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Noncollinear optical parametric amplifiers (NOPAs)
have become the leading technique for the amplifica-
tion of carrier-envelope phase (CEP)-stable few-cycle
pulses at high repetition rate and high average power.
In this letter, a NOPA operating at a repetition rate of
100 kHz delivering more than 24 W of average power be-
fore compression is reported. The amplified bandwidth
supports sub-7 fs pulse durations and pulse compres-
sion close to the transform-limit is realized. CEP sta-
bility after amplification is demonstrated. The system
paves the way to attosecond pump-probe spectroscopy
with electron-ion coincidence detection. © 2017 Optical
Society of America

OCIS codes:  (320.0320) Ultrafast optics; (320.7110) Ultafast non-
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In the past decade the availability of coherent light pulses
in the extreme ultraviolet (XUV) with sub-femtosecond pulse
durations has enabled the emergence of the field of attosecond
science [1]. Isolated attosecond pulses (IAPs) in the XUV are
typically produced through high-order harmonic generation
(HHG) driven with intense, carrier-envelope phase (CEP) stable,
few-cycle laser pulses operating at optical frequencies, in combi-
nation with a gating technique that confines the XUV emission
to a single half-cycle of the driver laser pulses [2—4].

Energetic, CEP-stable laser pulses in the near infrared (NIR)
with pulse durations down to a few femtoseconds (i.e. only few
optical cycles) are nowadays routinely generated in many labora-
tories around the world. Most systems rely on the combination
of Ti:Sapphire laser amplifiers and pulse post-compression in
a gas-filled hollow core fiber [5]. These systems can generate
few-cycle pulses with energies ranging from hundreds of uJ to a
few m] at a few kHz repetition rate and have been successfully
implemented in experimental setups in which the few-cycle
pulses are combined with IAPs in a pump-probe configuration,

to study ultrafast electronic processes in atoms, molecules and
solids [1]. Typically, the observables in these experiments are
the velocity distributions of ions and electrons, or the transient
absorption spectrum of the XUV pulse. In the former case, a
more attractive technique to analyze the complex scenarios that
arise during the pump-probe experiment is the detection of the
momentum vectors of all produced photo-electrons and photo-
ions in coincidence utilizing a reaction microscope [6]. How-
ever, coincidence detection demands that at most one ionization
event occurs per laser shot, and therefore high repetition rate
experiments are required. The implementation of attosecond
pump-probe experiments with coincidence detection is so far
limited by the properties of available Ti:Sapphire amplifiers to
a maximum repetition rate of 10kHz [7]. Although this is a
remarkable achievement, operation at much higher repetition
rates is highly desirable.

Recently, noncollinear optical parametric amplifiers (NOPAs)
have become a very attractive tool for amplifying ultrashort
laser pulses over a broad spectral range, from the visible to
the mid-infrared. The achievable high gains over a broad gain
bandwidth, and the highly reduced heat load as compared to
traditional laser amplifiers, make NOPAs very well suited for
the amplification of few-cycle pulses at high repetition rates.
High repetition rate (> 100 kHz) NOPAs around 800 nm ampli-
fying few-cycle pulses from Ti:Sapphire oscillators have been
demonstrated for a wide range of pulse energies, repetition rates
and average powers [8-11]. However, up to now, few-cycle,
100 pJ-level pulses have not yet been achieved at these repetition
rates. The combination of high energy and high repetition rate
has only been reported, so far, for parametric amplifiers operat-
ing in burst-mode and delivering longer pulses [12, 13], and for
longer pulses from fiber-based laser amplifiers post-compressed
in gas-filled hollow-core waveguides. In the latter case, CEP
stability has yet to be demonstrated [14].

In this letter a NOPA operating at a central wavelength of
approximately 790nm, delivering more than 24 W of output
power is demonstrated. After compression, a broadband vari-
able power attenuator and parasitic second harmonic filtering,
7 fs pulses with more than 190 uJ pulse energy at a repetition
rate of 100 kHz (more than 19 W of average power) are available
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for experiments.

Output: 24 W,
100 kHz, 790 nm

Fig. 1. Block diagram of the noncollinear optical parametric
amplification (NOPA) system. OSC: Ti:Sapphire laser oscilla-
tor; PM: polarization maintaining fiber; FA: fiber stretcher and
fiber amplifiers; RA: regenerative amplifier; GC: grating com-
pressor; SHG: second harmonic generation module; PS: pulse
shaper; FS: fused silica window for pulse stretching; DSS: de-
lay stabilization system; TS: translation stage; WP: A/2 wave
plate; TEP: thin-film polarizer; BBO: BBO crystal.

A block diagram of the system is shown in Fig.1. An octave-
spanning, carrier-envelope offset-frequency (CEO)-stabilized
Ti:Sapphire oscillator (Venteon Pulse:One) is utilized to seed the
NOPA and the pump laser for the NOPA. A fraction of the oscil-
lator (OSC) radiation with approximately 10 nm of bandwidth
centered around 1030 nm is filtered out with a dichroic mirror,
coupled into a polarization-maintaining optical fiber and used
to seed a chirped pulse amplification (CPA) system from Trumpf
Scientific. The CPA consists of a fiber Bragg grating stretcher,
several Yb-doped fiber pre-amplifiers (FA), a regenerative thin-
disk Yb:YAG amplifier (RA) and a grating compressor (GC).
After second harmonic generation (SHG), the pulses from the
CPA are used to pump the NOPA. The CPA system delivers up
to 120 W at 515 nm, in 900 fs pulses at a repetition rate of 100 kHz.
The few-cycle pulses generated in the oscillator pass through a
commercial pulse shaper (PS) based on a spatial light modulator
(SLM) (Biophotonics Solutions Inc., MIIPS Box 640 P). Subse-
quently, the pulses are split using a beam splitter that sends 3 %
of the incoming power to a delay stabilization system (DSS),
with the rest seeding the NOPA. The delay stabilization system
consists of a NOPA stage whose amplified spectrum is analyzed
for active stabilization of the delay between the pump and seed
pulses in the NOPA. The setup is similar to that proposed in [15],
except that all the signal processing is done digitally. When
the delay is actively stabilized by means of a delay-stage in the
seed arm a residual temporal jitter of 4 fs rms is achieved over a
period of several hours.

The seed pulses are amplified in two NOPA stages based on -
Barium Borate (BBO) crystals under type-I phase-matching and
walk-off compensation geometry (WOC). The non-collinear and
phase-matching angles, the intensity of the pump in each crystal
and the power splitting between the stages were designed with
the support of numerical simulations carried out with the code
Sisyfos (SImulation SYstem For Optical Science) [16]. A A/2
wave plate and a thin-film polarizer are employed to divide the
pump power between the first and second amplification stages.

The first stage is pumped by 120 uJ pulses (12 W) at an intensity
of 100GW /cm?. Pulses with energies up to 960 uJ (96 W) are
utilized to pump the second stage, with the pump intensity
50 GW/cm?.

A flat phase was introduced at first in the SLM of the pulse
shaper. However, the optical arrangement of the pulse shaper
introduces a non-negligible amount of dispersion. This, in com-
bination with a few meters of propagation in air and a 5mm
thick fused silica window is utilized to stretch the seed pulses
to approximately 300 fs. In the first stage, the seed pulses are
amplified from 250 pJ to 12 4] (1.2 W of average output power) in
a 2.5 mm thick BBO crystal. This means the amplification stage
has a high gain of approximately 48000 and a moderate pump-
to-signal energy conversion efficiency of 10 %. In the second
stage, the pulses are amplified in a 3 mm thick BBO crystal from
12 uJ to a maximum pulse energy of 242 uJ (24.2 W of average
power, mean value over 2.5hours) when the pump power is
96 W and the pump peak intensity slightly over 50 GW/cm?.
This stage has a gain of 20.2 and a high conversion efficiency of
24 %.
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Fig. 2. Output power of the system measured over two and

a half hours. The insets show the amplified beam after 2m of
propagation (right) and at the focal plane of a 1 m focal length
mirror (left).

In both NOPA stages the non-collinear angle was set to the
so-called ‘'magic angle’, i.e. the angle where the projection of the
group velocity of the idler onto the direction of the signal beam
equals the group velocity of the signal. This configuration not
only ensures a broad amplification bandwidth [17] but is also
known to minimize angular dispersion of the amplified signal
beam [18]. The phase-matching angles and pump-seed delays
were adjusted to maximize the output power. The total conver-
sion efficiency of the two-stage amplifier amounts to 22.4 %. In
Fig.2 the output power measured over two and a half hours is
shown. The output power fluctuations are characterized by a
root mean square value of 1 %, which is at the same level as the
pump laser. The slow drift corresponds to changes in the output
power of the pump. Under these same conditions, an upper
limit for the content of amplified optical parametric fluorescence
was estimated by measuring the output power of the amplifier
when the seed was blocked at the entrance to the first stage,
while leaving all the delays, angles and overlaps optimal. The
resulting power was 200 mW, less than 1 % of the total output
power when the amplifier is seeded.

The amplified signal beam (measured after approximately
two meters of propagation) has a round shape and the power is
distributed slightly asymmetrically towards one side along the
walk-off plane. This beam profile and the far field beam profile
are shown in the insets in Fig.2. For the far field measurement
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the beam size was reduced by a factor of two in a telescope and
subsequently focused by a 1 m focal length spherical mirror. In
addition, the beam profile was measured after approximately
4 m of propagation under different pump power levels between
35W and 96 W, in order to detect any thermal effect at high
average pump power. No appreciable changes were observed
in the amplified beam.

The spectrum after the second stage covers the range 670 nm
to 1025 nm. The Transform-limited pulse duration supported by
the high energy pulse spectrum is 6.6 fs. To realize the temporal
compression of the amplified pulses, the pulse shaper in Fig.1
was utilized in combination with a set of chirped mirrors (Laser
Quantum DCM11) and a pair of thin fused silica wedges, located
after the amplification stages (not shown in Fig.1).

The laser pulses were characterized utilizing a SEA-F-SPIDER
device [19]. We made use of the multiple-shearing algorithm [20]
to faithfully reconstruct the spectral phase accross the dips in
our spectrum [21]. In order to avoid damage of the optical com-
ponents in the SEA-F-SPIDER and reduce the intensity at focus,
the power was attenuated by a broadband half wave plate and
thin-film polarizer in combination with a set of chirped mirrors
specifically designed to compensate for material dispersion of
the wave plate and the polarizer (Spectra-Physics, Femtooptics
OAZ331). The broadband variable power attenuator is important
in applications, in order to continuously change the laser power
sent towards the experiments.

The compression followed a two-step approach. In the first
step, a flat phase was introduced in the SLM of the pulse shaper,
the amplification conditions were optimized, and the chirped
mirrors and the fused silica wedges were utilized to minimize
the group delay dispersion (GDD) of the amplified pulses. In
addition to the already mentioned optical elements, a dichroic
mirror was inserted in the optical path to remove the parasitic
second harmonic radiation produced during amplification, due
to the chosen WOC geometry [22]. During the second step of the
pulse compression, the third-order and fourth-order dispersion
terms of the spectral phase were adjusted in the pulse shaper
while monitoring the pulse temporal shape in the SEA-F-SPIDER.
By introducing only small corrections (+100 fs3, +600 fs*) to the
spectral phase in the pulse shaper the compressed pulse duration
could be changed without significantly affecting the amplifica-
tion conditions in the NOPA. The SEA-F-SPIDER measured the
spectrum and spectral phase along a spatial dimension of the
beam. Here we present results corresponding to measurements
along the walk-off plane, where spatio-temporal distortions are
more likely to affect the amplified field [23].

For the results in Fig.3, an integration over the spatial coordi-
nate was performed corresponding to 1/e? of the beam size. In
addition, the measurement was repeated 25 times over a time-
span of 90 seconds, in order to test the short term stability of
the NOPA output. The colored traces in Figs.3(a), 3(b) and 3(c)
are the result of these 25 different measurements. For all mea-
surements we used the two shears 10 mrad/fs and 50 mrad/fs.
Fig.3(a) shows the measured spectra. The mean center freqeuncy
is 2.363 rad/fs (797 nm), with a fluctuation of only 0.002 rad /fs
(=0.08%) over the 25 measurements. This stability is a result
of the active pump-seed delay stabilization system. In fig. 3(b)
the retrieved spectral phases are presented, and 3(c) shows the
corresponding temporal intensity envelopes of the complex elec-
tric fields. The measured pulse duration was (7.07£0.07) fs Full
Width at Half Maximum (FWHM), only a factor 1.07 longer
than the transform-limited pulse duration, and corresponding
to 2.65 optical cycles. The confidence value provided for the
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Fig. 3. Pulse characterization. We recorded 25 successive pulse
measurements over a time-span of 1.5 minutes. Measured
spectra (a), spectral phases (b), and retrieved temporal shapes
(c) of the amplified pulses.

pulse duration represents the standard deviation of the series
of 25 measurements. Moreover, the relatively clean pulse com-
pression ensures that only a small fraction of the energy is lost
to satellite pulses. More than 82 % of the energy is located in
the main pulse, while for the transform-limited pulse shape the
fraction of energy in the main pulse reaches 92 %. The mea-
sured spectral phases consistently show a phase jump around
875nm where the parasitic second harmonic is phase-matched.
This also manifests in a dip in the amplified spectrum. As dis-
cussed in [23], the jump in the spectral phase is a natural result
of amplification in the walk-off compensation geometry. The
measurement series was repeated by rotating the beam and mea-
suring perpendicular to the walk-off plane, obtaining similar re-
sults. After losses in the chirped mirrors, the broadband variable
power attenuator and the filter for the removal of the parasitic
second harmonic, the compressed output power exceeds 19 W,
i.e. the pulse energy exceeds 190 yJ.

Since the oscillator pulses seeding the NOPA are CEO
frequency-stabilized, a proper choice of the repetition rate in
the CPA system pumping the NOPA ensures that the amplified
ultrashort pulses carry the same CEDP, as it was already shown
in [8-11] and elsewhere. In the system introduced here, the
oscillator repetition rate is 80 MHz and the CEO frequency is
stabilized to one-fourth of the repetition rate. Therefore, any
repetition rate in the CPA system that is an exact divisor of
20MHz, as it is the case for 100 kHz, ensures that the amplified
pulses in the NOPA carry the same CEP. The stability of the
CEP after amplification was characterized by measuring spec-
tral interference fringes with a home-built, common path f-to-2f
interferometer, while the NOPA was operating at the maximum
output power. The interferometric signal was measured with
a commercial spectrometer (HR4000, Ocean Optics) and pro-
cessed with a portable computer. During all CEP measurements
the acquisition time in the spectrometer was set to the lowest
possible value 1 ms, therefore all interferograms average over
100 laser shots. We extract the relative CEP value from the fringe
pattern with an FFT-based algorithm and feed an analog DC
voltage to the offset input of the fast feedback loop electronics of
the oscillator. The acquisition and slow feedback loop operated
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Fig. 4. CEP stability and control of the amplified pulses.
(a),(c),(e) are measured f-to-2f interference fringes as a function
of time, and (b),(d),(f) show the extracted CEP values in units
of mrad. In (a) and (b) we show the CEP drift of the amplified
pulses with engaged fast loop; from 42 sec onwards, both the
fast and slow loop are engaged. In (c) and (d) arbitrary control
of the CEP with a sine and a triangle modulation is shown.

(e) and (f) show long term CEP measurements over a dura-
tion of 40 minutes. (g) shows the fringe modulation depth. (h)
histogram of the entire dataset.

at a speed of 105 Hz limited by the data transfer rate from the
spectrometer. Fig.4 shows the f-to-2f interference fringes and
evaluated CEP phases. In Fig.4(a) and 4(b) the f-to-2f fringes
and CEP are shown without slow loop correction (i.e. only the
ocillator CEO locking feedback loop is engaged) for 42 seconds.
The phase of the interference pattern, and therefore the CEP
of the amplified pulses, changes slowly over time with an am-
plitude of ~ 0.5 rrad and a period on the order of 10 seconds.
Between t = 20s and 31s, the pump-seed delay stabilization
system was turned off. As a result, the spectrum of the NOPA
changes slightly, changing the white light generation and the
contrast of the fringes. Around t = 42, the slow CEP feedback
loop is turned on and the phase stays close to 0 rrad. Figures
4(c) and 4(d) illustrate arbitrary control of the CEP of the am-
plified laser pulses. In our feedback software we set the CEP
target to a sine and a triangle wave of 2 7t amplitude. Fig.4(c)
and 4(d) show the f-to-2f interference fringes and extraced CEP
phases, respectively. Fig.4(e) and (f) show the measured fringes
and CEP values over 40 minutes recorded at 105 Hz acquisition
rate. Fig.4(g) shows the modulation depth of the fringe pat-
tern. A histogram of all CEP values over 40 minutes is shown
in Fig.4(h). The CEP jitter evaluated from all 252000 datapoints
is 124 mrad rms. In future work, the pulse-to-pulse stability of
the CEP, crucial for the success of pump-probe experiments with
attosecond time resolution, will be evaluated on a single-shot
basis at 100 kHz.

In conclusion, a NOPA system delivering more than 24 W of
average power at 100 kHz has been demonstrated. After com-
pression using chirped mirrors and thin fused-silica wedges,
a broadband variable power attenuator, and removal of para-
sitic second harmonic, more than 190 yJ of energy are obtained
in close-to-transform-limited few-cycle pulses with a duration
of 7.05 fs, which represents, to the best of our knowledge, the

highest pulse energy reported so far for CEP-stable few-cycle
pulses operating at these high repetition rates. The system will
be employed for HHG and isolated attosecond pulse production,
and will be the basis of an attosecond pump-probe beamline
with coincidence detection capabilities.
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