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Abstract: We developed a high power optical parametric chirped-pulse amplification (OPCPA)

system at 2.1 µm harnessing a 500 W Yb:YAG thin disk laser as the only pump and signal

generation source. The OPCPA system operates at 10 kHz with a single pulse energy of up

to 2.7 mJ and pulse duration of 30 fs. The maximum average output power of 27 W sets a

new record for an OPCPA system in the 2 µm wavelength region. The soft X-ray continuum

generated through high harmonic generation with this driver laser can extend to around 0.55 keV,

thus covering the entire water window (284 eV - 543 eV). With a repetition rate still enabling

pump-probe experiments on solid samples, the system can be used for many applications.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The use of femtosecond soft X-ray (SXR) pulses for spectroscopy is of large interest for the study

of electronic dynamics with elemental and chemical sensitivity. Within this context, high-power

ultrafast light sources in the near- and mid-infrared (MIR) wavelength region have attracted a lot

of attention as drivers of high harmonic generation (HHG) [1–4], as they allow to reach e.g. the

1s core levels of the biologically relevant, light elements carbon, nitrogen and oxygen. Hence,

they cover the so-called water window (284 eV - 543 eV), allowing for the study of biomolecules

in their natural aqueous environment [5,6]. Furthermore, the associated short wavelengths in

the single digit nm range lend themselves to experiments with sub-100 nm spatial resolution in

reciprocal or real space [7,8].

The physics of the HHG-process in gaseous targets explains the advantageous use of MIR

laser drivers when generation of SXR pulses is required [9]. However, the reported conversion

efficiencies from the primary (optical) to the secondary (SXR) laser pulses are tremendously low:

Under ideal conditions and with perfect phase-matching, efficiencies between 10−5 and 10−7 are

predicted [3,10], while experimental values can easily be several orders of magnitude lower [11].

Hence, the photon flux required for measurements can only be realized with powerful primary

laser drivers operating in the MIR wavelength region.

High-energy few-cycle MIR drivers are mainly enabled by optical parametric chirped pulse

amplifiers (OPCPA) pumped with commercial high-power picosecond lasers around 1 µm [12–15].

Using such a pump laser, it is possible to obtain MIR pulses from 2 µm to 4 µm via different

nonlinear crystals such as BBO [16], BiBO [17], LNO [18], PPLN [19] and KTA [20]. Operating

in the 2 µm wavelength region has three main advantages: First, the radiation strength of the

single atomic HHG-process increases with higher frequency [21]. However, considering the

scaling of the cut-off energy with ILλ
2
L

(IL: laser intensity, λL: laser wavelength) [22], a higher

wavelength is more favorable for achieving the desired HH-photon energies without excessive
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ionization of the target. Therefore 2 µm light pulses are a good compromise to realize HHG

in the water window [23]. Second, considering that the gain of the signal pulse is inversely

proportional to its wavelength, 2 µm pulses are much easier to amplify to a high energy level than

longer wavelength signals. Third, both the seed and idler pulses cover a similar spectral range in

a degenerate OPCPA system operating in the 2 µm wavelength region. This results in a small

group velocity difference between the signal and idler pulses, which is favorable for maintaining

the broad spectral bandwidth of the signal pulse needed for generating few-cycle pulses.

However, previous studies have shown that high average output power is very difficult to

achieve from a 2 µm OPCPA system. This can be seen in Fig. 1 which summarizes the 2 µm

OPCPA systems reported in the literature [16–18,24,25]. The maximum average output powers

are limited to about 10 W, and only recently this value was surpassed with a 100 kHz repetition

rate OPCPA system [19].

Fig. 1. OPCPA systems reported in the literature operating around 2 µm wavelength. The

x-axis indicates the pulse repetition rate and the y-axis indicates the single pulse energy. Our

system reported in this paper is marked with red color. 1 mJ pulse energy is indicated by a

gray horizontal line.

Furthermore, there are currently no 2 µm OPCPA systems with pulse repetition rates between

5 kHz and 20 kHz. However, these are of particular interest for pump-probe soft X-ray spectroscopy

on solid samples, since they balance the signal-to-noise advantages of high frequency detection

with the power levels tolerable on such a sample [26,27].

Enhancing the average output power to more than 10 W at the above-mentioned pulse repetition

rates while realizing multi-mJ pulse energies is greatly restricted by the currently available

nonlinear crystals. Typically, these nonlinear crystals include BBO, BiBO, LNO, and PPLN.

Although BBO and BiBO crystals have high damage thresholds (∼ 100 GW/cm2 @ 1 ps), they

are usually not suitable for high power operation in the 2 µm wavelength region due to the strong

absorption (see Fig. 2). LNO and PPLN are transparent around 2 µm, which in principle can

support high power output if the photorefractive effect could be properly suppressed. In Ref.

[19], the photorefractive effect in PPLN crystal is mitigated by lowering down the pumping

intensity, which is realized with a high-aspect ratio poled aperture crystal (2 × 10.9 mm2) and a

flattened pumping beam. This eventually enables a maximum average output power of 25 W.

However, power upscaling needs larger apertures which are not available so far.

Compared with the above-mentioned nonlinear crystals, YCOB (short for YCa4O(BO3)3) as

a monoclinic biaxial crystal has a high damage threshold comparable with BBO or BiBO and

a good transmittance which is not inferior to LNO or PPLN (see Fig. 2) [28]. The relatively
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Fig. 2. The transmissions through 1 cm sample for different nonlinear crystals. The dashed

red line marks the pump wavelength and the gray area marks the spectrum of the signal

pulse (The curves are obtained from [30] and [31]).

low nonlinear coefficient of ∼ 1 pm/V can be outweighed by the large available crystal sizes.

Indeed, YCOB crystals up to 5 inch in diameter and 200 mm in length have been successfully

grown by using Czochralski method at present, which can be converted to a single crystal with

an aperture of several centimeters [29]. In conclusion, with a good transparency in the 2 µm

wavelength region and large available sizes, YCOB crystals should be very suitable for a 2 µm

OPCPA system.

In this paper, we demonstrate for the first time a high power 10 kHz 2.1 µm OPCPA where

both pump and signal stem from one and the same 500 W Yb:YAG thin disk laser. Our system

yields a maximum average output power of 27 W with a single pulse energy of 2.7 mJ, a pulse

duration of 30 fs, and an excellent beam quality of M
2
= 1.1. To the best of our knowledge, this

is the highest average output power which has ever been achieved from a 2 µm OPCPA system.

We also demonstrate HHG with this laser system, which yields an SXR continuum covering the

whole water window wavelength region (284 eV - 543 eV).

2. Layout of the 2.1 µm OPCPA system

A schematic diagram of our 2.1 µm OPCPA system is shown in Fig. 3. The pump source is a

commercial Yb-doped 10 kHz thin-disk regenerative amplifier (Dira 500-10, Trumpf Scientific

Lasers) with a total average output power of 500 W and a pulse duration of 2 ps (0.9 ps Fourier

limit). To optically synchronize the pump pulse and the seed pulse, a part of the pump pulse

(∼ 0.5 mJ) is separately compressed to ∼ 1 ps for pumping a commercial 2.1 µm front-end

(Fastlite). The seed pulse is generated from a fraction of this 0.5 mJ pump pulse via two cascaded

nonlinear processes, i.e., supercontinuum generation (SCG) and difference frequency generation

(DFG), before it is amplified with two subsequent OPA stages using PPLN as nonlinear crystals.

Between these two OPA stages, an acousto-optic programmable dispersive filter (AOPDF, Dazzler,

Fastlite) is employed for dispersion management. The spectrum of the seed pulse extends from

1800 nm to 2600 nm with a central wavelength of 2.1 µm [32], so that the strong water absorption

in air around 1.9 µm is located at the edge of the spectrum. With proper dispersion control, the

seed pulse could be compressed down to 19 fs. We run the front-end at ∼ 27 µJ (270 mW) by

tuning the AOPDF in order to compensate the residual group delay dispersion (GDD) and third

order dispersion (TOD) in the power OPCPA system (cf. Figure 3). The seed delivered from the

front-end has a pulse duration of 0.5 ps with a positive GDD of 3500 fs2.
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Fig. 3. Schematic diagram of the 2.1 µm OPCPA system. The 500 W Yb:YAG thin disk

laser acts as both pump and signal generation source.

The largest fraction of the pump laser power (∼ 35 mJ, 2 ps) is used for pumping a subsequent

power OPA chain. This OPA chain is composed of two degenerated stages (OPA3 and OPA4),

designed for different gain levels with a numerical code (Sisyfos, SImulation SYstem For Optical

Science). To spatially separate signal and idler pulses after amplification, the signal and pump

beams are crossed at a small angle (∼ 2◦). In order to efficiently extract the pulse energy from

the pump pulse, the seed pulse is further stretched to 1 ps (GDD = + 7500 fs2) by a pair of silicon

wedges. In the stage OPA3, 12 mJ of the pump pulse is used to amplify the seed pulse from

∼ 27 µJ to ∼ 1 mJ with a 5 mm beam diameter (1/e2) in a 2 mm thick BiBO (θ = 21.4◦) crystal.

A further increase of pump energy in OPA3 resulted in serious distortions of the spatial beam

profile. In the final OPA stage, YCOB with a thickness of 3.6 mm (θ = 36.7◦) is employed.

The signal pulse is eventually boosted to 2.9 mJ via 23 mJ pumping with 1 cm beam diameter

(1/e2). Although there is still 10 mJ pumping energy per pulse unexploited, we did not further

increase the pump pulse energy in the last OPA stage due to the aperture limitation of the YCOB

crystal. A further increase in average output power can thus be achieved when the full pumping

power is exploited via larger aperture crystals. After the final OPA stage, a 4 cm long uncoated

glass block (Suprasil 300) is employed for pulse compression. The glass block is placed at

an appropriate angle adjusting the propagation length in the material with a resulting GDD =

-7500 fs2. At the same time, it serves as entrance window for the subsequent vacuum system

dedicated to HHG experiments. The losses due to reflections at the surfaces of the glass block

reduce the total average output power to 27 W. However, these reflections provide an opportunity

to perform online measurements of the spectrum and the spatial profile of the beam. By inserting

a secondary glass block identical to the main one, even the duration of the compressed pulses can

be evaluated.

3. Output parameters of the 2.1 µm OPCPA system

Figure 4(a) shows the output spectrum of the 2.1 µm OPCPA system, measured at the maximum

output power with a spectrometer (Wavescan, APE). The spectrum extends from ∼ 1.8 µm

to ∼ 2.5 µm with a spectral bandwidth (FWHM) of 337 nm, matching well the result of the

simulation (red dashed line in Fig. 4(a)). Since the beam path of our OPCPA system is directly

in air, the influence of water absorption can be clearly seen in the measured spectrum as a dip

around 2 µm. The other dip at 2.2 µm is caused by the small back conversion in the OPA stages.

The near field beam profile shown in Fig. 4(b) is measured via a pyroelectrical camera (Spiricon),
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with a nearly Gaussian distributed beam intensity in the near field. The far field beam profile is

measured via two-photon excitation with a Si-CCD at the focus of a 500 mm CaF2 lens, also

showing a Gaussian distributed intensity, implying there is no serious back conversion. Moreover,

the M2 parameter determination yielded a value of 1.1, indicating a nearly diffraction limited

output beam. Figure 4(c) displays the comparison between measured and simulated OPA output.

The observed discrepancy in the second amplifier stage at 35 mJ pump energy probably indicates

a beginning mismatch of pump intensity.

Fig. 4. The (a) output spectrum, and (b) normalized near field beam profile of the 2.1 µm

OPCPA system at the maximum output power. The inset shows the focused far field beam

profile obtained with a 500 mm CaF2 lens, and has the same units as the near field figure. (c)

Comparison between measured and calculated (Sisyfos software) laser system output.

The pulse energy stability of our DIRA pump laser is about 0.5 % (rms) (internal measurement

of the DIRA-diagnostic). This value does not include pointing and divergence fluctuations which

also contribute to the front-end signal generation stability. Hence, based on the DIRA pump

laser, the front-end yields an energy stability about three to four times worse than the pump,

which could not ensure a satisfactory carrier envelope phase (CEP) stability yet. An updated

front-end version with a modified setup and an improved pump stability is expected to allow for

the generation of CEP stable pulses as reported for a similar 3 µm system [33].

The pulse duration is measured at the maximum output power of 27 W with a homemade

spatially-encoded arrangement filter-based spectral phase interferometry for direct electric field

reconstruction (SEA-F-SPIDER) setup similar to the one described in [34]. Here we use an

external reference (ancilla) beam for the sum-frequency mixing [35,36]. Our reference stems

from parasitic second harmonic generation in the OPA stages. The reference beam has a spectrum

centered around 1010 nm from which we filter out two quasi-monochromatic beams using

bandpass filters (Semrock). The generated sum-frequency signal between the ancillae and short

pulse beams lies in the spectral range from 655 nm to 710 nm, which coincides with the responsive

range of standard silicon cameras.
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As can be seen in Fig. 5(a), the retrieved spectrum features a largely flat phase with some small

residual positive TOD. Discrepancies between the measured and the retrieved spectrum can be

explained by differences in the calibration of the respective spectrometers. The retrieved temporal

phase is nearly flat as well, and the pulse duration is 30 fs (cf. Figure 5(b)), corresponding

to about 4 oscillation cycles at 2.1 µm. The uncompensated TOD results in a preceding and

following tail pulse which only account for about 2 % of the energy of the main pulse. The pulse

peak power is calculated to be ∼ 90 GW.

Fig. 5. Results of the SEA-F-SPIDER pulse characterization: (a) Spectral intensity and

phase, (b) temporal pulse profile and phase.

4. Soft X-ray generation

A schematic of the setup used for the HHG experiments is shown in Fig. 6. The compressed

2.1 µm laser is routed into a vacuum beamline, where the 4 cm long glass compressor acts as the

entrance window. A CaF2 spherical lens is used for loosely focusing the beam in a homemade

differentially pumped 6 mm long gas cell. Behind the cell, two additional vacuum chambers

are used for beam separation and HHG characterization. In order to isolate the generated SXR

radiation, an aperture mirror with a 4 mm central hole is employed to reflect ∼ 90 % of the MIR

laser. The residual MIR laser beam is reflected and to some minor extend absorbed by one or

more 200 nm thick free-standing foil filter(s). The heat conductivity of the first filter needs to be

sufficiently high to avoid filter damage. The spectra of the SXR radiation are measured with a

transmission grating spectrograph [37], which consists of a 50 µm slit, an Si3N4 (10 000 lines/mm)

grating and a CCD camera (Andor). The intensity of the generated SXR radiation is optimized

by changing the focusing position and the target gas pressure.

Fig. 6. The experimental setup for the HHG experiments.

The transmission grating and the CCD camera were calibrated by the German national

metrology institute, Physikalisch-Technische Bundesanstalt, and the X-ray transmission curves
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of the foil filters are taken from [38]. While these components would allow for absolute

measurements of the photon flux, it is difficult to assess which fraction of the SXR beam is

transmitted through the entrance slit of the spectrometer. Calculations based on the estimated

beam divergence of about 1 mrad yield a ratio of 0.02, while extrapolations from measured spectra

and beam profiles can lead to significantly lower results. This explains the high uncertainties in

the photon numbers given below.

We first measured HHG in helium, using an f = 500 mm focal length lens and a He pressure

between 1.4 bar and 2 bar depending on the focus position. At the focus, the beam is measured

to be 107 µm in diameter (4σ), corresponding to a beam intensity of 9.4 × 1014 W/cm2. Two

aluminum filters are used for MIR beam removal and stray light suppression. Figure 7(a) shows

the measured spectra with and without a 200 nm Ti-filter (behind the Al-filters) in the beam.

The spectra are scaled relatively to each other and represent an averaging over 1.5 × 106 pulses

(150 s). The K-shell absorption edges of carbon (284 eV) and nitrogen (410 eV) are visible in all

measurements, originating from organic contaminants and the absorption of the Si3N4 grating,

respectively. The photon flux from the source at the carbon K-edge of 284 eV is calculated to be

∼ (2 − 5) × 104 photons/s/eV and we find ∼ (0.5 − 1) × 104 photons/s/eV at 500 eV.

Fig. 7. (a) Normalized HHG spectra generated from 1.8 bar He with the 2.1 µm OPCPA

system at 10 kHz repetition rate, where the signal is accumulated for 150 s. Inset: Zoom of

the Ti-L-edge and the transmission of a 200 nm Ti foil filter [38], and (b) obtained spectrum

from 240 mbar Ar, accumulated for one hour, other parameters cf. text.

These values are nominally lower than those reported for other sources in the literature [9,39],

indicating that larger photons numbers could most likely be achieved with shorter driving pulses

and improved gas target design. However, for similar integration times the contrast quality of our

recorded absorption Ti L-edge seems to be comparable with other results (cf. inset of Fig. 7(a))

[39].

Furthermore, we also performed HHG in argon. We use a gas pressure of 240 mbar and focus

the 2.1 µm beam into the gas with an f = 750 mm lens, leading to a beam diameter of 160 µm

and an intensity of 4.1 × 1014 W/cm2. A 200 nm Ag-filter was used for MIR light suppression.

The resulting spectrum is shown in Fig. 7(b). Additionally, we inserted a 40 nm Gd-filter,

deposited on a thin layer of diamond-like carbon and protected by 3 nm of Ta. The corresponding

absorption edge is also shown in Fig. 7(b). Determined the same way as described above, the

photon numbers at the source for 140 eV are ∼ (2 − 4) × 105 photons/s/eV.

5. Conclusion

In conclusion, we report a 10 kHz 2.1 µm OPCPA system, which delivers a single pulse energy

of 2.7 mJ at a pulse duration of 30 fs. The 27 W maximum average output power surpasses
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other OPCPA systems reported in the 2 µm wavelength region, in particular when considering

repetition rates ≤ 20 kHz allowing for optical pump - SXR probe experiments on solids. Due to

crystal size limitations, currently only 80 % of the available DIRA pump power is used. Scaling

to higher output powers is straightforward by employing a large aperture YCOB crystal in the

final OPA stage. First HHG in He and Ar driven by this 2.1 µm OPCPA system covered the

expected wavelength range, including the entire water window. Furthermore, it allowed for high

signal-to-noise detection of the Gd N-shell and Ti L-shell absorption edges from thin transmission

filters.
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