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Abstract: Ultrafast laser pulses featuring both high spatio-temporal beam quality and excellent
energy stability are crucial for many applications. Here, we present a seed laser with high beam
quality and energy stability, based on a collinear optical parametric chirped pulse amplification
(OPCPA) stage, delivering 46 µJ pulses with a 25 fs Fourier limit at 1 kHz repetition rate. While
saturation of the OPCPA stage is necessary for achieving the highest possible energy stability,
it also leads to a degradation of the beam quality. Using simulations, we show that spectrally
dependent, rotationally symmetric aberrations dominate the collinear OPCPA in saturation. We
experimentally characterize these aberrations and then remove distinct spatial frequencies to
greatly improve the spectral homogeneity of the beam quality, while keeping an excellent energy
stability of 0.2 % rms measured over 70 hours.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The combination of high spatio-temporal beam quality and high energy stability are essential
for a variety of high-intensity laser applications ranging from ultrafast spectroscopy [1,2] and
microscopy [3] to laser-plasma acceleration (LPA) [4,5]. In general, spatio-temporal coupling
(STC) reduce the peak intensity of the laser at the interaction point and, therefore, should be kept
to a minimum. In the case of LPA, spatio-temporal couplings such as pulse front tilt (PFT), and
angular or spatial chirp, can lead to an asymmetry of the plasma dynamics which can steer a
plasma-accelerated electron beam [6–9]. Furthermore, the bulk of shot-to-shot variations in the
LPA electron beam can be linked to fluctuations of the drive pulse properties [10,11].

Dispersive optical elements, such as compressor gratings, have been studied as sources of
STCs [12,13]. However, spatio-temporal couplings can already be introduced in early stages of
a high-energy laser system. The requirement of high stability in combination with high beam
quality therefore poses strict demands on the whole amplifier system, starting with the seed laser
system.

Optical parametric chirped pulse amplification (OPCPA) [14] is often used as an alternative to
more conventional Ti:Sapphire based regenerative amplifiers that are commonly found in the low
energy front-end of high intensity laser systems [15–17]. Compared to Ti:Sapphire technology,
OPCPA has many advantages such as compactness, due to the high gain achievable over short
propagation lengths, and the possibility to tune the spectral properties of the output pulses [16].
In addition, OPCPA based laser systems have an inherently high temporal contrast and do not
suffer from gain narrowing or some of the thermal issues that limit the high power operation of
some laser systems [18,19].

For applications that demand sub-10 fs pulses, non-collinear optical parametric amplification
(NOPA) additionally offers an extraordinarily high gain bandwidth [20–22]. The output of
NOPA systems however has an inherent pulse front tilt and spatial chirp [23], which has some
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disadvantages for driving LPAs. These STCs can, in principle, be prevented by matching the
pulse front of the pump and the seed [24], or by fine-tuning the size of pump and seed [23] and
the non-collinear angles [25].

Instead, collinear OPA (COPA) maintains an axial symmetry of the interacting pulses which
eliminates the inherent tendency for an angular or spatial chirp. Thereby, higher pulse quality can
be achieved without the complexity of additional preventive measures required by NOPAs. The
trade-off is in the phase matching bandwidth, which is significantly lower in the collinear case,
but still sufficient to provide pulse durations in the 15-20 fs range which is enough for seeding
many high-energy Ti:Sapphire systems. Yet, for many applications that simply require peak
intensity, the benefit of the shorter pulse duration supported by a NOPA scheme, outweighs the
slight degradation of the peak intensity that is expected from spatio-temporal distortion of the
pulses, making NOPA-based seeders a popular choice for many applications.

For LPAs, however, the pulse quality in combination with stability of the pulse properties is
an essential figure of merit [10,11]. Due to the highly nonlinear laser-plasma interaction, the
laser-plasma acceleration process is extremely sensitive to the input pulse properties. Therefore,
with OPCPA-based seeders, highly stable pump lasers and a strong saturation of the parametric
amplification process [19,26] is required. The drawback of saturation, however, is a degradation
of the pulses spatial profile and its phase properties. The coupling of both effects has to be
carefully studied [27].

The spatio-temporal Strehl-ratio of a saturated NOPA has been studied in [28] and the
introduction of STCs through parametric phase has recently been investigated in [29]. However,
to the best of our knowledge, spectrally resolved measurements of a COPA operated in saturation
have not yet been presented.

Here, we will present a collinear OPCPA system that has been designed for high stability
operation. Using simulations, we study the deformation of the amplified pulse and then present
measurements which verify the presence of spectrally dependent aberrations in the pulse. Finally,
we show that spatial filtering can greatly improve the uniformity of the beam quality across the
spectrum of the amplified pulses.

2. Experimental setup and laser performance

The OPCPA based laser system was designed to seed a 100 TW-class Ti:Sapphire laser system,
similar to systems that are being used in laser-plasma acceleration [30]. The design focuses on
providing high stability in combination with high beam quality. Other features such as conversion
efficiency did not play a role.

The general layout of the collinear OPCPA system is shown in Fig. 1. It is driven by an
industrial Yb-doped laser (Pharos-SP, Light Conversion) delivering a positively chirped 500 fs
pulse with 1 mJ of pulse energy at a 1 kHz repetition rate. The pump laser was primarily chosen
for its high pulse-to-pulse energy stability, measured to be about 0.3 % rms. The pump laser also
has a high beam quality with a Gaussian profile and an M2 of 1.07 and 1.12 in the vertical and
horizontal axes.

The majority of the pulse is sent into a β-barium borate (BBO) crystal for second harmonic
generation (SHG). The SHG conversion efficiency amounts to 44 % and is strongly limited by
the chirp of the pulse, as well as the constraint of maintaining a low input intensity to prevent
long term damage of the crystal. Before the SHG, 1 µJ of the pulse is split off, compressed to
the Fourier limit of approximately 170 fs, and focused into a bulk YAG crystal for white light
generation (WLG) [31]. The white light with a pulse energy of around 2.5 nJ in the 750-850 nm
spectral range is then amplified in two subsequent OPA stages (OPA1 and OPA2) that are pumped
by the SHG output. As a non-linear material, lithium triborate (LBO) was chosen in type 1
critical phase matching, since it provides a slightly larger phase-matching bandwidth and a
smaller birefringent walk-off angle than comparable materials such as BBO.
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Fig. 1. Layout the of the collinear OPCPA seed laser. It is pumped by an industrial Yb-doped
laser and consists of a two OPA staged seeded by white light generated in a bulk YAG crystal.
See main text for further details.

The exact operation parameters of the amplification stages and the SHG were carefully adjusted
with numerical start-to-end simulations using a (3+1)D non-linear pulse propagation model
(chi3D). The chi3D simulation code is an extended version of the (2+1)D model presented in
[32].

To achieve an optimum balance between output stability [26,33] and beam quality, a stable
SHG and saturation of the second OPA stage are necessary, both of which were achieved through
careful adjustment of crystal lengths and beam intensities. Furthermore, the gain of the two
amplification stages is kept low (approx. 500 in OPA1 and 50 in OPA2) to prevent the degradation
of stability and temporal contrast due to amplified parametric superfluorescence [18,34,35].
Additionally, superfluorescence was limited by adjusting the ratio of pump and seed pulse
durations. This however entails a trade-off with the amplified bandwidth and can only be done to
a limited degree [36].

The output of the first OPA stage has a Fourier limit of 20.5 fs and a pulse energy of 900 nJ.
The spectrally integrated Strehl ratio is 0.94 and the M2 was measured to be 1.05 in the horizontal
and 1.03 in the vertical axes, indicating that there are no significant aberrations in the beam. This
allows to isolate and illustrate the effect of saturation of the second OPA stage that is characterized
in the following sections.

The output performance of the second amplifier of the laser system is shown in Fig. 2. It
provides a pulse energy of 46 µJ with a rms shot-to-shot energy stability of 0.22% over 70 hours,
including a one hour warm-up phase in the beginning. The short term pulse-to-pulse energy
stability (calculated over one second) remains at a mean of 0.15% for the entire time of the 70 h
measurement, making it very stable compared to similar systems [37–39]. The energy stability
was measured with a photo-diode based sensor (Ophir PD10-C). Despite careful adjustment
of the signal level and maximising the dynamic range of the sensor, the inherent noise of the
measurement is at around 0.1%rms and therefore has a significant contribution to the determined
stability.

The output spectrum of the OPCPA is centered at 800 nm with a 60 nm FWHM bandwidth,
corresponding to a 24.8 fs Fourier transform limit. After compression with a chirped mirror
compressor and a pair of fused silica wedges, the pulse duration was measured to be 25 fs
with an intensity autocorrelator (assuming a Gaussian pulse profile), and 26.5 fs with frequency
resolved optical gating (FROG). Both results indicate that there is no detrimental degradation of
the spectral phase as a consequence of the saturation and the pulse is well compressible. The
temporal intensity contrast was measured to be >1010 at >500 fs before the pulse, confirming
the absence superfluorescence or strong phase modulations. The contrast was measured using a
third-order autocorrelator and limited by the dynamic range of the device.
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Fig. 2. Overview of laser parameters of the second OPA stage: a) beam profile at the output
facet of the amplifier crystal, b) Measured raw FROG trace of the compressed pulse with the
corresponding projections to the spectral and temporal axis. A Gaussian profile is fitted to
the temporal axis (dashed grey line). c) Long term trends of the output pulse energy and
short term energy jitter that has been calculated over one second. The measured stability of
the OPCPA system is limited towards the low end by the inherent noise of the measurement
system.

3. Simulation of beam quality in the saturation regime

In order to further understand the saturation dynamics in the second OPA stage, we modelled
that stage using chi3D. As inputs to the simulation, spatially and temporally Gaussian pump and
seed pulses were used, which well approximate the profiles measured in the laser. Besides that,
the pulse properties and LBO crystal length (5.2 mm) were the same as the ones as in the laser
system described in the previous section. The LBO was operated at a phase matching angle of
Φ = 11.8◦ and Θ = 90◦.

Figure 3 illustrates the evolution of the pulse energy (and its variation δE for a 1 % pump
energy fluctuation) in the second amplifier stage, as well as the spectral dependence of the beam
profile and wavefront in the plane of birefringent walk-off at three snapshots along the propagation
through the amplification crystal. Since there is no visible effect of the birgefringent walk-off
between pump and seed in LBO crystal and the beam stays symmetric with respect to the beam
axis, the pulse properties can for now be considered rotationally symmetric and the slices shown
in the figure are indicative of the entire beam profile.

Figure 3 further shows, that the pulse energy stability improves only once the pulse energy
starts to saturate. A crystal length where the tolerance towards pump fluctuations is optimal, is
reached at 5.2 mm, i.e. at a value slightly beyond the working point with highest output energy
[26]. The 5.2 mm crystal length was therefore chosen for OPA2.

As the pulse energy stability improves during the amplification, the beam profile strongly
degrades and becomes dependent on the wavelength. At wavelengths near the center of the
spectrum – which, due to its chirp, is equivalent to the temporal center of the pulse – the pump and
seed intensities are highest, and the phase matching curve shows the highest relative conversion
efficiency. Due to the combination of these factors, the central part of the spectrum reaches the
back-conversion regime first. This back-conversion in the central high intensity part of the pulse
then leads to (i) a change in the beam profile, and (ii) introduces a spatially varying parametric
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Fig. 3. Top row: snapshots of the spectrally dependent slices of the beam profile, middle:
spectrally dependent slices of the wavefront error (limited to region with intensity larger
than 10% of the peak intensity), bottom: the evolution of the seed energy (solid line)
during propagation through the LBO crystal. To indicate the stability with respect to pump
fluctuations, the relative variation in output energy (dashed line) is plotted on the right axis
for a pump energy variation of 1%. A minimal variation of 0.8% (i.e. better than the pump
stability) is reached at the exit of the crystal. The 5.2 mm crystal length, where the optimal
pulse energy stability is reached, is also used as the working point for the OPCPA system.
All results shown in this figure are simulated using chi3D.

phase [29,40]. In contrast, the edges of the pulse have less favorable conversion conditions, thus
reach the back-conversion regime later during the amplification, and therefore maintain a higher
beam quality until the end of the amplification.

Due to the coupling of the wavelength and temporal profile of the pulse, the parametric phase
shift and change of beam profile lead to a wavelength dependent the wavefront and beam profile
of the pulse, that is inherent to saturated OPCPA with pulses that have a temporally varying
intensity (such as e.g. Gaussian pulses).

From a Zernike analysis of the wavefront of the amplified pulses, it is evident that the wavefront
distortion introduced by the saturation primarily result in aberrations that have a rotational
symmetry such as defocus and spherical aberrations. This can be seen in Fig. 4, where the
Zernike coefficients of the fully saturated wavefront are shown. This rotational symmetry of
the aberrations can be attributed to the collinear propagation of seed and pump pulses, and the
resulting symmetry of the amplification process. The minor contribution of 4th order coma that
is visible in Fig. 4 is attributed to the slight breaking of the symmetry due to the small spatial
walkoff. The analysis of the Zernike composition of the wavefront was done using the tools
described in [12,41].
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Fig. 4. Amplitude of the Zernike polynomials of the spectrally integrated wavefront. Only
values with an amplitude larger than λ/200 and up to the 66th polynomial are shown. The
amplified pulse primarily features rotationally symmetric aberrations.

4. Measurement of STCs and results

The aberrations expected from the simulations of the previous sections were experimentally
characterized using the INSIGHT technique [42]. This method is based on two dimensional
Fourier spectroscopy in combination with a phase retrieval approach to reconstruct the entire
spatio-spectral electric field of the laser pulse. The method allows to identify complex spatio-
spectral couplings in both the intensity and phase profiles of the pulse, and is therefore ideally
suited to investigate the previously described aberrations [43].

For the INSIGHT measurements, the output surface of the OPA2 crystal was imaged with a
4f telescope consisting of two f = 500 mm achromatic lenses. A third achromatic lens with a
focal length of 200 mm in the image plane was then used to focus the beam into the measurement
device.

The near-field (NF) beam profiles that were reconstructed using the INSIGHT technique, are
shown in the top of Fig. 5 and agree with the simulated beam profiles in the bottom row. The
reconstructed NF beam profile also agrees with the directly measured NF beam profile shown
in Fig. 2, indicating that the residual error of the reconstruction is low. This agreement is also
quantified by a 6.7 % rms deviation between the retrieved and measured in-focus (far-field, FF)
intensity profiles.

The same features in the FF and NF profiles are visible when comparing the measured and
simulated beams. The beam profile strongly deviates from a Gaussian profile near the center
of the spectrum, resulting in characteristic side-lobes in the far-field, while the edges of the
spectrum maintain a high beam quality. In the amplifier crystal (i.e. close to the NF plane), the
center of the pulse is depleted as a consequence of back-conversion, resulting in a dip in the
beam profile. The spectrally integrated beam profile shows a flat top shape that is expected from
the simulation. As expected from the collinear design of the OPA system, no spatial or angular
dispersion is observed in the beam. In the wavefront, a strong phase shift is visible in the areas of
the pulse, where back-conversion occurs, resulting in the expected radially symmetric wavefront
aberrations. The discrepancy between the measured and simulated wavefronts is attributed to
Kerr-lensing in the pump pulse that leads to a sharper intensity peak than the Gaussian assumed
in the simulation. This sharper peak leads to a more localized distortion of the wavefront.

Further investigating the Zernike coefficients that correspond to these aberrations, the strong
spectral dependence of the amplitude of the aberration (see Fig. 6) is visible. This spectral
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Fig. 5. Comparison of measured (top) and simulated (bottom) spectrally resolved beam
profiles and wavefront. The top row shows the reconstructed spectrally resolved intensity
profiles in the far-field (FF) and the near-field (NF), as well as the reconstructed beam profile
of the NF beam imaged at the output surface of the OPA crystal. The last column shows the
corresponding wavefront error in the near field as a function of wavelength (limited to region
with intensity larger than 10% of peak intensity). The bottom row shows the corresponding
profiles determined with the numerical simulations described in the previous section.

dependence leads to a degradation of the Strehl ratio across the spectrum, resulting in a Strehl-
ratio of 0.85 at 803 nm, while the edges of the spectrum have a high wavefront quality with a
Strehl-ratio of above 0.98.

Fig. 6. Spectrally resolved magnitude of main aberrations, i.e. defocus and spherical
aberration. The spectrally dependent aberrations result in a strong variation of the Strehl
ratio across the spectrum.

5. Restoration of beam quality

To summarise the results so far, we can conclude that high energy stability of around 0.15 % is
possible by strongly saturating an OPCPA amplifier. This however results in severe degradation
of the beam quality, that manifests itself as a spectrally dependent deformation of the beam profile
and wavefront of the output pulses.

When calculating the full spatio-spectral Strehl ratio Sfull, as it was suggested by Giree et al.
[28], one can see that the wavefront aberrations lead to a reduction in achievable peak intensity to
67 % compared to an aberration free pulse. In contrast to the spectrally averaged Strehl ratio S⟨ω⟩ ,
Sfull is calculated by comparing the intensities achievable of the full spatio-spectral electric field



Research Article Vol. 30, No. 3 / 31 Jan 2022 / Optics Express 3411

of the distorted pulse, with that of the spectrally and spatially averaged field that corresponds to a
pulse with a clean phase. This way, spectrally dependent phase aberrations such as chromatic
aberration are considered in the calculation of the Strehl ratio, while they are omitted when
spectrally averaging the single wavelength Strehl ratios to calculate S⟨ω⟩ . We calculate S⟨ω⟩ by
integrating

S⟨ω⟩ =

∫
Inorm(ω)e−σφ (ω)2dω, (1)

where Inorm(ω) is the normalized spectral intensity and σφ(ω) denotes the standard deviation of
the wavefront in a 4σ aperture of the beam [44] at the frequency ω.

S⟨ω⟩ is calculated to be 0.92, indicating that the major influence on the degradation of the
beam quality can be attributed to the chromaticity introduced by the saturation of the OPCPA
process. This significant degradation of the achievable peak intensity, is a clear drawback of
operating the OPCPA in saturation.

Spatial filtering of the beam after the final amplifier stage is a possible approach to improve the
homogeneity of the beam properties across the spectrum and improve the overall beam quality.
In particular filtering out the side-lobes visible in the far-field beam profile in Fig. 5 is expected
to help. Additionally, such a scheme is easy to implement in the beam transport towards the next
section of the amplification chain of the high energy laser system that is to be seeded. For the
measurements shown in the following, a pinhole was placed in the Fourier plane of the transport
towards the INSIGHT device that was described previously.

Already with a pinhole diameter of Dpinhole = 1.42 w0 (1000 µm) and a high transmission
through the filter of T= 92%, an immediate effect on the spectrally dependent Strehl ratio is
visible (see Fig. 7). With a pinhole diameter of around 1.14 w0 (800 µm), the Strehl ratio is above
0.98 across the entire spectrum, while the transmission is still at 85%. The full spatio-spectral
Strehl in this filtered case is Sfull = 0.85, while the spectrally averaged Strehl is S⟨ω⟩ = 0.99.
When comparing these values to those of the unamplified seed (Sfull = 0.92 and S⟨ω⟩ = 0.94),
one can conclude that while the beam quality of individual spectral components is preserved
or even slightly improved, there is some chromaticity introduced by the saturation that is not
completely eliminated by the spatial filter.

As is shown in Fig. 7, the spectral variation of the spherical aberrations is however largely
gone and an overall homogeneous spatio-spectral beam profile is achieved. This is visible in the
FF and NF beam profiles, that both are close to a Gaussian profile across the entire spectrum,
and the first and second order spherical aberrations maintain an amplitude below λ/75 and λ/38
respectively across the entire spectrum. In the unfiltered case the corresponding values were
λ/4.5 and λ/7.

In addition to the improvement of the wavefront properties of the pulse, the shape of the
spectrum is slightly changed as part of the energy in the distorted central part of the spectrum is
not transmitted through the spatial filter. This leads to a flatting of the spectral shape (see Fig. 7),
but does not have a significant influence on the spectral bandwidth.

Besides the improvement in beam quality, the spatial filtering could further reduce the 30 second
energy jitter of the laser system by 20 % from 0.17 % rms to 0.14 % rms. These values are again
close to the inherent noise and resolution limit of the diode based energy measurement and
therefore provide an upper limit of the actual stability. This further improvement in energy
stability is also observed in simulations and is attributed to the fact that once the back-conversion
regime is reached, the input fluctuations primarily result in a fluctuation of the center of the beam
profile, where the back-conversion occurs. Now propagating the beam to the Fourier plane, the
small fluctuating central section of the pulse (that corresponds to higher spatial frequencies) is
mapped to the side-lobes of the FF beam profile. By filtering these out, a significant fraction of
the remaining energy fluctuations is eliminated.
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Fig. 7. Overview of the measured beam quality improvement after spatial filtering.
Compared to Fig. 5, a great improvement in the homogeneity and the overall quality of
the pulse is visible. a) shows the Strehl ratio across the spectrum for pinhole diameters
from 1.14 w0 to 1.42 w0, as well as in the unfiltered case. w0 is the 4σ beam diameter at
the pinhole position. b) shows the residual wavefront error after filtering with the 1.14 w0
pinhole and the bottom row shows the spectrally dependant beam profile in the far-field
(c)) and the near-field beam (d)), as well as the NF beam profile (e) that corresponds to
the collimated beam). The spectrum shown as an overlay in a) and b) is that of the beam
filtered with the 1.14 w0 pinhole, with the unfiltered spectrum shown in lighter grey in the
background. The spectral wings visible around 750 nm and 850 nm in a) and b) are an
artefact of the INSIGHT retrieval.

The trade-offs of the spatial filtering scheme entail on the one hand the above mentioned
decrease in output energy (typically 10-20% depending on the exact configuration), and on the
other hand an increased sensitivity of the laser performance on pointing fluctuations of the laser
system. The improvement of short term jitter is thus only achievable, if the laser has a sufficient
pointing stability. In the case of our specific laser system, the output pointing was measured to
deviate well below 10 µrad over several hours.

Additionally, special care has to be taken to limit the in-focus intensity to prevent additional
nonlinearities that could decrease the pulse quality. This concern can however easily be handled
with the use of long focal lengths and potentially an in-vacuum spatial filter. Neither problems
with pointing jitter of the laser, nor nonlinearities in the focal area were observed in our setup.

While this work focused on collinear OPAs, the investigated aberrations are also expected in
non-collinear OPAs. Due to the additional walk-off between pump and seed pulses, the aberrations
are then however not expected to be limited to the radially symmetric ones, but additionally
aberrations such as coma should be present, in particular in the non-walkoff compensating phase
matching scheme. Here, we concentrated on pulses with an spatial and temporal intensity close
to a Gaussian profile. While this is typically the case for many OPA stages, a performance
improvement is expected using spatio-temporally flat-top pump pulses, as they would lead
to a more homogeneous saturation of the parametric amplification and therefore to a more
homogeneous wavefront and beam profile. This would, however, demand dedicated measures for
temporal and spatial beam shaping in the pump laser, that add complexity to the laser system.



Research Article Vol. 30, No. 3 / 31 Jan 2022 / Optics Express 3413

6. Conclusion

In conclusion, we have presented a collinear OPCPA system dedicated to providing low-STC
seed pulses with high energy stability to seed a high intensity laser amplification systems for
laser-plasma acceleration. The laser system provides pulses centered at a wavelength of 800 nm
that are compressible close to the Fourier limit of 24.8 fs and have a pulse energy of 46 µJ. A
long-term shot-to-shot energy stability of 0.22 % was measured over 70 hours. To reach this high
energy stability, the amplification process had to be saturated, which leads to aberrations of the
intensity profile and wavefront of the pulse.

With the help of numerical simulations, we could show that these aberrations strongly vary
across the spectrum of the pulse, which is attributed to the strongly varying intensity of the seed
and pump pulses, as well as the phase matching curve that all contribute to spatially and spectrally
varying amplification conditions of the laser pulses in the OPCPA. We further experimentally
characterized these aberrations in the laser system with the help of the INSIGHT method. The
resulting spectrally resolved beam profiles and wavefronts show good qualitative agreement
with the features expected from the simulation. Finally, we showed that spatial filtering can be
used to improve the spectral homogeneity and the the beam quality, such that a Strehl ratio of
>0.98 is supported across the entire pulse spectrum. The Strehl ratio of the full spatio-spectral
electric field after filtering, is measured to be 0.85. This spatial filtering also leads to a further
improvement of the short term energy stability of the laser pulses to 0.14 % rms over 30 s.
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