandwidth, enabling the direct generation
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Fig. 1. (a) Working principle of the dispersion engineered coat-
ing. After every crystal pass, the idler is dropped and the pump-
signal walk-off is reset to zero. (b) Simulated gain over the wave-
length for a 8 mm-long crystal, a 1 mm-long crystal, and a 8-pass
multipass using a 1 mm-long crystal. For short pulses the gain of the
long crystal reduces significantly (red dashed line) due to walk-off.
The MPA keeps the bandwidth of the shorter crystal while increas-
ing the gain to levels comparable to the longer crystal and even
surpassing it significantly for short pump pulses as the walk-off is
compensated.

of sub-50 fs pulses with output powers of up to 870 mW. By us-
ing two 1 mm-long fan-out periodically poled lithium niobate
(PPLN) crystals within the amplifier, the crystals poling periods
can be continuously detuned relative to each other, thereby in-
creasing the overall bandwidth and reducing the pulse duration.
This configuration also provides tunability of both the result-
ing spectrum and pulse duration. Unlike previous methods, this
technique eliminates the need for compression or delay stages,
providing a more efficient and compact solution for ultrashort
pulse generation in the near-infrared.

The working principle of the dispersion-engineered coatings
relies on resetting the pump-signal walk-off to zero after each
crystal pass while dropping the idler as depicted in Fig. 1.
This approach allows for multiple passes through a short gain
medium, effectively utilizing its broad bandwidth while still
achieving a high gain through repeated crystal passes. Simula-
tions of the wavelength-dependent gain demonstrate the advan-
tages of our 8-pass multipass configuration. While an 8 mm-long
crystal provides high gain and a 1 mm-long crystal offers a broad
gain bandwidth, using eight passes through a 1 mm-long crystal
combines both advantages, achieving high gain while preserving
the broad bandwidth. While temporal walk-off in nonlinear me-
dia is negligible for continuous-wave amplification, it becomes
significant for short pulse durations, such as the 150 fs-long
pump pulse used in this Letter. In this regime, the interaction
length between pump and signal is constrained by temporal
walk-off, effectively limiting the gain, as illustrated in Fig. 1.
Due to the reset of the temporal walk-off by the chirped mirrors,
our MPA surpasses the longer crystal by several orders of mag-
nitude in small signal gain. Further gain enhancement can be
achieved by dropping the idler after each crystal pass, which sup-
presses back-conversion during optical parametric amplification
caused by the accumulated phase offset between pump, signal,
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Fig. 2. Schematic setup of the experiment. The seed is provided
by an External-Cavity-Diode-Laser (ECDL); the optical elements
are PPLN, periodically poled lithium niobate; DEM, dispersion-
engineered mirror. The multipass amplifier is capable of amplifying
a 2 mW cw signal up to the watt scale with a pulse duration down
to 44 fs. This is achieved by multiple crystal passes in combination
with dispersion engineered mirrors. A and B: different PPLN crys-
tals at the focal points of the white cell.

and idler photons. With this working principle established, an
optical geometry must be devised that enables multiple passes
through the same crystal while maintaining focus.

As illustrated in Fig. 2, the so-called White cell geometry
[26] provides a compact solution, where all mirrors have the
same radius of curvature (ROC), which in the present setup is
ROC = 100 mm. In this configuration, two focal points, A and
B, are created, with the spot size determined by an external lens
(f = 175 mm). The pump focus 1/e2 waist radius is assessed to be
51 µm. The direction of light propagation is indicated by arrows,
with the bounce sequence following the order: A-1–B-2–A-3–B-
4. The signal is accumulating with every pass, represented by
the growing intensity of the green color in Fig. 2.

In total, the beam undergoes two bounces on the mirror at fo-
cal point A and two on the mirror at focal point B. By placing
two 1 mm-long PPLN crystals at the focal points, the setup en-
ables eight total crystal passes, with each crystal experiencing
four passes. This geometry requires only three mirrors to achieve
eight crystal passes, with seven bounces occurring within the
cell. After the first crystal pass, the temporal walk-off between
the amplified signal and pump pulses is reset to zero, restoring
temporal overlap before entering the next crystal pass, thereby
ensuring optimal conversion efficiency. The design follows the
dispersion-engineering approach established in Ref. [25], pro-
viding wavelength-dependent GD compensation equivalent to
that required for 1 mm of monolithic lithium niobate in the
1400–1800 nm range. As the GD is precisely compensated, ul-
trashort pulses below 50 fs can be generated without the need
for active delay compensation or a pulse compression stage. Af-
ter undergoing eight crystal passes and seven mirror bounces
inside the White cell, an additional bounce outside the cell is
performed to compensate for the dispersion of the final crys-
tal pass and to achieve collimation. With this design reflection,
losses are kept to a minimum by limiting the total number of
mirrors bounces to eight for eight crystal passes. A transmission
of 80–90% is achieved, depending on the wavelength of the seed
laser. These relatively high transmission losses arise from a to-
tal of 16 crystal-air interfaces, each with a specified reflectivity
of <0.5%, and 8 mirror bounces, where the mirror reflectivity is
specified as R > 99% for the tuning range of the external-cavity
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Fig. 3. Aligning the poling periods of the two-gain media allows
one to generate a Gaussian-shaped output spectrum with the high-
est possible output power and a short pulse duration as illustrated
by the red spectrum and autocorrelation in (a) and (b), respectively.
One may detune the poling periods to trade some output power
for a much broader spectrum. An accompanying decrease in pulse
duration is illustrated by the green curve. The FWHM of the auto-
correlation as well as the pulse duration (in brackets) determined by
the Gaussian fit (dashed line) are given.

diode laser (ECDL). The large variations in transmission are
mainly due to the fluctuations in the commercial anti-reflection
coatings on the crystals which are amplified by the large num-
ber of passes. The system is seeded by an ECDL delivering
1.3 to 2 mW over a wavelength range of 1510 to 1638 nm. Our
MPA is pumped by an oscillator operating at 76 MHz, provid-
ing pulses centered at 1030 nm with a duration of sub-145 fs.
Since this multipass optical parametric amplifier is seeded by a
cw source, no temporal overlap needs to be established for am-
plification, further simplifying the setup. Seeding the amplifier
with 1547 nm and aligning both crystal poling periods for op-
timal gain results in a Gaussian spectrum and autocorrelation,
with an output power of 980 mW and a pulse duration of 64 fs,
as depicted in Fig. 3. The peak visible in the spectra correspond
to the originally narrowband cw seed, which is subsequently
broadened during the amplification process, as with each crys-
tal pass the overall power and generated bandwidth increase.
When the seed laser at 1547 nm is blocked, an OPG output power
of 110 mW is generated. This corresponds to an upper bound
of approximately 12 % for the potential OPG contribution to
the total signal, while the actual contribution is expected to be
significantly smaller, as discussed in Supplement 1. Using two
PPLN crystals inside the amplifier not only increases the overall
gain but also provides the flexibility to detune the poling peri-
ods, thereby achieving a broader spectral bandwidth. This is a
significant advantage, as further extending the gain bandwidth,
allows for even shorter pulse durations. By detuning one crys-
tal away from the gain maximum, the spectrum is broadened
but remains close to the transform-limit. This results in a re-
duction of pulse duration by 10 fs, albeit at the cost of slightly
reduced output power. Increasing the spectral bandwidth by de-
tuning the crystals and effectively shortening the pulse duration
demonstrates that the designed GD compensation mirrors work
properly, successfully correcting for wavelength-dependent GD.

To tune the output wavelength of the amplifier, the ECDL is
set to the desired wavelength, and both crystals are aligned to
the appropriate poling periods to ensure optimal bandwidth and
output power. The resulting spectra, along with the correspond-
ing autocorrelations, are displayed in Fig. 4, where the ECDL is
tuned from 1510 to 1638 nm, and the detuning of the two crystals
is applied to achieve the shortest possible pulse duration while
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Fig. 4. (a) Spectral tunability of 200 nm and watt-scale output
power with broadband spectra spanning up to 98 nm. The narrow
peaks correspond to the cw seeds located at 1510 nm (turquoise),
1547 nm (blue), 1599 nm (green), and 1638 nm (red), respectively.
(b) The corresponding measured autocorrelations (shifted by 500 fs
each) with their FWHM duration and a Gaussian fit (gray dashed
line) with the Gaussian pulse duration in brackets are depicted. The
black dotted curves represent the autocorrelation functions calcu-
lated from the measured spectra assuming a flat spectral phase,
showing excellent agreement with the measured autocorrelations.

conserving most of the average power. The pulse durations are
as short as 44 fs at 1599 nm, while still achieving the high output
powers of 890 mW. The tunability of this setup is currently lim-
ited by the ECDL, where with a more broadband cw seed source,
the tuning range could be extended from 1400 to 1800 nm, as
the mirrors are designed to support this wavelength range. When
attempting to reach shorter wavelengths in the range of 1500 nm
and below, the dispersion properties of lithium niobate restrict
the conversion efficiency. This is because the absolute value of
the group velocity mismatch (GVM) of the idler increases signif-
icantly with decreasing signal wavelength, leading to a limited
interaction length, which effectively reduces both the achievable
bandwidth and gain. This effect results in longer pulse durations
for lower wavelengths during normal OPA [27]. As depicted in
Fig. 4, the multipass concept overcomes this limitation, main-
taining nearly constant pulse durations over the entire tuning
range. However, as the wavelength increases, the GVM of the
idler decreases, enabling higher output powers and explaining
the observed power levels. At 1638 nm, the gain is sufficient to
spectrally resolve the gain maxima of the two crystals, result-
ing in an ultra-broad spectrum with a 98 nm bandwidth and a
pulse duration of 46 fs, still providing 870 mW output power.
Figure 4 also illustrates that the MPA has enough gain to extend
the achievable wavelength range of the system much further than
the upper limit constrained by the ECDL tuning range.

Since the pump laser provides a pulse duration of approx-
imately 145 fs, but output pulse durations below 50 fs were
achieved, this demonstrates that the resulting pulse duration is
ultimately limited by the bandwidth supported by the crystal.
Nevertheless, it is important to note that short pulse durations
and, therefore, high peak powers are essential to effectively drive
the amplification process, especially when using short crystals.
When realizing this setup with lower repetition rates, which

https://doi.org/10.6084/m9.figshare.30621404
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Fig. 5. Power stability of the amplified signal (green) and the
ECDL seed (blue) over 1 h with a 5 min inset, demonstrating the in-
creased stability. The seed is at 1560 nm, and the MPA is tuned for
maximum output power.

allow for higher peak powers and enhanced nonlinearities, the
increased gain should allow further detuning of the poling pe-
riods before the drop in output power becomes significant. This
would enable even shorter pulse durations as the bandwidth
could be increased further. The corresponding OPG spectra for
the cw-seeded measurements displayed in Fig. 4 are provided in
Supplement 1. The ECDL, providing up to 2 mW of seed power,
experiences fluctuations due to instabilities in the external cavity
and polarization, resulting in a low ECDL seed power stability of
1.91% rms. Conserving this noise level in the amplification pro-
cess would already be an improvement over an unseeded OPG.
Nevertheless, the high small signal gain of our MPA allows us
to go one step further and improve the stability noticeably. De-
spite the low seed power, we are already operating the amplifier
in a partially saturated regime, reducing the MPA signal fluctua-
tion to 0.59% rms. This was measured by logging the amplified
signal power every 1.2 s using a thermal power meter red with
a response time of 1.1 s over a duration of 60 minutes and the
result is plotted in Fig. 5. The measurement was repeated for the
unamplified seed using the same power meter.

In conclusion, we have demonstrated a novel, simple, and
extremely compact multipass optical parametric amplifier, in-
corporating two fan-out periodically poled lithium niobate crys-
tals of 1 mm length in combination with dispersion-engineered
mirrors. The innovation of dropping the generated idler with
each mirror bounce and resetting the temporal walk-off between
the amplified signal and residual pump enables high gain and
a broad bandwidth [25]. Using the White cell design, eight
crystal passes were realized with only eight mirror bounces in
total, minimizing reflection losses. Seeding the MPA with a cw
ECDL simplifies the system and provides tunability from 1510
to 1638 nm, where the output powers of up to 890 mW were
achieved with pulse durations as short as 44 fs. Detuning the
crystal poling periods relative to each other slightly decreases
the output power but further reduces the pulse duration. As this
amplifier does not require any temporal compression or delay
stage, it presents a compelling alternative for generating ultra-
fast pulses in the near-IR with excellent power stability. The
demonstrated broad bandwidth of our system may also be used
in the future to amplify sub-40 fs pulses. Therefore, our work

provides a promising pathway towards compact and cost-
effective ultrashort pulse sources and amplifiers for ultrafast
spectroscopy [1], environmental sensing [5], terahertz genera-
tion [28], and nonlinear biological imaging [4].
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