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Abstract: Non-collinear Optical Parametric Amplification has become the leading
technology for amplifying few-cycle Carrier-Envelope Phase (CEP) stable pulses to high
energy at extreme repetition rates. In this work, a parametric amplifier system devoted to
ultrafast photoionization experiments with coincidence detection is reported. The amplifier
delivers CEP-stable few-cycle pulses with an average power of 5 W, and operates at
repetition rates between 400 and 800 kHz. Close to transform-limited compression of the few-
cycle pulses is achieved with minimized spatio-temporal distortions. Potential limitations
introduced by spatio-temporal couplings to applications in attosecond science are analyzed. In
particular, it is shown that pulse front tilt resulting from non-collinear amplification can
considerably reduce the asymmetry in stereo above threshold ionization (stereo-ATI)
experiments.
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1. Introduction

Ultrafast lasers with pulse durations in the femtosecond regime have found widespread use in
the industrial and scientific communities, enabling new applications and research
opportunities. In particular, the availability of CEP-stable few-cycle pulses with high energy
in the visible and near infrared regions of the electromagnetic spectrum, has paved the way
for the growing field of attosecond science (see for example [1-5]).

Current attosecond experiments rely most commonly on strong field ionization of matter
with strong ultra-short infrared (IR) laser fields, or on two-colour pump-probe experiments
combining synchronized extreme ultra-violet (XUV) pulses with attosecond duration
produced through high harmonic generation and few-cycle IR pulses. In both cases, the
velocity distribution of ions or electrons produced during photoionization is often recorded
with either time-of-flight or velocity map imaging spectrometers [6, 7]. Another technique is
the measurement of the transient absorption spectrum of an attosecond pulse at different times
after excitation by a strong IR field. This has allowed, for example, accessing the evolution of
bound excited states [5]. Despite impressive progress in the last decade, even the
interpretation of results from simple experiments remains very challenging. Experiments in
attosecond science often involve a complex scenario that may include excitation of multiple
electronic states, electron-electron correlations and, in the case of molecules, coupling



between electronic and nuclear degrees of freedom. Electron-ion coincidence detection in a
reaction microscope [8, 9] can provide correlated momentum distributions of ions and
electrons and as a consequence, a more insightful picture of the photoionization process.
Coincidence detection is becoming increasingly often the detection technique of choice for
experiments in attosecond science [10-15].

Coincidence detection requires that the detected ions and electrons originate from the
same parent atom or molecule. In order to establish a one to one correspondence between the
charged particles detected and a parent atom or molecule, there must be only one ionization
event per laser shot. In practice, this condition imposes the requirement of operating at an
ionization rate of only a small fraction of the laser repetition rate. Therefore, detection in
coincidence demands light sources with extremely high repetition rates. In this context non-
collinear optical parametric amplifiers (NOPASs) are becoming very attractive for the
attosecond science community. NOPAs allow efficient amplification of broadband pulses [16,
17]. Since thermal effects are to a considerable extent negligible during parametric
amplification [18], the average power limitation due to thermal effects is passed on to the
pump laser, where Yb-based amplifiers can provide few-picosecond and sub-picosecond
pulses with high energy at extremely high average powers [19-24]. Current high average
power broadband sources based on NOPAs cover repetition rates from a few hundred kHz to
a few MHz, pulse energies up to several tens of pJ and pulse durations down to the few-cycle
limit [25-31]. Moreover, it has been possible to demonstrate high harmonic generation and
isolated attosecond XUV pulse generation utilizing these sources [32, 33].

Recently we introduced a first version of a new parametric amplification system. With a
pump laser providing 12 W of power at 515 nm, we demonstrated amplification of CEP-
stable few-cycle pulses from a Ti:Sapphire oscillator to 5 pJ at 400 kHz [34]. Additionally,
the few-cycle pulses from this NOPA were utilized in a proof-of-principle strong field
ionization experiment with coincidence detection, utilizing a home-built reaction microscope.

In this work we present a significant upgrade to our parametric amplifier system based on
a new, more powerful pump laser, along with the implementation of pulse shaping for
improved compression. We focus on the performance of the system in strong field ionization
experiments with few-cycle pulses.

2. Amplifier setup

The box diagram in Fig. 1(a) presents schematically the newly developed NOPA. As in our
previous system, a Ti:Sapphire oscillator (Pulse:ONE, VENTEON Femtosecond Laser
Technologies GmbH) is used to seed the NOPA and the pump laser, in a passive
synchronization scheme. The pump laser is an Yb-doped fiber-based Chirped Pulse
Amplification (CPA) system (High Power Tangerine, Amplitude Systémes) with a central
wavelength around 1030 nm. To pump the NOPA, the output of the CPA is frequency-
doubled. More than 24 W of power at 515 nm are delivered after second harmonic generation
(SHG), in pulses with an approximate duration of 300 fs. The pulse energy depends on the
repetition rate, which can be varied between 400 kHz and 800 kHz without the need of
changing beam characteristics or crystal thickness in the SHG module. The CPA can be
operated at higher repetition rates, but then the conversion efficiency in the SHG module
starts dropping significantly due to the decreased pulse energy at constant average power. The
repetition rate of the CPA determines the repetition rate of the NOPA, since only those pulses
in the 80 MHz oscillator pulse train that overlap in time with the pulse train of the CPA will
be amplified in the NOPA.
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Fig. 1. (a) Block diagram of the amplifier system, delivering high repetition rate (400-800 kHz) CEP-stable few-cycle
laser pulses at an average output power of 5 W. (b) Schematic of the NOPA.

The pump beam is split utilizing a wave plate and a polarizer in order to be able to pump a
first and a second NOPA stage. Between 10% and 20% of the pump power is sent to the first
stage (BBO 1 in Fig. 1(b)), depending on the repetition rate. The second stage divides the
amplification process between two separate thin crystals (BBO 2 and BBO 3 in Fig. 1(b)). For
the first stage a 2 mm thick BBO under type | phase-matching and walk-off compensation
geometry was utilized to minimize spatio-temporal aberrations at the expense of small losses
due to parasitic second harmonic generation of the signal (or seed) and idler pulses [35, 36].
In the second stage, BBO 2 has a thickness of 1.5 mm and is cut for walk-off compensation
geometry. BBO 3 is either 1.5 or 2 mm thick (as will be discussed later) and cut for non-walk-
off compensation geometry to minimize the losses due to parasitic second harmonic. The non-
collinear angle in the first stage was set to approximately 2.5° (commonly referred to as the
magic angle configuration) while in the second stage the non-collinear angles are slightly
smaller (approximately 2.4°). The peak intensity of the pump pulses on the different BBO
crystals varies between 250 GW/cm? in the first stage and 150 GW/cm? in the second stage.
The ratio of seed pulse duration to pump pulse duration at the input face of BBO 1 was set to
approximately 1/3.

In a first series of tests more than 120 mW of average power (1.5 nJ, 80 MHz) from the
oscillator were sent into the first amplification stage to optimize and characterize the NOPA.
Later on, a 4f-pulse shaper (MIIPS Box 640 P, Biophotonic Solutions Inc.) was incorporated
into the seed path before the first amplification stage, in order to improve the compression of
the pulses. In this case the incident power into the NOPA was reduced to less than 80 mW
(1nJ, 80 MHz).

Although the pump and seed pulses are passively synchronized as described before, small
changes in temperature over the long optical path inside the fiber CPA lead to slow changes
in the delay between the pulses, which in turn translate into unstable output power and
changing spectral shape of the NOPA over time. In order to overcome this issue, an active
delay stabilization system was implemented. This is explained in more detail in section 4.



3. Amplifier performance at 400 kHz and 800 kHz

With the system configuration described in section 2, and with a thickness of BBO 3 of 2
mm, the performance of the amplifier was studied at 400 kHz and 800 kHz. Only the pump
focusing into BBO 2 and the splitting ratio of the pump power was changed between
operation at one or the other repetition rate. In both cases the power reaches 5 W (amplifier
conversion efficiency from pump entering the NOPA to amplified signal, taking into account
losses to parasitic second harmonic, of 21.5 %). That means that the amplifier can deliver
pulse energies as high as 12.5 puJ when operated at 400 kHz. In these initial measurements the
delay between pump and seed was not actively stabilized. Therefore the output power drifted
away from the maximum value on a timescale of a few minutes. This drift was minimized by
the incorporation of the active delay stabilization system described in the next section. In
addition, the amplified optical parametric fluorescence (AOPF) measured when the seed into
the NOPA was blocked resulted in less than 10% of the amplified signal power of the seeded
amplifier in all configurations studied. The actual content of AOPF in the seeded amplified
signal is much smaller given that the parasitic process is heavily suppressed in the presence of
the seed.

In Fig. 2 the spectrum of the amplified pulses out of each of the three BBO crystals is
presented for both repetition rates. The exact shape of the spectrum depends on many
parameters including the pump intensity incident on each crystal, the non-collinear and phase
matching angles and the delay between pump and seed.
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Fig. 2. Pulse spectrum out of each BBO crystal for (a) operation at 400 kHz and (b) operation at 800 kHz.

In both cases the amplified pulse spectrum supports sub-6 fs pulses. The pulses were
compressed utilizing a pair of chirped mirrors and thin wedges. For both repetition rates
compression to sub-9 fs pulses was achieved. This result was significantly improved with the
implementation of optimized chirped mirrors and a pulse shaper, as it is shown in the next
section.

The Ti:Sapphire oscillator is Carrier-Envelope Offset-frequency (CEO) stabilized. That
means that the Carrier-Envelope Phase slip from pulse to pulse is constant. In this particular
case, after 4 pulses in the 80 MHz pulse train the phase slip adds up to 2z. The repetition rate
of the pump laser is then selected such that only pulses that carry the same CEP are amplified
in the NOPA. The CEP stability after amplification was studied with a home-built f-to-2f
interferometer, detecting the change over time in the phase of the modulation in a small part
of the octave-spanning spectrum [37]. The minimum integration time in the spectrometer
utilized was 2 ms and therefore each spectrum integrated 800 or 1600 pulses at 400 kHz and
800 kHz respectively. While this fact prevents one from properly quantifying the CEP
stability, the almost full spectral modulation that is achieved in selected parts of the spectrum
suggests that during the integration of the spectrum the change in the CEP is relatively small.
A proper characterization of the CEP stability at these high repetition rates will be the subject
of future investigations. Figure 3 shows spectral fringes as a function of time taken at 400
kHz. The fringes disappear when the CEO-locking system of the oscillator is turned off.
Additionally, the delay stabilization system was turned on and off, and, as previously shown



in [38], the stability of the spectral fringes improves when the delay between pump and seed
pulses in the NOPA is actively stabilized.
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Fig. 3. Spectral fringes measured in the f-to-2f interferometer as a function of time while operating the parametric
amplifier at 400 kHz.

4. System optimization for applications at 400 kHz

At least two points have to be considered when the system is utilized in applications. First of
all, additional components such as wave plates have to be added after the amplifier to control
the polarization, as well as combinations of half-wave plates and polarizers to continuously
vary the energy on target, spectral filters to remove the parasitic second harmonic, windows at
the input of vacuum chambers, etc. These additional optical elements make the pulse
compression more challenging, and even if one could optimize the design of chirped mirrors
for a particular application, the flexibility to change the experimental configuration would be
lost. Second, the output power and peak power have to be stable over long periods of time. As
mentioned in section 2, this requires active stabilization of the delay between the seed and
pump pulses.

In order to overcome the difficulties in pulse compression, the optical path of the seed was
rearranged to accommodate the pulse shaper mentioned in section 2, between the output of
the oscillator and the entrance to the parametric amplifier. To minimize the changes in
performance of the NOPA, a flat spectral phase was introduced initially. After amplification,
the pulses were sent through a pair of chirped mirrors designed to compensate material
dispersion in BBO, a pair of thin fused-silica wedges at Brewster’s angle, a broadband
dispersion compensated neutral variable power attenuator (Femtolasers OA322), one dichroic
mirror to separate the parasitic second harmonic from the fundamental, and propagated
through fused silica windows and a few meters in air, to simulate the propagation of the pulse
towards the interaction region for a particular experiment. The number of bounces on the
chirped mirrors and the insertion of the thin wedges into the beam path were optimized to
achieve the best compression possible. Subsequently, the compression was optimized by
adjusting high order dispersion terms (up to 4th) with the pulse shaper, while monitoring the
pulse duration.

The pulse duration was characterized with a SPIDER apparatus (FC-SPIDER, APE
GmbH). Figure 4 shows a comparison between the retrieved pulse temporal shape and the
transform-limited pulse shape. The retrieved pulse duration of 6.3 fs at full width at half
maximum (FWHM) is only 1.09 times the transform-limited pulse duration. The pulse
contrast against pre- and post-pulses is almost the same as the contrast of the transform-
limited pulse temporal shape, and significantly improved over the pulse shape that we



reported in our earlier publication (i.e. before implementation of the pulse shaper), when at
least half of the pulse energy was lost to post- and pre-pulses [34].
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Fig. 4. Experimentally retrieved pulse shape through a SPIDER measurement (blue) and transform-limited pulse
shape (red) obtained by Fourier transformation of the measured spectrum. The temporal phase from the SPIDER
measurement is shown as well (green curve).

As already mentioned, to improve the system stability over extended periods of time, the
delay between the seed and pump pulses in the NOPA was actively stabilized. In order to
stabilize the delay, a measurement of the actual delay (or its change over time) is required.
The idler from a parametric amplifier provides a cross correlation measurement between the
seed and pump pulses, as can be corroborated by studying the coupled differential equations
describing the amplification process [39]. The information contained in the idler was already
utilized to stabilize the pump-seed delay in [38]. The same idea was followed here, utilizing
the difference in signal between two photodiodes placed at two different portions of the
angularly dispersed spectrum of the idler. Utilizing PID electronics to feed a motorized
translation stage, the delay can be stabilized in order to preserve the spectral shape of the idler
(and therefore the signal) over time. The main difference with respect to the work reported in
[38] is that a separate NOPA stage was built for the purpose of stabilizing the delay. In that
way, the stretching of the seed pulse can be tailored to optimize the sensitivity of the NOPA
stage to changes in the delay, and not necessarily for the optimum seed pulse amplification.
The idea of using a separate NOPA stage for delay stabilization was introduced in [27].
Unlike that particular system, where part of the total pump power (and seed power) is utilized
for this separate stage, no splitting of pump (or seed) power was done in the system presented
here. As a seed, a parasitic reflection off BBO 2 (refer to Fig. 1(b)) was utilized, and to pump
the additional NOPA, the remaining pump power out of BBO 3 was used. A 5 mm thick BBO
crystal under type | phase matching in walk-off compensation geometry was utilized to
amplify the seed. The choice of crystal thickness was only determined by the available
crystals in the laboratory at the time of setting up this additional NOPA. Thinner crystals
would also work, as long as they provide enough idler power for the detection system. Figure
5 shows the influence of the active pump/seed stabilization system on the output power of the
NOPA. The measurement was taken at the interaction region of a particular experiment after
suffering considerable losses in several optical elements. Therefore the average power is
lower than 5 W. The two different traces show the output power stability with and without the
stabilization system. When the active stabilization system is functioning, the rms change in
output power is less than 1 % over half an hour. Similar performance can be maintained over
the course of many hours. The pulse-to-pulse stability was characterized with a fast
photodiode and an oscilloscope. The voltage peak-to-peak was monitored over more than 6
minutes resulting in a standard deviation from the average value of approximately 3 %.
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Fig. 5. NOPA output power with and without delay stabilization system.

5. Spatio-temporal aberrations

It is well known that the non-collinear configuration in parametric amplification may
introduce strong couplings between spatial and temporal coordinates of the electromagnetic
field [17, 36, 40-42]. To partially characterize these effects at the output of the NOPA, two
techniques were utilized: SPIDER measurements were taken at different positions across the
beam profile, and an imaging spectrograph was used to characterize the changes in the
amplified spectrum as a function of position across one axis on the beam profile. The
measurements with the imaging spectrograph were taken across the beams’ walk-off
coordinate in the NOPA, which is expected to present the strongest spatio-temporal
distortions or aberrations. The spatially resolved SPIDER measurements were performed
placing a small aperture at different positions across the beam profile. To determine the
position of the aperture relative to the near field intensity distribution, a flip-mirror was
located before the input to the SPIDER to send the beam either to the SPIDER or to a CCD
camera. At first, the near field distribution was recorded with the CCD camera. Then, the
aperture was placed in the beam path, before the flip-mirror, and the CCD camera was
utilized to locate the approximate position of the center of the aperture. Next, the mirror was
removed from the beam path and the SPIDER trace recorded. The procedure was repeated for
nine different positions. All the results of this section were taken at a repetition rate of 400
kHz, implementing pulse shaping and delay stabilization. Figure 6 shows the logarithm of the
intensity distribution of the amplified pulses in the A-x plane. The thickness of BBO 3 was 2
mm in this case and the output power after the chirped mirrors and a dichroic mirror to
suppress the parasitic second harmonic was 4.8 W. It is worth mentioning that the intensity
distribution in the imaging spectrograph is not corrected for the spectral response of the
instrument.
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Fig. 6. (a) Logarithm of the normalized intensity distribution in the A-x plane for the 4.8 W output. (b) Integration
over wavelength of linear intensity distribution.

The intensity distribution in the A-x plane shows a position-dependent spectrum, in
particular in the wings of the beam. That is, within the full width at half maximum (FWHM)
of the beam profile (along the x-axis, see Fig. 6(b)) the distribution does not change
dramatically. There is however a shift in the center of gravity of the spectrum with position,
slightly smaller than 20 nm/mm within the FWHM of the spatial distribution.

The intensity distribution from the imaging spectrograph is complemented by the spatially
resolved SPIDER measurements. The results are shown in Fig. 7. Although the results of
Figs. 6 and 7 correspond to the same NOPA configuration, the exact spectral shape is slightly
different since the measurements were taken with a few days difference between them and the
exact alignment and pump-seed delay might have changed. The graphs showing the spectra
and the spectral phases are organized in a matrix consisting of three rows and three columns.
The graph in the top-right corner corresponds to the top-right dot on the near field intensity
distribution (Fig. 7(a)), etc. The same applies to the graphs showing the temporal pulse
shapes. In all cases the difference of the spectral phase is shown with respect to the spectral
phase in the center of the distribution. In this way the attention is focused on changes in the
spectral phase relative to one point in the field distribution. Furthermore, in all the temporal
shape reconstructions, the peak of the pulse has been arbitrarily located at time zero,
eliminating all information concerning the group delay.

The results show that the changes in the spectral phase are not dramatic, although the
pulse duration and shape are changing from point to point. The maximum difference in pulse
duration with respect to the central position is as big as 29 %. This change is due not only to a
position-dependent spectral phase, but also to changes in the spectral shape, leading to a
longer transform-limited pulse duration. As expected, the changes are more evident across the
X-axis, corresponding to the beams’ walk-off axis in the NOPA.
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Fig. 7. Spatially-resolved SPIDER measurements for the 4.8 W output. (a) Near field distribution. The black dots
indicate the position where the aperture was placed. (b) Measured spectra and spectral phase differences with respect
to the spectral phase of the central point. (c) Retrieved temporal pulse shapes. There is a one-to-one correspondence
between the positions of the dots on the near field distribution and the position of the spectrum or pulse shape in the 3
by 3 matrix of graphs.

A second set of measurements was performed running the NOPA under slightly different
conditions. The last crystal (BBO 3 in Fig. 1(b)) was replaced by another BBO crystal with
the same cut, but a thickness of 1.5 mm. The phase-matching angle, alignment and relative
delay between pump and seed in the last crystal of the second stage were adjusted while
monitoring the beam profile. The resulting intensity distribution in the A-x plane is shown in



Fig. 8. In this case the output power after filtering of the parasitic second harmonic was
reduced to 4.4 W.
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Fig. 8. (a) Logarithm of the normalized intensity distribution in the A-x plane for a measurement with a 1.5 mm
thickness for BBO 3 (4.4 W output). (b) Integration over the wavelength of the linear intensity distribution.

Although the spatio-spectral couplings are still present, the results in Fig. 8 show a much
weaker dependence of the spectral shape on the position across the beam profile. In this case
the shift in the center of gravity of the spectrum within the FWHM of the beam is smaller
than 15 nm/mm. Again, this picture is complemented by spatially resolved SPIDER
measurements, shown in Fig. 9.

The results in Fig. 9 still show a dependence of the pulse shape and spectral characteristics
of the field with position. However the relative changes in the spectral phase and spectrum are
smaller than in the previous case. The maximum difference in pulse duration amounts to 15 %
of the pulse duration at the central location. In addition, the shape of the near field intensity
distribution is symmetric with respect to the x- and y-axis, as opposed to the previous case
where a weak tail extends to the positive side of the x-axis. Furthermore, as back-conversion
effects are reduced at lower extraction efficiency, the spectral modulation in the amplified
spectrum is also reduced and the satellite pulses in the transform-limited pulse shape are
weaker, resulting in an improved temporal contrast.

The results presented in this section show that the spatio-temporal characteristics of the
amplified pulses can be improved with only a mild decrease in the extraction efficiency (a
reduction from 20% to 18%). However, the analysis presented so far does not address the
amount of pulse front tilt and angular dispersion present in the near field distribution. It has
been conclusively demonstrated experimentally, that the residual pulse front tilt induced by
angular dispersion can be minimized by working at the magic angle configuration [40]. As
explained in the same reference, the angular dispersion results from the angular dependent
gain. This effect is particularly critical for small beams, when the angular acceptance of the
amplifier is comparable to the beam angular range. For this reason, the non-collinear angle in
the first amplification stage of our system was set to the magic angle. In the second amplifier
however, the small non-collinear angle detuning is expected to induce a pulse front tilt.
Following the results of [43], a pulse front tilt on the order of 0.7 fs/mm can be estimated at
the output of the system (taking into account beam magnification), and a maximum pulse
front tilt on the order of 2.1 fs/mm in the case that the detuning is as high as 0.3°. This was
the case in [34], where a 2.2° non-collinear angle was utilized to obtain a broader bandwidth.
For relatively large beams (when the angular acceptance of the amplifier is much bigger than
the beam angular range), pulse front tilt can also originate as a consequence of the slanted
gain produced by the two pulse fronts (pump and seed) subtending an angle (the non-collinear
angle) [17, 41]. In this case pulse front tilt arises as a consequence of the simultaneous



presence of spatial and temporal chirp and can be minimized by introducing a controlled
pulse front tilt in the pump pulse. The second stage of the NOPA described here, falls in a
region with intermediate beam sizes, where other effects such as the walk-off between the
beams may still play a significant role. Efforts to better understand this regime and other
effects contributing to spatio-temporal distortions are underway. In addition, it is clear that a
proper characterization of NOPAs requires describing the spatio-temporal properties of the
amplified beams with devices offering spatially resolved spectral or temporal measurements
such as the ones described in [44-47].
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Fig. 9. Spatially-resolved SPIDER measurements for the 4.4 W output. (a) Near field distribution. The black dots
indicate the position where the aperture was located. (b) Measured spectra and spectral phase differences with respect
to the spectral phase of the central point. (c) Retrieved temporal pulse shapes.



6. Potential impact of spatio-temporal aberrations on applications

The results of section 5 and references therein, show that spatio-temporal distortions may not
be negligible in many cases of interest. The importance of these effects will depend on the
particular application to be considered. As a quantitative example of the impact of these
distortions in experiments that are within the scope of interest of our research activities, an
experiment on strong field ionization was simulated. Following the seminal work of Paulus
and co-workers in [48], it is proposed as a thought experiment, studying the asymmetry in the
number of photoelectrons emitted in opposite directions along the laser polarization for
above-threshold ionization (ATI) with CEP-stable few-cycle pulses. This type of experiment
is also known as stereo-ATI. As explained in [48], a considerable fraction of the electrons
generated when atoms are exposed to intense laser fields, do not escape the atom directly, but
rather return to the parent ion under the influence of the laser electric field, and are subject to
an elastic collision with the ion and further acceleration by the laser field. These electrons
form a plateau-like structure at high energies in the photoelectron kinetic energy spectrum
(typically at energies between two times and ten times the ponderomotive energy of the free
electrons -Up-) [49]. Moreover, only electrons generated within a small fraction of the laser
half-cycle return to the ion core with high kinetic energy and are further accelerated by the
laser field. This condition makes the plateau-electrons extremely sensitive to the exact
temporal shape of the pulse, and therefore a good probe for CEP-effects and the exact spatio-
temporal shape of the field.

To simulate the experiment, four different near field distributions were simulated for a
collimated beam of 2 mm FWHM: 1. ideal spectrum (constant spectrum across the beam
profile) supporting 5 fs pulses combined with a constant spectral phase; Il. position-
dependent spectrum in which the center of gravity of the spectrum changes linearly with
position at a rate of 30 nm/mm (i.e. spatial chirp), combined with a constant spectral phase;
I11. ideal spectrum combined with a position-dependent spectral phase in which the group
delay changes linearly as a function of position (i.e. a pulse front tilt); IV. combination of
pulse front tilt and spatial chirp.

The spatial chirp of 30 nm/mm represents an upper limit to the observed shifts in the
center of gravity of the measured distributions in the A-x plane that were reported in the
previous section. The linear change in group delay with position that was chosen gives rise to
a pulse front tilt of 2.8 fs/mm. This also corresponds to an upper limit for the angular
dispersion induced pulse front tilt described in the previous section. Only angular dispersion-
induced pulse front tilt was considered, since pulse front tilt arising from the combination of
spatial and temporal chirp can be minimized when the pulses are compressed.

The ideal spectral distribution was built defining a super Gaussian spectrum of order 2
with a half width e of 300 nm and centred at 850 nm. Eq. (1) shows the expression for the
spectrum:

S(A) =[e—<H°>z/°“2T )

In order for the spectrum to cover a realistic spectral range as compared to typical outputs
of parametric amplifiers, the super Gaussian spectrum was multiplied by a spectral flat-top
window extending from 650 nm to 1050 nm with super Gaussian edges of order 2 whose
width are approximately 30 nm, i.e.
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where 1; = 650 nm, 1, = 1050 nm and o; = 6, = 30 nm. This spectrum gives rise to a
transform-limited pulse duration of 4.97 fs. The spectrum was then multiplied by a Gaussian
spatial function with a FWHM of 2 mm to build the distribution in the A-X plane. For the
distribution with spatial chirp, the same procedure was followed as for the ideal case, except
that the central wavelength of the spectrum was changed with position at a rate of 30 nm/mm,
and the width of the super Gaussian spectrum at each position was chosen such that the
spectrum integrated over all positions had the same width at -10 dB as the ideal spectrum. In
this case, the transform-limited pulse duration at the center of the beam was 5.10 fs.

For each near field spatio-spectral distribution, the electric field as a function of position
and time was calculated, by means of the Huygens-Fresnel integral followed by inverse
Fourier transform, approximately one Rayleigh length behind a focal plane. The focal
distance was chosen so that the peak intensity reaches 10** W/cm? in the interaction region,
assuming a pulse energy of 10 WJ. Placing the interaction region one Rayleigh length away
from the focal plane ensures that within the interaction volume where ionization takes place,
the CEP along the propagation coordinate does not change substantially [50]. The next step
was to solve the Time Dependent Schrédinger Equation (TDSE) for ionization of Argon
utilizing the code described in [51]. The TDSE code assumes electric fields that are time-
dependent but spatially homogeneous. In order to simulate spatial effects, a volume averaging
has to be performed with a particular spatial distribution (a Gaussian beam for example). In
this case, volume averaging was replaced by calculating the contribution to the photoelectron
spectrum from each position across the spatial distribution. This was done at each position
where the electric field was not negligible. All contributions were summed to obtain the
angle-resolved photoelectron kinetic energy distribution. Figure 10(a) shows the energy- and
angle-dependent distribution of photoelectrons for case | and a particular value of the CEP (0
radians). In the 2-dimensional graph of Fig. 10(a), a constant radius corresponds to constant
kinetic energy (indicated in atomic units), while the angles (in degrees) indicate the emission
angle of the photoelectrons with respect to the laser polarization. For better visualization, the
logarithm of the distribution is shown in Fig. 10(a). For a given simulated distribution, two
small angular slices (30°) were selected along the direction of the laser polarization (as
indicated in Fig. 10(a)). Finally the number of plateau-like electrons with kinetic energy
higher than 0.6 a.u. (= 2.4Up) within each angular slice was used to calculate an asymmetry
parameter according to Eq. (3):

— NR — NL
N; + N,
where Ngq, is the number of electrons flying to the right (left) along the laser polarization.

The calculation was repeated for different values of the CEP and the parameter A was
recorded as a function of the CEP (Fig. 10(b)).
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Fig. 10. (a) Calculated two-dimensional, angle-resolved photoelectron kinetic energy distribution plotted on a
logarithmic color-scale. The angles are measured with respect to one direction along the laser polarization. The two
angular regions utilized to calculate the asymmetry parameter are shown schematically. The different radii show
different values of the kinetic energy in atomic units. Only electrons with kinetic energy higher than 0.6 atomic units
were considered for the asymmetry calculation (b) Asymmetry parameter as a function of CEP for the four different
field distributions described in the text. The three insets illustrate the temporal shape of the (ideal) electric field at
different values of the CEP.

In the ideal case (1), the asymmetry oscillates with the CEP, as a result of the asymmetry
in the shape of the electric field. This behavior is also observed almost unaltered when the
spatio-temporal distortions comprise only a mild spatial chirp in the near field (case II). It is
of course expected that for stronger spatial chirp the asymmetry is reduced. In the case that
position-dependent spectral phase distortions are present in the near field, the results change
dramatically. The amplitude of the oscillation in the asymmetry parameters reduces by more
than 50 % in cases Ill and IV. Moreover, when integration is performed over the whole
kinetic energy spectrum, the asymmetry reduces by an order of magnitude in cases Il and IV
as compared to cases | and I1.

To better understand the origin of the loss of contrast in the modulation of the asymmetry
parameter, the laser fields in the interaction region are examined in Fig. 11. The attention is
focused on the electric fields derived from the near field distributions | (ideal case) and Il
(pulse front tilt). Distributions 1l and IV behave almost identical to | and 111 respectively. The
time- and space-dependent electric fields are shown in Fig. 11(a) (for case 1) and Fig. 11(b)
(for case IlI), for a particular value of the CEP. It is quite clear from Fig. 11(a) that the
temporal shape of the field, which ultimately determines the photoelectron asymmetry,
remains almost unchanged with position for case 1. This is further supported by Fig. 11(c) in
which the electric field as a function of time is plotted for three different positions across the
beam. For case Ill, Fig. 11(b) shows that the pulse front tilt is also present in the interaction
region but more important, the field shape changes with position across the beam and the
pulse duration is slightly longer, as it can be better observed in Fig. 11(d), which shows the
electric field as a function of time at three different positions. The change in the shape of the
electric field across the beam profile is quantified in Figs. 11(e) and 11(f), showing the
asymmetry of the field temporal shape as a function of position for six different values of the
CEP.
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Fig. 11. Field temporal asymmetry in the interaction region for cases | (ideal) and Il (pulse front tilt). (a) and (b)
show the normalized electric field amplitude as a function of time and position for cases | and Il respectively. (c)
and (d) show the electric field amplitude as a function of time at three particular positions for cases | and Il
respectively. (e) and (f) quantify the temporal asymmetry of fields | and Il respectively at different positions across
the beam profile for different values of the CEP.

In Figs. 11(e) and 11(f), the normalized field asymmetry (FA) is quantified according to
Eq. (4):

1%
A-— 1 [E@)dt @)
Emax (t2 _tl) I!‘

where E. is the maximum field amplitude and the integration limits are chosen so that the
field temporal asymmetry is calculated only within the region of the spatio-temporal
distribution where the intensity is higher than half the peak intensity. This restricts the
calculation at each position to a temporal window that comprises the strongest part of the
pulse, and therefore the most relevant for determining the Kinetic energy distribution of
recollision electrons.

In case I (Fig. 11(e)) the field asymmetry remains relatively constant around the center of
the beam (X = 0). Beyond X = + 15 um the value of the asymmetry changes drastically and
even inverts its sign. However, the main contribution to the asymmetry in the photoelectron
distribution in the plateau region comes from the strongest part of the field (i.e. around X =
0), where the field asymmetry remains relatively constant. In contrast to this, in case Il (Fig.
11(f)) the field asymmetry changes more radically with position. Moreover, this change is not
symmetric around the center of the beam. As a consequence, the asymmetry imprinted onto
the photoelectrons depends strongly on where in the interaction volume the atom was ionized.
After integration over the interaction volume, the net result is a weaker asymmetry of the total
angle-resolved kinetic energy distribution.



The current example shows that for some often pursued applications in attosecond science
spatio-temporal effects arising during non-collinear parametric amplification can substantially
change the outcome of the experiment.

7. Summary and perspectives

The high repetition rate NOPA introduced in [34] has been upgraded to deliver more than
double the average power and energy per pulse, and has been optimized for applications. The
pulse compression has been improved by means of a commercial pulse shaper acting on the
NOPA seed, and the output power and spectral characteristics of the system have been
stabilized over time by actively stabilizing the delay between the pump and seed pulses.

Additionally, the spatio-temporal properties of the amplified pulses have been studied in
two configurations and the couplings or distortions have been minimized at the expense of
conversion efficiency and a longer pulse duration.

Using the example of asymmetries in CEP-dependent above-threshold ionization, it was
shown that even relatively weak spatio-temporal couplings may have detrimental effects for
selected applications in attosecond science.

The results of these studies will have a strong impact on the design and development of a
new high repetition rate NOPA currently under development. An order of magnitude higher
energy per pulse is envisioned for this new system. This high energy, high repetition rate
NOPA will be the corner stone of an attosecond beamline devoted to XUV-IR pump-probe
spectroscopy experiments with coincidence detection.
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