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The amplification of extremely shortlaser pulses (under 100 fs) presents afundamental
challenge due to the trade-off between amplification bandwidth, efficiency and gain’.
Conventional methods rely on complex optical set-ups with preprocessing and
postprocessing steps®. Optical parametric amplification® offers a high optical gain

that scales with the length of the nonlinear medium at the expense of bandwidth,
limiting its effectiveness for extremely short and intrinsically broadband ultrashort
pulses, whose amplification requires a broad gain-bandwidth, high single-pass gain
and simultaneously strong nonlinear interaction. Here we introduce a new multipass*
optical parametric amplification system that leverages dispersion-engineered dielectric
mirrors to repeatedly focus the laser into anonlinear gain crystal. The coatings
simultaneously compensate for the group delay® after each multipass step and
suppress the idler wave and, therefore, backconversion. This approach achieves
x1,500 higher gain compared with single-pass amplification, a photon conversion
efficiency of up to 81% (52% system conversion efficiency) and near Fourier-limited
time-bandwidth products of the amplified pulses, while fully preserving the spatial
beam quality. Our concept breaks the gain versus bandwidth barrier and achieves

12 THz at 41 dB gain. As our concept does not require specific gain materials, it is
versatile and broadly applicable to ultrafast® laser systems in quantum technologies””,

attosecond physics

10-12

,material processing and ultrabroadband low-cost bio-imaging

systems™", Our concept offers device sizes in the single-digit cubic centimetre range.

Optical parametric amplification is an entropy-free process based on
nonlinear three-wave mixing in a dielectric and allows for a theoreti-
cal energy conversion efficiency of 100%. In its most common form,
an optical parametric amplifier (OPA) increases the power of a weak
optical signalupondepletion of a high-power pump while generating
athird idler wave with complete conservation of energy . Optical
parametric amplification enables high-power and high-energy tunable
ultrafast laser sources'2* and finds application in bio-imaging™>™,
quantum optics”® and attosecond physics® 2,

Although optical parametric amplification theoretically allows for the
conversion of all pump photonsinto signal and idler photons, the typical
photon conversion efficiency of OPA laser systems range between10%
and 30% (refs. 3,5). Higher efficiency can be achieved, but this comes at
the expense of degrading the spectro-temporal or spatio-temporal**
pulse properties, due to a set of efficiency-limiting factors.

First, as optical parametric amplification is a nonlinear process, it
requires substantial peak intensities, often close to the crystal damage
threshold, to reachasufficient nonlinear interaction strength. Second,
the direction of the energy transfer between pump, signal and idler
is phase-dependent, which gives rise to undesired backconversion
through various mechanisms, with the most severe being the spatially
varying conversion rate over the (typically Gaussian) beam profile* %,
Third, spatial and temporal walk-off in the nonlinear dielectric due
to birefringence and group-velocity dispersion limit the interaction

length and volume in which frequency conversion occurs at maximum
efficiency’.

The combination of these limiting factors renders the choice of the
appropriate nonlinear interaction conditions, such as focal volume and
length of the gain medium, challenging and requires an expensive com-
promise between efficiency, pump power limit and spatio-temporal
beam shape.

Several approaches are described in the literature for increasing
photon conversion efficiencies by engineering the gain medium to
either suppress backconversion or address theissue of group-velocity
dispersion or spatial walk-off.

Waveguides that use quasi-phase-matching confine the spatial
modes of both the pump and signal waves, enabling superior interac-
tion length and interaction strength compared with free-space con-
version. Therefore, waveguide-based approaches reach high photon
conversion efficiencies, but at the cost of lower damage thresholds,
high coupling losses at the interfaces, excess temporal dispersionand
limited tunability®*°. Aperiodically poled or dispersion-engineered
waveguides can also reach a very high bandwidth, but their imple-
mentation requires specific material dispersion conditions, is limited
in spatial mode size, and exhibits strongly limited pulse energy, peak
power and average power>.,

Several free-space approaches suppress backconversion by removing
theidler during the optical parametric amplificationinside specifically
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tailored nonlinear media®***, The resulting phase- and time-symmetric
phase transition®* can be implemented either by absorbing the idler®
or using the idler for simultaneous second harmonic generation®.
These methods, however, suffer from incomplete idler suppression
and rely on simultaneous coupled processes in the nonlinear crystal.
Achievingeither selective absorption or simultaneous phase-matching
limits the applicability to alimited set of wavelengths for the available
nonlinear crystal.

The standard approach uses cascaded multistage amplification®®
to address backconversion and walk-off, as the idler can be dumped
with afilter or polarization techniques, whereas the signal and pump
are appropriately mode-matched and spatially and temporally overlap
after each amplification stage®**. Although cascading improves effi-
ciency, itrequires several identical optical components and resultsin
large and complex optical set-ups. This problemis mitigated by moving
tomultipass geometries, which have been demonstrated toimprove the
efficiency of OPA systems**’, but only in the nanosecond range and for
systems based on chirped-pulse amplification®®* with anon-collinear*’
pump. Arecent Herriott-type multipass cell (MPC) realized free-space
quasi-phase-matching for second harmonic generation*, so thatit can
be used forthe cell part of the optical parametric amplification process.
MPCs based on self-phase modulation have enabled highly efficient
pulse compression while preserving or improving the spatial beam
quality owing to waveguiding and mode-mixing under resonator-like
conditions***,

Here we introduce a new multipass optical parametric amplifier
(MPA) that simultaneously addresses temporal walk-off and back-
conversion with the aid of dispersion-engineered mirrors in a simple
and compact geometry. The method is not limited to the geometry or
materials and does not require special phase-matching conditions.
We demonstrate a pump photon conversion efficiency of up to 81%,
aswellasan ultrabroadband small-signal gain of up to 41 dB and satu-
rated operation over a dynamic range of 30 dB in input power, while
preserving the excellent spatialbeam quality and improving the time-
bandwidth product of the seed pulse. We prove that our MPA outper-
forms single-pass configurations with anidentical nonlinear medium
and a medium with comparable cumulative length. Moreover, we
achieve almost threefold temporal pulse compressionin the low-seed
regime and demonstrate efficient direct amplification of sub-40-fs
pulses. Our demonstrator has a size of only 11 x 5 x 5 cm® and consists
of only five parts, each of whichis static. Our concept can be extended
to the single-digit cubic centimetre range.

Multipass parametric amplifiers

Our MPAisillustratedin Fig.1.Itis based on the repeated propagation
of ultrashort laser pulses through a short nonlinear medium inside a
g-preserving multipass geometry. The MPA geometry used is depicted
inFig.1laand guides a fully collinear pump and signal beam through a
shortnonlinear mediumusing aspherical mirror, two prismreflectors
and one flatend mirror. The unfolded representation of the geometry
inFig. 1billustrates a single pass that corresponds to half a round trip
in the geometry used. During each pass, the pump and signal propa-
gate through the nonlinear medium for OPA and accumulate a group
delay, leading to temporal walk-off. The group delay is compensated
for after each passtoincrease the effective interactionlengthbetween
the pump and signal (Fig. 1c). Additionally, aspectral filter removes the
generatedidler to suppress backconversion for any subsequent passes
through the nonlinear gain medium. Weimplementboth group-delay
compensation and spectralfiltering in dispersion-engineered optical
coatings on each reflective surface of the MPC. The surfaces exhibit
high reflectance for the pump and signal pulses of over 99% and high
transmittance of over 97% for theidler. The residual group delay after a
fullround tripis estimated tobe4 fs. Short nonlinear mediawith large
amplification bandwidths can be used in the MPA to generate large

Seed:
1.69 um
5 uW to 50 mw

Pump:
1.03 um
0-3W

Nonlinear ~ Group delay  Spectral
crystal compensator idler filter
! R
A \ N A N i N
- ... ... -
Pulse ~ L N L N |
First pass /-/'// ith T~ Last pass
° Spectral -
Nonlinear Group delay idE;er(;ilrtZr
| crystal :I—!; :
+ Pump ' ' Group delay > '
i : Depleted : compensator :
: : pump : '
> : Amplified
3 ' + signal '
: 8 a
— A g
Signal Position

o Mgy Py oY 1M o™
9101 2 3 4156 7 89201 2 3 4256 7 8

i g g

R bbb iy

Parametric gain (dB)

15 16 17 18 19
Wavelength (um)

Fig.1|Multipass parametricamplifier.a, The MPA geometry guides the
pump and signal pulses through a nonlinear medium six times. b, Unfolded
representation of the MPA geometry that repeatedly directs the pump and
signal pulses through ashort nonlinear medium. ¢, Zoom-in for one pass
through the nonlinear medium to illustrate the MPA unit cell. Pump and signal
pulses entering the nonlinear medium overlap temporally and accumulatea
group delay, whichis compensated for by agroup-delay compensator. A spectral
idler filter dumps the generated idler.d, Comparison of the simulated parametric
gain for1-mm-long (cyan) and 6-mm-long (red) single-pass scenarios, considering
temporal walk-off-induced gain reduction and a peak power of 2GW cm™. The
six times 1-mm MPA scenario (blue) exhibits superior gain-bandwidth, especially
forultrashortpulses. e, Photograph of the experimental optical multipass
set-up. C,combiner; CM, curved mirror; cw, continuous wave; FM, folding
mirror; M, mirror; NL, nonlinear medium.

broadband pulses with large gains and high photon conversion efficien-
cies. Figure 1d shows the simulated parametric gain for 1-mm-long and
6-mm-long single-pass crystals. The longer crystal trades amplification
bandwidth for a higher peak gain. The MPA can eliminate the need for
this trade-off asit conserves the broad bandwidth of the shorter crystal
while improving the overall gain by orders of magnitude. For pulses
below approximately 300 fs the temporal walk-off compensation of
the MPA even allows for asubstantially higher peak gain compared with
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Fig.2|Performance of the MPA compared with1-mmand 5-mm SPAsin the
saturated regime with40 mW of seed power. a, Signal slope at1.69-pm signal
wavelength, indicating that the MPA yields atwo to three times higher signal
output than the SPAs. b, Residual pump power of the MPA with and without
aseed. c,Beam profiles and M2 beam quality for adetuned 1.61-um ssignal
wavelength versus pump power. The colour-codingindand eisthesameas

longer crystals, such thatin this scenario, a27 dB higher peak gainand,
simultaneously, approximately x5 higher bandwidth are expected.

In the experimental set-up depicted in Fig. 1a, the driving pump
pulses are provided by an Yb-based mode-locked oscillator with a
repetition rate of 76 MHz, a central wavelength of 1.03 pum and a pulse
duration of 145 fs. The seed pulses are supplied by a fibre-feedback
optical parametric oscillator*, operated at 1.69 pm with up to 50 mw
ofaverage power and 165-fs pulse duration. The pump and signal seed
pulses are temporally and spatially overlapped and amplified in either
the MPA or asingle-pass OPA (SPA) reference set-up. The MPA consists
of a spherical mirror with a focal length of 50 mm and a1-mm-long
periodically poled lithium niobate (PPLN) crystal acting as anonlinear
medium for typel quasi-phase-matching**¢. The MPC operates close
to a 4f configuration but under stable resonator conditions near the
stability edge. This allows for an ultra-compact set-up, asillustrated in
Fig.1le. Werestrict the number of passes through the PPLN to six to limit
thereflection and transmission losses. The SPAs host al-mm-longor a
5-mm-long PPLN crystal, and they reproduce the MPA focal conditions
with a1/e? waist radius of 48 pminside the PPLN crystal.

Saturated regime

The comparison of performance between the MPA and both SPAs at
high seed powersin Fig. 2a validates that at high pump and seed pow-
ers, the MPA surpasses the signal output of the 1-mm and 5-mm SPAs
by afactor of 2 to 3 while maintaining a low 0.1% root-mean-square
power noise over 24 h at full output power setting and a linear slope
dependency between the signal and pump, evenat low pump powers.
Thereason for theimproved performance of the MPAis the high deple-
tion of the amplifying pump photonsintosignal andidler photons, as
depicted in Fig. 2b. Overall, 81% of the transmitted photons available
for frequency conversion undergo optical parametric amplification
whereas the photon conversion efficiencies of the SPAs (Fig. 2d) are
morethanafactor of2lower (Supplementary Information). Evenifthe
transmission losses of the MPA are considered, with the measured 52%
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thatina.d, Photon conversion efficiency versus pump power. e, Spectra at
3-W pump power, depicting broadening for the MPA and 1-mm SPA. The MPA
yields higher power and broad spectra while suppressing backconversion
and maintains excellent spatial and temporal beam quality. Scale bar,1 mm.
a.u., arbitrary units; rms, root mean square.

system conversion efficiency, the MPA outperforms regular SPAs sub-
stantially. The pump-to-signal conversion efficiency including all losses
is32% at1,700-nm signal wavelength, which outperforms the SPAs by
afactor of 2 (5 mm) or 3 (1 mm). Moreover, we demonstrate that the
spatial beam properties are well preserved during amplification, and
even at maximum pump depletion, an excellent signal beam quality
of M7 =1.13 and M} =1.20 is achieved (Fig. 2a, Supplementary Infor-
mation). The output spectra depicted in Fig. 2e reveal that the MPA
exhibits similar broadening properties as the 1-mm SPA, demonstrat-
ing that the MPA can use the large amplification bandwidth of the short
PPLN without distorting the spectrum due to the much larger signal
power output.

Small-signal regime

The difference in performance between the MPA and both SPAs
becomes even more notable with decreasing seed power, asillustrated
inFig. 3. In the small-signal regime depicted in Fig. 3a, the MPA spec-
trally broadens the input spectrum to up to 70 nm, corresponding to
a 60-fs Gaussian pulse duration. We verify this by an autocorrelation
measurement at 5-uW seed and 3-W pump power, which confirms the
60-fs pulse duration. Thus, there are Fourier-limited pulses due to
repeated temporal gain-gating, resulting in pulse-shortening. The
1-mm and 5-mm SPAs exhibit only minor broadening up to 42 nm and
36 nmat seed powers of 10 mWand 0.5 mW, respectively, required for
gainsaturation. Withincreasing seed power, the Gaussian pulse dura-
tions of the MPA and the I-mm SPA increase equally whereas the pulse
duration of the 5-mm SPA remains approximately constant. Figure 3c
depicts the gain dependence of the three systems on the signal seed
power. At the point of gain saturation, the MPA exhibits again of 41 dB,
which is approximately 106 and 1,560 times higher than that for the
1-mmand 5-mm SPAs, which saturate only at much higher seed powers.
Unseeded optical parametric generation was not observed under these
conditions. The gain saturation of the MPA isreached for aseed power
of 45 uW, versus 820 pW for the 5-mm SPA and 7.8 mW for the 1-mm SPA.
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Fig.3|Gainsaturation ofthe MPA and the I-mm and 5-mm SPAs. a, Spectra
andautocorrelations of the MPA and the SPAs in the small-signal regime grouped
incolouredtiles. The MPA spectrally broadens the seed from29 nmto 70 nm,
exceeding the gain broadening of 36 nm and 42 nm for the I-mm and 5-mm
SPAs, respectively. Inthe autocorrelation function plots, the autocorrelation
valueis given above the Gaussian pulse duration, whichis brackets. b, Gaussian
pulse duration versus seed power. The durationincreases withseed power for

At asignal seed power of milliwatts, the gain and spectral bandwidth
are minimal for all three systems, although the MPA still exhibits the
highest gain and the broadest spectrum with abandwidth of 42 nm.
Figure 3d emphasizes that the MPA not only yields larger gains than
both SPAs, but it also temporally compresses the pulses, effectively
representinga‘temporal gain compressor’. This isenabled by the large
gain-bandwidthin combination with precise group-delay compensa-
tion. Simulations show that compression mainly takes place in the
unsaturated passes (Supplementary Information). Overall, an advan-
tage of several orders of magnitude is obtained with respect to the
gain-bandwidth product, which renders the MPA extremely powerful
and enables amplification scenarios that are inaccessible for SPA.

Broadband regime

Tofurther investigate the limits of the broadband amplification capa-
bilities, we spectrally broadened and temporally compressed the seed
spectrum to 98-nm bandwidth and 45-fs pulse duration with a highly
nonlinear fibre (Thorlabs HNLF 1550 P) before amplificationinthe MPA.

Figure 4 proves that the MPA can still amplify this entire bandwidth
and that it preserves or even reduces the ultrashort pulse duration.
Third-order dispersion induces a moderate pedestal in the autocor-
relation. Note that this result was obtained directly after the amplifier
withno dispersion compensation and with another inline spectralfilter
to remove the pump (Thorlabs FELH1200).

Discussion

Conventional OPAs either provide abroad amplification bandwidth by
using ashort nonlinear medium or a high gain for long pulses by using
along nonlinear medium. A high conversion efficiency is achieved
only for very special conditions, for example, by matched opposite
pump-signal and pump-idler temporal walk-off®. We demonstrate
that MPA surpasses SPA in all metrics based on a general approach

Seed power (mW)

Wavelength (um)

Time delay (ps)

the MPA and for the 1-mm SPA. The 5-mm SPA does not show this behaviour.

¢, Gainsaturation for the MPA at 5-uW seed power and a simultaneous gain of
41dB. The MPA outperforms the SPAs by factors of approximately 106 and
approximately 1,560, which saturate at higher seed powers. The numbered labels
correspond to the spectrum and autocorrelation pairsinaandd.d, Spectraand
autocorrelation of MPA and SPAs in the saturated regime. ACF, autocorrelation
function.

thatis not limited to special conditions. Instead, it is the combination
of engineering parameters such as an accurate group-delay compen-
sation, idler suppression and step-by-step amplification over several
crystal passes under suitable caustic conditionsin the MPC that enables
the combination of high gain-bandwidth, conversion efficiency and
excellent beam quality.

Our approach differs conceptually from multistage OPA, in which
the temporal signal and pump overlap is reset after each crystal pass
with a separate delay and the beam diameter varies between differ-
ent stages. Although any MPC can be unfolded and set up as a multi-
stage system, the complexity, component count, part cost, set-up and
maintenance times, and effort approximately scale with the number of
stages (passes). Therefore, multistage systems are optimized to host
as few stages as possible. Our method, by contrast, allows the number
of passes to beincreased at near zero cost and complexity, while even
improving the pulse properties.

Furthermore, in terms of complexity, our MPA is the equivalent of
asingle stage in the multistage chain, and it will enable a substantial
reductioninthe stage count of very complex multistage OPA systems.

For thisreason we focus onthe comparison of our MPA with various
SPAs in Fig. 5. This demonstrates the combination of high bandwidth
and gainunlocked by our new approach. Non-collinear OPAs and opti-
cal parametric chirped-pulse amplifiers* are common sources for
ultrashort pulses but are usually limited to amuch lower repetitionrate
and a much larger set-up*® than the work presented here. Our set-up
could be made much more compact as we circumvent the need for a
pulse stretcher, a pulse compressor and several amplification stages
by combining the amplification processes and the dispersion control
inasingle device with an extremely compact footprint.

Compared with other amplification techniques, including laser-
based gain media, this combination of properties is unique, as dis-
played in Fig. 5. Although the mechanisms are complex and different
among the amplification platforms, all techniques reported in the
literature, including OPAs and erbium-, thulium- or ytterbium-doped
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amplifiers, need to trade amplification bandwidth for gain, whereas our
approach canachieve a high gain of over 40 dB with a large amplifica-
tionbandwidth beyond 12 THzin good agreement with the theoretical
expectationshownin Fig.1d. Supplementary Information contains an
overview of the works on broadband amplification depicted in Fig. 5.

The drawback of our concept is that the idler wave is only partially
available, asits generationis spread over various round trips. A second
drawbackis that thereflection and transmission loss accumulate dur-
ing the round trips, resulting in a lower overall yield compared with
theachieved conversion but still providing a substantially higher yield
compared with competing approaches.

Further improvements need to reduce the reflection losses and
number of interfaces. By scaling the spot size in the nonlinear crystal,
optimization for either higher overall power or even higher small-signal
gainis possible. Optimized multipass geometries tailored to specific
applicationsrequiring a high-damage threshold, ultrabroad bandwidth
or extreme small-signal gains are available. Besides downsizing and
efficiency enhancement, high-energy and high-power systems may
become the main focus in MPA technology. Herriott MPCs have dem-
onstrated excellent beam quality conservation in passive operation
for pulse compression of high-power systems****and can be combined
with large-aperture nonlinear crystals to scale the energy of the MPA
approach to the kilowatt level, thus providing a route to ultrashort
high-power tunable lasers for manufacturing, medical, and high-power
spectroscopic and scientific applications.

Conclusion and outlook

We demonstrate a new and compact multipass geometry for optical
parametric amplification that effectively mitigates temporal walk-off,
backconversion and nonlinear interaction limitations. Thisapproach
achieves superior photon conversion efficiency and time-bandwidth
product compared with single-pass configurations with both anidenti-
calnonlinear medium or anonlinear medium with comparable cumu-
lative length. Using a generic gain material and only four mirrors, it
realizes a photon conversion efficiency of up to 81% in the saturated
regime (52% system conversion efficiency), a small-signal gain of up
to41dB, and saturated operation over a30-dB dynamic range of input
power while preserving or evenimproving the time-bandwidth prod-
uct and spatial beam quality. Moreover, it enables almost threefold
temporal pulse compression in the small-signal regime and direct
amplification of sub-40-fs pulses.

The concept is broadly applicable and not limited to the selected
geometry, spectral range or material choice. We believe that the MPA
is highly attractive for scaling the efficiency, power and energy of
cutting-edge OPAs and extremely short (under 25 fs) direct pulse
amplification systems. Furthermore, its ability to reduce input
power requirements while maintaining or improving optical perfor-
mance makes it a promising candidate for solutions in biomedical
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and other cost-sensitive applications. In the future, compact sizes
in the single-digit cubic centimetre range should be obtainable for
such MPAs.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competing interests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-025-09665-w.

1. Keller, U. Recent developments in compact ultrafast lasers. Nature 424, 831-838 (2003).

2. Butkus, R. Progress in chirped pulse optical parametric amplifiers. Appl. Phys. B79,
693-700 (2004).

3. Cerullo, G. & de Silvestri, S. Ultrafast optical parametric amplifiers. Rev. Sci. Instrum. 74,
1-18 (2003).

4.  Jeys, T. H. Multipass optical parametric amplifier. Opt. Lett. 21, 1229-1231(1996).

5. Manzoni, C. & Cerullo, G. Design criteria for ultrafast optical parametric amplifiers. J. Opt.
18,103501(2016).

6.  Steinmeyer, G., Sutter, D. H., Gallmann, L., Matuschek, N. & Keller, U. Frontiers in ultrashort
pulse generation: pushing the limits in linear and nonlinear optics. Science 286, 1507-1512
(1999).

7. Yanagimoto, R. et al. Quantum nondemolition measurements with optical parametric
amplifiers for ultrafast universal quantum information processing. PRX Quantum 4, 010333
(2023).

8. Kalash, M. & Chekhova, M. V. Wigner function tomography via optical parametric
amplification. Optica 10, 1142 (2023).

9. Gunter, G. et al. Sub-cycle switch-on of ultrastrong light-matter interaction. Nature 458,
178-181(2009).

10.  Agostini, P. & DiMauro, L. F. The physics of attosecond light pulses. Rep. Prog. Phys. 67,
813-855 (2004).

1. Krausz, F. & lvanov, M. Attosecond physics. Rev. Mod. Phys. 81,163-234 (2009).

12. Kotur, M. et al. Spectral phase measurement of a Fano resonance using tunable attosecond
pulses. Nat. Commun. 7,10566 (2016).

13.  Wang, T. & Xu, C. Three-photon neuronal imaging in deep mouse brain. Optica 7, 947
(2020).

14. Steinberg, I. et al. Photoacoustic clinical imaging. Photoacoustics 14, 77-98 (2019).

15.  Kroll, N. M. Parametric amplification in spatially extended media and application to the
design of tuneable oscillators at optical frequencies. Phys. Rev. 127, 1207-1211 (1962).

16. Wang, C. C. & Racette, G. W. Measurement of parametric gain accompanying optical
difference frequency generation. Appl. Phys. Lett. 6,169-171 (1965).

17.  Baumgartner, R. & Byer, R. Optical parametric amplification. IEEE J. Quantum Electron. 15,
432-444 (1979).

18.  Armstrong, J. A., Bloembergen, N., Ducuing, J. & Pershan, P. S. Interactions between light
waves in a nonlinear dielectric. Phys. Rev. 127, 1918-1939 (1962).


https://doi.org/10.1038/s41586-025-09665-w

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Steinle, T., Morz, F., Steinmann, A. & Giessen, H. Ultra-stable high average power
femtosecond laser system tunable from 1.33 to 20 um. Opt. Lett. 41, 4863-4866 (2016).
Baudisch, M., Wolter, B., Pullen, M., Hemmer, M. & Biegert, J. High power multi-color
OPCPA source with simultaneous femtosecond deep-UV to mid-IR outputs. Opt. Lett. 41,
3583-3586 (2016).

Peng, Y. et al. High-power and widely tunable mid-infrared optical parametric amplification
based on PPMgLN. Opt. Lett. 41, 49-51(2016).

Nejbauer, M., Kardas, T. M., Pastorczak, M. & Radzewicz, C. Broadly tunable femtosecond
OPA pumped by 1030 nm Yb: KGW laser with a range of non-linear crystals tested.
Infrared Phys. Technol. 135, 104953 (2023).

Thannheimer, J., Alabbadi, A., Steinle, T. & Giessen, H. Ultralow-noise sub-two-cycle
pulses at 1600 nm from a compact fiber-feedback optical parametric oscillator system at
76 MHz. Opt. Lett. 50, 1337-1340 (2025).

Xu, L., Chan, H.-Y., Alam, S., Richardson, D. J. & Shepherd, D. P. High-energy, near- and
mid-IR picosecond pulses generated by a fiber-MOPA-pumped optical parametric
generator and amplifier. Opt. Express 23, 12613-12618 (2015).

Begishey, I. A. et al. Highly efficient parametric amplification of optical beams. I.
Optimization of the profiles of interacting waves in parametric amplification. Sov. J.
Quantum Electron. 20, 1100-1103 (1990).

Lyons, S. C., Oppo, G.-L., Firth, W. J. & Barr, J. Beam-quality studies of nanosecond singly
resonant optical parametric oscillators. IEEE J. Quantum Electron. 36, 541-549 (2000).
Rustad, G., Arisholm, G. & Farsund, @. Effect of idler absorption in pulsed optical parametric
oscillators. Opt. Express 19, 2815-2830 (2011).

Moses, J. & Huang, S.-W. Conformal profile theory for performance scaling of ultrabroadband
optical parametric chirped pulse amplification. J. Opt. Soc. Am. B 28, 812 (2011).

Liu, X., Osgood, R. M., Vlasov, Y. A. & Green, W. M. J. Mid-infrared optical parametric
amplifier using silicon nanophotonic waveguides. Nat. Photon. 4, 557-560 (2010).
Ledezma, L. et al. Intense optical parametric amplification in dispersion-engineered
nanophotonic lithium niobate waveguides. Optica 9, 303 (2022).

Jankowski, M. et al. Quasi-static optical parametric amplification. Optica 9, 273 (2022).
Ma, J. et al. Quasi-parametric amplification of chirped pulses based on a Sm*-doped
yttrium calcium oxyborate crystal. Optica 2, 1006 (2015).

Flemens, N., Swenson, N. & Moses, J. Efficient parametric amplification via simultaneous
second harmonic generation. Opt. Express 29, 30590-30609 (2021).

Flemens, N. & Moses, J. Hermitian nonlinear wave mixing controlled by a PT-symmetric
phase transition. Phys. Rev. Lett. 129, 153901 (2022).

Arisholm, G., Paschotta, R. & Stidmeyer, T. Limits to the power scalability of high-gain
optical parametric amplifiers. J. Opt. Soc. Am. B 21, 578 (2004).

Jansonas, G., Budridnas, R., Valiulis, G. & Varanavicius, A. Polarization-based idler
elimination: enhancing the efficiency of optical parametric amplification. Opt. Express
31,19794-19803 (2023).

Stepanenko, Y. & Radzewicz, C. High-gain multipass noncollinear optical parametric
chirped pulse amplifier. Appl. Phys. Lett. 86, 211120 (2005).

Harth, A. et al. Compact 200 kHz HHG source driven by a few-cycle OPCPA. J. Opt. 20,
14007 (2018).

Chalus, O., Bates, P. K., Smolarski, M. & Biegert, J. Mid-IR short-pulse OPCPA with micro-Joule
energy at 100kHz. Opt. Express 17, 3587-3594 (2009).

Emons, M. et al. Sub-10-fs pulses from a MHz-NOPA with pulse energies of 0.4microJ.
Opt. Express 18, 1191-1196 (2010).

Kovalenko, N., Hariton, V., Fritsch, K. & Pronin, O. Free-space quasi-phase matching.

Opt. Lett. 48, 6220-6223 (2023).

Viotti, A.-L. et al. Multi-pass cells for post-compression of ultrashort laser pulses. Optica
9,197 (2022).

Hanna, M. et al. Nonlinear optics in multipass cells. Laser Photonics Rev. 15, 2100220
(2021).

Stdmeyer, T. et al. Femtosecond fiber-feedback optical parametric oscillator. Opt. Lett.
26, 304-306 (2001).

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Hum, D. S. & Fejer, M. M. Quasi-phasematching. Comptes Rendus Phys. 8, 180-198
(2007).

Bahabad, A., Murnane, M. M. & Kapteyn, H. C. Quasi-phase-matching of momentum and
energy in nonlinear optical processes. Nat. Photon. 4, 570-575 (2010).

Fattahi, H. et al. Pump-seed synchronization for MHz repetition rate, high-power optical
parametric chirped pulse amplification. Opt. Express 20, 9833-9840 (2012).

Krogen, P. et al. Generation and multi-octave shaping of mid-infrared intense single-cycle
pulses. Nat. Photon. 11, 222-226 (2017).

Morz, F., Steinle, T., Steinmann, A. & Giessen, H. Multi-Watt femtosecond optical parametric
master oscillator power amplifier at 43 MHz. Opt. Express 23, 23960-23967 (2015).
Marangoni, M. et al. Near-infrared optical parametric amplifier at 1 MHz directly pumped
by a femtosecond oscillator. Opt. Lett. 32,1489-1491(2007).

Mundry, J., Lohrenz, J. & Betz, M. Tunable femtosecond near-IR source by pumping an
OPA directly with a 90 MHz Yb:fiber source. Appl. Opt. 56, 3104-3108 (2017).

Krauth, J., Steinmann, A., Hegenbarth, R., Conforti, M. & Giessen, H. Broadly tunable
femtosecond near- and mid-IR source by direct pumping of an OPA with a 41.7 MHz
Yb:KGW oscillator. Opt. Express 21, 11516-11522 (2013).

Killi, A. et al. Megahertz optical parametric amplifier pumped by a femtosecond oscillator.
Opt. Lett. 31,125-127 (2006).

Feng, X. et al. Broadband mid-IR light sources from difference frequency generators
based on a 2-mm-long aperiodically-poled lithium-niobate crystal. [EEE Photonics J. 13,
1-5(2021).

Feng, X., Shi, J., Liu, P. & Zhang, Z. Broadband mid-infrared coherent light source from
fiber-laser-pumped difference frequency generators based on cascaded crystals. Opt.
Express. 28, 14310-14318 (2020).

Gaida, C. et al. Ultrafast thulium fiber laser system emitting more than 1 kW of average
power. Opt. Lett. 43, 5853-5856 (2018).

Butler, T. P. et al. Watt-scale 50-MHz source of single-cycle waveform-stable pulses in the
molecular fingerprint region. Opt. Lett. 44,1730-1733 (2019).

Gaida, C. et al. Thulium-doped fiber chirped-pulse amplification system with 2 GW of
peak power. Opt. Lett. 41, 4130-4133 (2016).

Imeshev, G. & Fermann, M. 230-kW peak power femtosecond pulses from a high power
tunable source based on amplification in Tm-doped fiber. Opt. Express 13, 7424-7431
(2005).

Heuermann, T., Gaida, C., Gebhardt, M. & Limpert, J. Thulium-doped nonlinear fiber
amplifier delivering 50 fs pulses at 20 W of average power. Opt. Lett. 43, 4441-4444
(2018).

Nomura, N. & Fuji, T, Generation of watt-class, sub-50 fs pulses through nonlinear spectral
broadening within a thulium-doped fiber amplifier. Opt. Express 25, 13691-13696.
Mukhopadhyay, P. K., Ozgoren, K., Budunoglu, I. L. & Ilday, O. All-fiber low-noise high-power
femtosecond Yb-fiber amplifier system seeded by an all-normal dispersion fiber oscillator.
IEEE J. Select. Topics Quantum Electron. 15, 145-152 (2009).

Yang, P. et al. Highly stable Yb-fiber laser amplifier of delivering 32-pJ, 153-fs pulses at
1-MHz repetition rate. Appl. Phys. B 124,169 (2018).

Hu, C. et al. Broadband high-power mid-IR femtosecond pulse generation from an
ytterbium-doped fiber laser pumped optical parametric amplifier. Opt. Lett. 40,
5774-5777 (2015).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author self-
archiving of the accepted manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2025

Nature | Vol 647 | 6 November 2025 | 79



Article

Data availability

The data supporting the findings of this study are available from the
corresponding author uponrequest.

Code availability

The code used to produce the results are available from the correspond-
ing author upon request.

Acknowledgements We acknowledge support from the Bundesministerium fir Wirtschaft
und Klimaschutz (Zentrales Innovationsprogramm Mittelstand ZIM FOKUS 1200), the
Carl-Zeiss-Stiftung the Deutsche Forschungsgemeinschaft (Grant No. 431314977/GRK2642),
the Center for Integrated Quantum Science and Technology, the Baden-Wirttemberg Stiftung,
Bundesministerium fir Bildung und Forschung (KMU MIRSWEEP) and the Ministerium fiir
Wissenschaft, Forschung und Kunst (Innovationscampus Mobilitat der Zukunft).

Author contributions J.H.N., T.S. and JT. conducted the measurements and calculations. T.S.
and J.H.N. designed the optical coatings. T.S., J.H.N. and J.T. designed the MPC. P.F. fabricated
the optical coatings. T.S. and H.G. conceived the project. All authors contributed to the
preparation of the paper.

Competing interests We declare the following competing interest. H.G. and T.S. have equity in
Sl Stuttgart Instruments GmbH. T.S. and JT. are employed by Sl Stuttgart Instruments GmbH.

A patent based on this technology has been filed. The remaining authors declare no competing
interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-025-09665-w.

Correspondence and requests for materials should be addressed to Tobias Steinle.

Peer review information Nature thanks the anonymous reviewers for their contribution to the
peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1038/s41586-025-09665-w
http://www.nature.com/reprints

	Dispersion-engineered multipass optical parametric amplification

	Multipass parametric amplifiers

	Saturated regime

	Small-signal regime

	Broadband regime

	Discussion

	Conclusion and outlook

	Online content

	Fig. 1 Multipass parametric amplifier.
	Fig. 2 Performance of the MPA compared with 1-mm and 5-mm SPAs in the saturated regime with 40 mW of seed power.
	Fig. 3 Gain saturation of the MPA and the 1-mm and 5-mm SPAs.
	Fig. 4 Broadband amplification with the MPA.
	Fig. 5 Gain versus bandwidth of common amplifiers compared with the MPA.




