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Optical parametric multi-pass cell amplifier
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Ultrafast lasers with simultaneously high average and peak power have become indispensable for driving a multitude of
applications ranging from high-harmonic generation, strong-field physics, and particle source applications. Both para-
metric amplifiers and post-compressed ytterbium lasers have emerged as prime platforms to meet these demands. While
multi-pass cell (MPC)-based post-compression offers broadband output with high beam quality, it provides limited
wavelength tunability and suffers from temporal contrast degradation. Conversely, optical parametric amplifiers (OPAs)
provide spectral tunability and high temporal contrast but they are limited by low pump-to-signal conversion efficiency
and spatial beam inhomogeneities. Here, we introduce the optical parametric multi-pass cell amplifier (OPMPC), a
hybrid architecture that overcomes the limitations of both schemes. Our approach utilizes two non-collinearly intersect-
ing MPCs providing broadband parametric amplification of the seed pulses and complete idler removal after each pass
through the crystal, thereby suppressing back-conversion. We experimentally demonstrate a pump-to-signal power con-
version efficiency of 43% using a 1030 nm pump at a 1 kHz repetition rate with a pulse energy of 174µJ. The amplified
signal at 1500 nm exhibits excellent beam quality, power, and spectral stability and is compressed to 48 fs, demonstrating
a new platform, to our knowledge, for ultrafast pulse generation.
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1. INTRODUCTION

The development of ultrafast laser sources that combine high
average power, high pulse energy, and shortest pulse duration is a
key enabler for a wide range of applications in science and tech-
nology. High-harmonic generation (HHG), strong-field physics,
and laser-driven plasma acceleration all benefit from pushing the
performance boundaries of these systems. Although Ti:Sapphire
lasers have long served as the standard for high-energy, few-cycle
pulses, their operation at high energy levels is typically limited
to low repetition rates (<1 kHz) [1–3]. In recent years, signifi-
cant progress has been made in the power and energy scaling of
ytterbium (Yb)-based amplifier systems, which now routinely
provide up to kilowatts of average power and tens of millijoules
of pulse energy at high repetition rates spanning from the kilo-
hertz (kHz) to the megahertz (MHz) range [4–8]. However, these
systems typically emit pulses with durations of a few hundred
femtoseconds to about one picosecond centered at a wavelength of

1030 nm. To unlock their full potential for ultrafast applications,
highly efficient conversion of these high-power pump pulses with
both ultrashort duration and different spectral regions is a critical
ongoing challenge. A powerful toolkit of established techniques
has emerged in order to address these demands. Post-compression
techniques are well established for converting the high average
power of picosecond laser systems into ultrashort pulses with
durations ranging from a few optical cycles to several tens of fem-
toseconds. Among these, post-compression using multi-pass cells
(MPCs) offers distinct advantages, including high throughput, the
preservation of excellent beam quality, and spatio-spectral homo-
geneity due to their quasi-waveguiding properties [9–13]. MPCs
have also been successfully adapted for other nonlinear processes
[9], including parametric interactions like second-harmonic
generation [14]. For wavelength conversion, optical parametric
amplifiers (OPAs) provide a versatile platform. They enable the
generation of tunable high power ultrashort laser pulses across the
visible, near- and mid-infrared (NIR/MIR) spectral regions and
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support high pulse energies [15–18]. These two technological
pillars, post-compression and optical parametric amplification,
have each established their own domain of excellence in pushing
the limits of ultrafast laser performance. The direct combina-
tion of the strengths of these approaches represents a compelling
and logical frontier. Recently, a major step in this direction was
reported with the introduction of an optical parametric amplifica-
tion process within a multi-pass cell concept in two simultaneous,
independent studies [19,20], followed by a comprehensive exper-
imental validation of this concept [21]. This work demonstrated
the fundamental feasibility of merging these two technologies,
showcasing an architecture that leverages the MPC’s ability to
suppress the idler beam, circumventing the traditional bandwidth
and efficiency limits of conventional OPAs. They also demon-
strated a continuous-wave seeded, Watt-scale sub-50 fs OPA
utilizing this concept in the lower energy regime [22]. However,
the full potential of this hybrid concept, in particular the path to
higher pulse energies, shorter pulses and even higher conversion
efficiencies close to the theoretical quantum limit as well as the sys-
tematic exploitation of the MPC’s quasi-waveguiding properties to
ensure spatio-spectral homogeneity, remains an open and critical
challenge.

Here, we address these challenges and report the experimental
demonstration of an optical parametric multi-pass cell amplifier
(OPMPC), designed to unlock the full potential of combining
MPC and OPA technologies. Our results are grounded in a deep
theoretical understanding of the OPMPC concept, developed
through extensive 3 + 1D simulations that include second- and
third-order nonlinearities together with spatio-temporal effects
within the MPC and the birefringent nonlinear crystals.

Our model reveals the path toward near-quantum-limited
efficiency and confirms the inherent scalability of the architec-
ture. We validate our approach experimentally by generating
75 µJ, 48 fs pulses centered at 1500 nm with a record 43% pump-
to-signal power conversion efficiency. The incorporation of a
novel non-collinear OPMPC geometry in the experimental setup
enables direct idler suppression and flexible pass-by-pass group
delay compensation between pump and signal. We demonstrate
excellent spatio-spectral homogeneity, nearly diffraction-limited
beam quality (M2 < 1.3), and outstanding power stability (0.2%
rms). These results demonstrate the successful generation of high-
energy, tunable pulses with record pump-to-signal conversion
efficiency and excellent beam quality, establishing OPMPC as a
new paradigm for next-generation ultrafast sources.

2. CONCEPT

Both MPC-based post-compressed laser systems and OPAs consti-
tute foundational technologies for ultrafast science, each approach
with its own advantages and limitations. As discussed in Section 1,
MPC-based post-compression has allowed the efficient generation
of few-cycle pulses from high power picosecond lasers, resulting
in an output having both high peak and average powers. However,
large compression ratios lead to a degradation in the temporal
contrast of the pulse [23]. This originates from inherent spectral
modulations in SPM-based spectral broadening and higher-order
dispersion, resulting in a significant portion of the energy in
pre-/post-pulses.

Apart from degradation of the temporal contrast, another
limitation of the multi-pass cell is modest spectral tunability
despite attempts to address this challenge [24,25]. In contrast,

wavelength flexibility and broad spectral coverage are inherent
advantages of OPA technology, determined by the phase-matching
conditions and the transparency window of the nonlinear crystal.
However, OPAs face a significant and well-documented limita-
tion in their amplification efficiency. The pump-to-signal power
conversion efficiency for state-of-the-art femtosecond OPAs is
typically capped at around 20%, while the efficiency normal-
ized to the quantum limit generally remains below 45% (see
Fig. 7). Over the years, various techniques have been developed to
increase the pump-to-signal conversion efficiency via idler sup-
pression. Notable approaches include multi-pass OPAs [26,27],
quasi-parametric chirped-pulse amplification [28], second-
harmonic-assisted amplification [29,30], and Fabry–Pérot cavities
[31]. Despite these advances, generating the ultra-broad band-
widths essential for few-cycle, high-peak-power pulses requires
the use of birefringent crystals in non-collinear geometries. In
such configurations, spatial and temporal walk-off effects become
unavoidable, fundamentally compromising the spatio-spectral
homogeneity of the amplified signal [32–34].

These limitations, while seemingly restrictive, reveal a com-
plementary nature. The primary weakness of MPCs is the core
strength of OPAs and vice versa. This complementary relationship
suggests the opportunity to synthesize a new architecture that com-
pensates for the weaknesses of each technique while combining
their individual strengths. Figure 1 illustrates the fundamental
principle of the OPMPC. In the depicted simplified collinear
representation, a second-order nonlinear crystal is placed at the
focus of a Herriott-type multi-pass cell. Both pump and signal
beams propagate collinearly through the OPMPC, amplifying
the signal pulses with each pass through the nonlinear crystal. A
major advantage of this approach is that the idler beam, generated
in the parametric process, can be easily filtered out in each pass,
e.g., by using suitable mirror coatings which transmit the idler. If
the length of the nonlinear crystal is kept shorter than the effective
coherence length of the nonlinear process in a single crystal pass,
the overall back-conversion into the pump pulses is suppressed
due to the absence of the idler at the beginning of each crystal pass.
This key mechanism, combined with an optimized pump-signal
temporal overlap for each pass along with the quasi-waveguiding
property of the MPC, enables high amplification efficiencies. As 4f
imaging conditions are avoided in the cell, the spatial mixing effect
inside the MPC results in spatial homogenization of the beam
profile. This effect mitigates spatial hole burning and suppresses
the spatio-spectral inhomogeneities induced by the nonlinear
parametric amplification process, ensuring a high-quality output
beam. This is similar to the beam cleaning effect observed in MPCs
utilized for post-compression [35]. In addition, the degrees of
freedom opened by individual alignment of each pass might also
contribute to mitigate spatial inhomogeneities. Finally, the non-
linear and instantaneous nature of the parametric amplification
process ensures a high temporal contrast. Amplification is confined
strictly to the temporal overlap window of the pump and signal
pulses, preventing pre- or post-pulse amplification. This results in
an output pulse contrast far superior to that of a pulse generated
using SPM-based post-compression, eliminating the need for
additional temporal cleaning techniques.

To guide our experimental implementation and explore the
properties of the OPMPC concept, we developed a comprehensive
3 + 1D numerical model using the Chi3D software framework
[36]. This model utilizes a split-step Fourier algorithm and incor-
porates all relevant physical processes: all relevant second-order
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Fig. 1. Conceptualization of the OPMPC scheme, based on the combination of optical parametric amplification (OPA) and multi-pass cell (MPC)
approaches, combining the respective advantages of both schemes. In the OPMPC, pump and seed beams co-propagate within the MPC passing a nonlin-
ear crystal placed at the focus. The generated idler is ejected after each crystal pass, e.g., via using a suitable mirror coating. After amplification, the signal
beam is separated and compressed utilizing chirped mirrors (CMs). Here, χ 2 and χ 3 represent the second-order and third-order nonlinear susceptibilities,
respectively.

nonlinear interactions, material dispersion, absorption, spatial
and temporal walk-off, and third-order Kerr effects (self-phase
modulation and self-focusing). The simulations are carried out
for a collinear OPMPC geometry and the parameters are chosen
to closely replicate our experimental constraints. A single potas-
sium titanyle arsenate (KTA) crystal, cut for type II (o −→ eo)

phase-matching for a signal wavelength of 1500 nm (41.4◦ in the
XZ plane), is placed at the common focus of collinearly propagat-
ing signal and idler. Self-phase modulation and self-focusing are
included, taking into account a nonlinear refractive index n2 of
1.7 × 10−19 m2/W [37].

For the simulations, the input seed spectrum is derived directly
from our experimentally measured white-light continuum [see
Fig. 3(b)], with a pulse energy of about 10 nJ. Its spectral phase
is approximated by considering the linear dispersion, calculated
from the Sellmeier coefficients of the materials in the beam path
(white light YAG crystal and 7.5 mm fused silica from the mode-
matching telescope), with an additional group-delay dispersion

(GDD) of 390 fs2 to account for the nonlinear phase accumulated
during the SPM-driven white-light generation process, resulting
in an estimated second-order dispersion of 265 fs2 and third-order
dispersion of 1500 fs3.

The input pump spectrum is derived from the measured
spectrum with a GDD of 5700 fs2 applied in order to match the
frequency-resolved optical gating (FROG) retrieved pulse duration
of ∼ 200fs.

We consider Gaussian spatial beam profiles for seed and pump
pulse with a waist radius of 0.66 and 0.54 mm at the nonlinear crys-
tal, respectively.

After each crystal interaction, the beams complete one half-
round-trip within the MPC, propagating 566 mm from the MPC
center at which the nonlinear crystal is placed to an MPC mirror

with a 2 m radius of curvature and back to the crystal for the next
pass. This defines an MPC configuration with corresponding
MPC parameters N = 14, k = 5 [10]. The delay between the
pump and seed is scanned each pass to reach maximum amplifica-
tion. This approach replicates the experimental alignment strategy
as described in the subsequent section. The model rigorously
incorporates all linear losses. A base loss of 0.75% is applied per
pass to account for the crystal’s anti-reflection coatings. The total
simulated losses are consistent with the linear transmission experi-
mentally measured for the pump pulse after 20 passes. Specifically
for the signal beam, which is more sensitive to absorption in the
spectral region of interest, the model includes atmospheric atten-
uation. This is modeled using the HITRAN database for water
vapor absorption at 50% relative humidity, which includes the cor-
responding phase dispersion as calculated by the Kramers–Kronig
relations [38]. Finally, for these initial simulations, a standard lit-
erature value for the effective nonlinear coefficient, deff, of 2 pm/V
for KTA is used with a thickness of 0.8 mm.

Our simulations confirm the core advantages of the OPMPC
architecture. The model predicts a maximum pump-to-signal
conversion efficiency of 51.4% approaching the theoretical quan-
tum limit of 68.7% for this process, taking into account the losses
for each pass. The calculated per-pass evolution of conversion
efficiency and pump depletion under this optimal condition is
shown in Fig. 3(a). Furthermore, the simulation shows excellent
beam quality and spectral homogeneity. The overall gain band-
width appears limited only by the phase-matching bandwidth
of a single crystal pass, rather than being narrowed by the cumu-
lative second-order nonlinear interaction over all 20 passes. In
addition, the model shows SPM-driven spectral broadening of the
pump and signal pulses within the nonlinear crystal, analogous
to traditional post-compression MPCs. The transform-limited
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pulse duration of the amplified signal reduces to sub-30 fs from
44 fs when SPM is taken into account in the simulations. In the
following section, these simulation results are directly compared
with our experimental findings.

3. RESULTS

To experimentally validate the concept, we implement an OPMPC
scheme analogous to that described in Section 2. The initial exper-
imental layout, however, differs from the simulated optimum con-
figuration as shown in Fig. 1. The selected non-collinear geometry
provides several practical advantages, which are discussed in detail
in this section.

The experimental setup is depicted in Fig. 2. The pump laser
(Pharos PH1-20) provides 227 fs pulses centered at a wavelength of
1030 nm with a pulse energy of 200µJ at a repetition rate of 1 kHz.
A small fraction of the input pulse energy is picked off to generate
the OPMPC seed by filamentation in a YAG crystal, producing a
stable white-light continuum. The maximum pump pulse energy
available for the OPMPC is 174 µJ. A delay stage in the pump
arm allows fine adjustment of the relative timing between pump
and seed before the OPMPC. Both beams are then sent through
telescopes to match their spatial modes to the MPC, using cell
parameters similar to those considered in the simulation.

In contrast to the simulation, we employ a non-collinear
OPMPC geometry in which the pump and seed propagate in two
independent MPCs and are spatially and temporally overlapped
in the nonlinear crystal. This separation enables the use of dedi-
cated off-the-shelf dielectric mirrors optimized for pump and seed
beams. Although a collinear setup in a conventional Herriott con-
figuration is more compact and generally less alignment-sensitive,
it imposes feasible but demanding requirements on the dielectric
mirror coatings: the reflectivity and spectral group delay must be
precisely engineered to simultaneously support pump and seed,
mitigate temporal walk-off, and suppress the idler. In contrast, the
non-collinear OPMPC layout enables flexible temporal alignment
between pump and seed by introducing small translation stages
for each pass. Moreover, in this geometry, idler suppression occurs
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Fig. 2. Schematic of the experimental setup with the top and side
view of the OPMPC scheme (WLG, white light generation; MMT,
mode-matching telescope; and CM, chirped mirror).

naturally: the idler exits the cavity due to the non-collinear beam
geometry. As shown in the schematic (Fig. 2), the non-collinear
OPMPC has two linear rows of 10 mirrors on each side with the
seed and pump mirrors on top and bottom, respectively. The place-
ment of the seed and pump mirror rows is reversed on the opposite
side to support the geometry. By using a separate mirror for each
beam reflection inside the MPC, a cell alignment supporting two
foci at the center of the cell is achieved. One KTA crystal is placed
at each focus for parametric amplification in each pass. The KTA
crystal is 1.5 mm thick with a 10 mm × 10 mm aperture and an
anti-reflective coating for both the pump and seed wavelengths.
The OPMPC configuration as described in the concept section
maintains the peak intensity on the crystal below 300 GW/cm2

while minimizing the angle of incidence along the non-critical axis
to prevent phase-matching degradation.

Each pass is individually optimized for spatial and temporal
overlap between the pump and seed pulses to obtain maximum
conversion efficiency and an optimum beam profile. After 20
passes through the KTA crystals, we achieve a record pump-to-
signal power conversion efficiency reaching 42.9% (pump into
the MPC, signal out after 20 passes), as shown in Fig. 3(a). The
system is clearly reaching saturation for this particular configura-
tion. Figure 3(a) also shows the residual pump with amplification
in each pass. The power meter head is positioned at the output
of the OPMPC setup for this measurement, thus the total linear
losses resulting from the 20 passes in the OPMPC are included
in all the measurement points. In order to acquire signal or pump
data corresponding to a specific pass, the pump or signal beam,
respectively, is blocked during all subsequent passes. The signal
output power measured after 20 passes is 74.5 mW corresponding
to a pulse energy of 74.5 µJ. The residual pump after 20 passes is
20%, including the cell losses of 13.3%. The anti-reflection coat-
ing on the crystal induces slightly higher transmission losses for the
signal compared to the pump. The amplified spectrum measured
experimentally over the 20 passes is shown in Fig. 3(b). In order
to check the spatial quality of the output beam, an M2 measure-
ment is carried out resulting in 1.29 × 1.01 in the x and y axes,
respectively, as shown in Fig. 3(c). The x and y axes correspond to
the horizontal and vertical axes of the OPMPC setup, respectively.
The M2 fit is carried out considering 1/e 2 beam waists. The beam
profile of the signal output is also shown as an inset in this plot. The
quasi-waveguiding property of the MPC results in spatially homo-
geneous profiles, as discussed in the concept section. To achieve a
quantitative match with the measured conversion efficiency, the
deff in the simulation was adjusted to 1.4 pm/V considering the
experimentally used 1.5 mm KTA crystal. Following this adjust-
ment, the simulation accurately reproduces all key experimental
findings, including the pump-to-signal conversion efficiency
[Fig. 3(a)], spectral shape [Fig. 3(b)], and beam quality [Fig. 3(c)].
The transform-limited pulse duration of the simulated amplified
signal in Fig. 3(b) is 67 fs when SPM is not taken into account.
However, including SPM introduces significant spectral broaden-
ing to the output signal, yielding a simulated spectrum that closely
matches our experimental results, confirming the role of SPM in
our experiment.

In order to verify the spatial beam properties in greater detail,
a spatio-spectral homogeneity measurement is carried out.
Figures 4(a) and 4(b) show the spectral measurements along
the x and y axes, respectively, along with the corresponding spectral
overlap parameter V as defined in Ref. [39]. The output displays
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4. DISCUSSION

This work demonstrates an ultrafast laser source that combines two
widely used approaches supporting high average and peak powers:
OPAs and MPC-based post-compression. The objective is to
reduce the limitations inherent to each technique while preserving
their advantages. Our comprehensive 3 + 1D simulations confirm
that this objective is possible. High pump-to-signal conversion effi-
ciencies approaching the quantum limit can be achieved, with the
remaining constraints arising primarily from optical losses within
the system. The OPMPC scheme supports broadband spectra with
good spatial homogeneity, as shown in Figs. 3 and 4. The pulses can
be well compressed with appropriate dispersion compensation.

The promising simulation results are successfully validated
experimentally, as reported in Section 3. The setup delivers
43% pump-to-signal conversion efficiency, including cell losses,
alongside high beam quality, stability, and reliable pulse com-
pressibility. The output pulses are compressed to 48 fs, close to the
Fourier-transform limit of the broadened spectrum.

Our initial implementation also indicates several routes for
improvement. Enhanced anti-reflective coatings could substan-
tially improve overall system efficiency, while the implementation
of a tighter focusing geometry would likely enable more effective
pump depletion. Employing thinner nonlinear crystals offers a
pathway to even broader usable bandwidths. Enclosing the system
to maintain low humidity would reduce absorption losses arising
in air, and more precise pump-beam characterization on each pass
would support finer optimization of pump–signal overlap.

Although there is clear room for future optimization, the
reported performance represents state-of-the-art results, as shown
in Fig. 7. Figure 7 shows the pump-to-signal conversion efficiency
normalized to the quantum limit (relative conversion efficiency) as
a function of the compressed pulse duration [18,21,40–65], and
covers the parameter space achieved by various OPA studies. Most
OPAs pumped near 500 nm (blue shaded region) exhibit relative
power conversion efficiencies below 45%. In contrast, the majority
of all systems pumped near 1030 nm achieve relative efficiencies
below 30%, with only a single report approaching 40%. The only
two reported systems capable of exceeding a 50% relative power
conversion efficiency are based on a combined OPA and MPC
approach, the work reported in Ref. [21] and the results discussed
here. Our experimental results demonstrate a markedly superior
relative efficiency (> 60%), in agreement with the 3 + 1D simu-
lations, setting a new record for ultrafast parametric sources. Our
approach thus provides a compelling platform for the development
of a new generation of ultrashort, high-average power, high-peak
power, and wavelength-tunable laser sources.

5. CONCLUSION AND OUTLOOK

The optical parametric multi-pass cell amplifier (OPMPC),
which strategically combines the advantages of multi-pass cells
and optical parametric amplification, is conceptually presented
and experimentally demonstrated. Using a 1030 nm pump, the
OPMPC scheme enabled us to reach a record pump-to-signal
conversion efficiency of 42.9% at a 1500 nm signal wavelength
corresponding to a high gain of >38 dB, while maintaining good
spatial beam quality and spatio-spectral uniformity. The output
pulse is compressed to 48 fs, significantly shorter than the 227 fs
pump, with notable stability in both spectrum and power. The
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immediate steps to improve the performance of the present sys-
tem are clearly outlined in Section 4. Beyond these near-term
optimizations, the proposed scheme provides a more general and
versatile framework for advanced ultrafast laser source devel-
opment. Extending the concept into the mid-infrared, e.g., by
amplifying the idler rather than the signal represents a particularly
promising avenue. Short-pulse sources in these spectral regions
are essential for industry-relevant technologies, including atmos-
pheric light detection and ranging (LIDAR), trace-gas sensing, and
prospective free-space optical communication [66]. Furthermore,
these sources can play a key role in scientific applications such
as nonlinear phononics for inducing electronic and magnetic
phase transitions in complex materials [67]. A key limitation in
these fields remains the limited average power of existing mid-
infrared sources. Scaling the architecture presented here offers a
clear pathway toward overcoming this bottleneck and realizing
high-performance systems in the near future.

In addition, energy and average-power scaling of the OPMPC
architecture should be feasible in close analogy to MPC systems,
with principal constraints arising from the damage threshold of
the nonlinear medium and the cell optics. Numerical simulations
already indicate that OPMPC configurations can support pulse
energies at the millijoule level [19]. Achieving such scaling would
render these systems highly attractive for demanding applica-
tions such as high-harmonic generation and laser-driven plasma
acceleration.

Last but not least, the adaptation of the OPMPC concept to
other nonlinear processes offers exciting opportunities for non-
linear optics and ultrafast laser science. Promising candidates
include harmonic generation, difference frequency generation,
and four-wave mixing.
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