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Dispersion-engineered multipass optical 
parametric amplification

Jan H. Nägele1,3, Tobias Steinle1,2,3 ✉, Johann Thannheimer1, Philipp Flad1 & Harald Giessen1

The amplification of extremely short laser pulses (under 100 fs) presents a fundamental 
challenge due to the trade-off between amplification bandwidth, efficiency and gain1. 
Conventional methods rely on complex optical set-ups with preprocessing and 
postprocessing steps2. Optical parametric amplification3 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 multipass4 
optical parametric amplification system that leverages dispersion-engineered dielectric 
mirrors to repeatedly focus the laser into a nonlinear gain crystal. The coatings 
simultaneously compensate for the group delay5 after each multipass step and 
suppress the idler wave and, therefore, backconversion. This approach achieves 
×1,500 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 ultrafast6 laser systems in quantum technologies7–9, 
attosecond physics10–12, material processing and ultrabroadband low-cost bio-imaging 
systems13,14. 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 signal upon depletion of a high-power pump while generating 
a third idler wave with complete conservation of energy15–18. Optical 
parametric amplification enables high-power and high-energy tunable 
ultrafast laser sources19–23 and finds application in bio-imaging13,14, 
quantum optics7,8 and attosecond physics10–12.

Although optical parametric amplification theoretically allows for the 
conversion of all pump photons into signal and idler photons, the typical 
photon conversion efficiency of OPA laser systems range between 10% 
and 30% (refs. 3,5). Higher efficiency can be achieved, but this comes at 
the expense of degrading the spectro-temporal or spatio-temporal24 
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 reach a sufficient 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 profile25–28. 
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 
efficiency5.

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 the issue 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 dispersion and 
limited tunability29,30. 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 power31.

Several free-space approaches suppress backconversion by removing 
the idler during the optical parametric amplification inside specifically 
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tailored nonlinear media32,33. The resulting phase- and time-symmetric 
phase transition34 can be implemented either by absorbing the idler32 
or using the idler for simultaneous second harmonic generation33. 
These methods, however, suffer from incomplete idler suppression 
and rely on simultaneous coupled processes in the nonlinear crystal. 
Achieving either selective absorption or simultaneous phase-matching 
limits the applicability to a limited set of wavelengths for the available 
nonlinear crystal.

The standard approach uses cascaded multistage amplification2,5 
to address backconversion and walk-off, as the idler can be dumped 
with a filter or polarization techniques, whereas the signal and pump 
are appropriately mode-matched and spatially and temporally overlap 
after each amplification stage3,35,36. Although cascading improves effi-
ciency, it requires several identical optical components and results in 
large and complex optical set-ups. This problem is mitigated by moving 
to multipass geometries, which have been demonstrated to improve the 
efficiency of OPA systems4,37, but only in the nanosecond range and for 
systems based on chirped-pulse amplification38,39 with a non-collinear40 
pump. A recent Herriott-type multipass cell (MPC) realized free-space 
quasi-phase-matching for second harmonic generation41, so that it can 
be used for the 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 
conditions42,43.

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%, 
as well as an 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 spatial beam quality and improving the time– 
bandwidth product of the seed pulse. We prove that our MPA outper-
forms single-pass configurations with an identical nonlinear medium 
and a medium with comparable cumulative length. Moreover, we 
achieve almost threefold temporal pulse compression in the low-seed 
regime and demonstrate efficient direct amplification of sub-40-fs 
pulses. Our demonstrator has a size of only 11 × 5 × 5 cm3 and consists 
of only five parts, each of which is static. Our concept can be extended 
to the single-digit cubic centimetre range.

Multipass parametric amplifiers
Our MPA is illustrated in Fig. 1. It is based on the repeated propagation 
of ultrashort laser pulses through a short nonlinear medium inside a 
q-preserving multipass geometry. The MPA geometry used is depicted 
in Fig. 1a and guides a fully collinear pump and signal beam through a 
short nonlinear medium using a spherical mirror, two prism reflectors 
and one flat end mirror. The unfolded representation of the geometry 
in Fig. 1b illustrates 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 pass to increase the effective interaction length between 
the pump and signal (Fig. 1c). Additionally, a spectral filter removes the 
generated idler to suppress backconversion for any subsequent passes 
through the nonlinear gain medium. We implement both group-delay 
compensation and spectral filtering 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 the idler. The residual group delay after a 
full round trip is estimated to be 4 fs. Short nonlinear media with large 
amplification bandwidths can be used in the MPA to generate large 

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 as it 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 a substantially higher peak gain compared with 
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longer crystals, such that in this scenario, a 27 dB higher peak gain and, 
simultaneously, approximately ×5 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 µm and a pulse 
duration of 145 fs. The seed pulses are supplied by a fibre-feedback 
optical parametric oscillator44, operated at 1.69 µm with up to 50 mW 
of average power and 165-fs pulse duration. The pump and signal seed 
pulses are temporally and spatially overlapped and amplified in either 
the MPA or a single-pass OPA (SPA) reference set-up. The MPA consists 
of a spherical mirror with a focal length of 50 mm and a 1-mm-long 
periodically poled lithium niobate (PPLN) crystal acting as a nonlinear 
medium for type I quasi-phase-matching45,46. 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, as illustrated in 
Fig. 1e. We restrict the number of passes through the PPLN to six to limit 
the reflection and transmission losses. The SPAs host a 1-mm-long or a 
5-mm-long PPLN crystal, and they reproduce the MPA focal conditions 
with a 1/e² waist radius of 48 µm inside the PPLN crystal.

Saturated regime
The comparison of performance between the MPA and both SPAs at 
high seed powers in 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 a factor 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, even at low pump powers. 
The reason for the improved performance of the MPA is the high deple-
tion of the amplifying pump photons into signal and idler 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 
more than a factor of 2 lower (Supplementary Information). Even if the 
transmission losses of the MPA are considered, with the measured 52% 

system conversion efficiency, the MPA outperforms regular SPAs sub-
stantially. The pump-to-signal conversion efficiency including all losses 
is 32% at 1,700-nm signal wavelength, which outperforms the SPAs by 
a factor 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 M = 1.13x

2  and M = 1.20y
2  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, as illustrated 
in Fig. 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-µW 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 nm at seed powers of 10 mW and 0.5 mW, respectively, required for 
gain saturation. With increasing seed power, the Gaussian pulse dura-
tions of the MPA and the 1-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 a gain of 41 dB, 
which is approximately 106 and 1,560 times higher than that for the 
1-mm and 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 is reached for a seed power 
of 45 µW, versus 820 µW for the 5-mm SPA and 7.8 mW for the 1-mm SPA. 
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At a signal 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 a bandwidth 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 
representing a ‘temporal gain compressor’. This is enabled by the large 
gain–bandwidth in 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
To further 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 amplification in the 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 
with no dispersion compensation and with another inline spectral filter 
to remove the pump (Thorlabs FELH1200).

Discussion
Conventional OPAs either provide a broad amplification bandwidth by 
using a short nonlinear medium or a high gain for long pulses by using 
a long 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-off3. We demonstrate 
that MPA surpasses SPA in all metrics based on a general approach 

that is 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 conditions in 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 be increased at near zero cost and complexity, while even 
improving the pulse properties.

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

For this reason we focus on the comparison of our MPA with various 
SPAs in Fig. 5. This demonstrates the combination of high bandwidth 
and gain unlocked by our new approach. Non-collinear OPAs and opti-
cal parametric chirped-pulse amplifiers47 are common sources for 
ultrashort pulses but are usually limited to a much lower repetition rate 
and a much larger set-up48 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 
in a single 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 

10

20

30

40

×106

Multipass 1 × 5 mm 1 × 1 mm Seed

Small-signal regime Saturated regime

101

G
ai

n 
(d

B
)

G
au

ss
ia

n 
p

ul
se

d
ur

at
io

n 
(fs

)

0

11

0

133 fs
(97 fs)

 
 

116 fs
(85 fs)

212 fs
(150 fs)

233 fs
(165 fs)

 

84 fs
(60 fs)

233 fs
(165 fs)

 
 

136 fs
(100 fs)

 
 

205 fs
(145 fs)

 
 

1.7 1.8 –0.4
0

1

0 0.4

–0.4 0 0.4

–0.4 0 0.4

1

0
1.6 1.7 1.8 –0.4 0 0.41.6

1.7 1.8 –0.4 0 0.41.6

1.7 1.8 –0.4 00 0.41.6

1.7 1.81.6

1.7 1.81.6

0

11

0

39 nm 

30 nm 

29 nm 42 nm 

42 nm 

70 nm 

1

1

2

2

3

3

4

4

5

5

6

6

S
p

ec
tr

al
 p

ow
er

 d
en

si
ty

 (a
.u

.)

A
C

F 
(a

.u
.)

S
p

ec
tr

al
 p

ow
er

 d
en

si
ty

 (a
.u

.)

A
C

F 
(a

.u
.)

a b d

c

29 nm 

36 nm

×1,560

Wavelength (μm) Time delay (ps) Wavelength (μm) Time delay (ps)Seed power (mW)

0

11

0

0

11

0

0

11

0

150

100

50

10–2 10–1 100

10110–2 10–1 100

Fig. 3 | Gain saturation of the MPA and the 1-mm and 5-mm SPAs. a, Spectra 
and autocorrelations of the MPA and the SPAs in the small-signal regime grouped 
in coloured tiles. The MPA spectrally broadens the seed from 29 nm to 70 nm, 
exceeding the gain broadening of 36 nm and 42 nm for the 1-mm and 5-mm 
SPAs, respectively. In the autocorrelation function plots, the autocorrelation 
value is given above the Gaussian pulse duration, which is brackets. b, Gaussian 
pulse duration versus seed power. The duration increases with seed power for 

the MPA and for the 1-mm SPA. The 5-mm SPA does not show this behaviour.  
c, Gain saturation for the MPA at 5-µW seed power and a simultaneous gain of 
41 dB. 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 pairs in a and d. d, Spectra and 
autocorrelation of MPA and SPAs in the saturated regime. ACF, autocorrelation 
function.



78  |  Nature  |  Vol 647  |  6 November 2025

Article

amplifiers, need to trade amplification bandwidth for gain, whereas our 
approach can achieve a high gain of over 40 dB with a large amplifica-
tion bandwidth beyond 12 THz in good agreement with the theoretical 
expectation shown in 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, as its generation is spread over various round trips. A second 
drawback is that the reflection and transmission loss accumulate dur-
ing the round trips, resulting in a lower overall yield compared with 
the achieved 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 
gain is possible. Optimized multipass geometries tailored to specific 
applications requiring 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 systems42,43 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. This approach 
achieves superior photon conversion efficiency and time–bandwidth 
product compared with single-pass configurations with both an identi-
cal nonlinear medium or a nonlinear 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 
to 41 dB, and saturated operation over a 30-dB dynamic range of input 
power while preserving or even improving 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 

and other cost-sensitive applications. In the future, compact sizes 
in the single-digit cubic centimetre range should be obtainable for 
such MPAs.
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