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Abstract: We propose to obtain kHz, 10s TW, femtosecond sources through optical parametric chirped
pulse amplification (OPCPA) pumped by Yb:YAG thin disk lasers. The final amplifiers of the OPCPA
are based on LGS (LiGaS;) crystals with wide transparent range. To suppress the quantum defect
for high efficiency, the final amplifiers are designed such that the wavelength of the signal is set
very close to 1.03 pm, while the idler spectra span from 4-8 um. Multiple crystals with different
phase-matching configuration can be employed for the amplification of different spectral regions to
support broadband pulse amplification. According to the numerical simulations, the pulse duration
from Yb:YAG lasers can be shortened to 20-30 fs pulse with efficiency beyond 60%. This technique
is energy scalable with the size of the LGS crystal size and can support a 26 TW pulse with current
available LGS. The output pulses are ideal drivers for secondary light and particle source generation.

Keywords: Yb:YAG lasers; optical parametric chirped pulse amplification; low quantum defect

1. Introduction

Lasers with pulse duration of 10s fs combined with high pulse energy are essential for
generating secondary light and particle sources, including terahertz and X-ray sources [1-3],
high energy attosecond pulses [4-6], and plasma-based particle acceleration [7,8]. The
fluxes of the secondary sources increase with average power of driving lasers, which is
significant to decrease the experimental period and improve signal-to-noise ratios. There-
fore, lasers with high average power, 10s fs pulse duration and high pulse energy are under
intensive investigation. Currently, lasers based on coherent beam combination based on
Yb doped fibers, Yb:YAG Inoslabs, room temperature and cryogenically cooled Yb:YAG
thin-disks reaches kW class average power [9-12]. Among them, Yb:YAG thin-disk lasers
are especially promising for serving as driving sources, which provide the highest pulse
energy ranging from a few millijoule to Joule class up to now. However, the long pulse
duration above several hundreds of fs hinders its applications, which is limited by the
narrow emission bandwidth of the lasering materials.

To obtain light sources of 10s fs based on Yb:YAG lasers, a great amount of effort has
been made from various groups to shorten the pulse duration through third order nonlinear
process, namely the post-compression technologies, including techniques of multiple thin
plates, multi-pass cell, and hollow-core fiber [13]. To date, the multiple thin plates technique
has only been demonstrated for pulse shortening of lasers with m]J class energy [14]. In
contrast, the gas-filled multi-pass cells and gas filled hollow-core fiber techniques have
been applied to higher energy scenarios. For instance, the pulse duration was successfully
shortened from 1.3 ps to 41 fs with pulse energy of approximately 18 m] based on gas-filled
multipass cell [15], and was shortened from 230 fs to 25 fs with pulse energy of 40 m]
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based on gas-filled hollow-core fiber [16]. Because of the quasi-waveguide and waveguide
structure provided by the aforementioned post-compression techniques, decent beam
quality can be obtained, i.e., high percentage of fundamental mode. Nevertheless, the
energy of the pulse is limited by the critical power of self-focusing, the ionization threshold
of the gas, and the damage threshold of the optics [17,18]. Thus, higher pulse energy
demands much larger setup, which is impractical for most of the laboratories. Recently,
pulse shortening of 112 m] was achieved with 15 m long multipass cell, even with the help
of donut transverse mode [19]. Much longer setup is needed when such a technique is
used for Joule class lasers. Alternatively, a pulse shortening technique based on thin films
applied for collimated beams has also been proposed and studied [20]. However, small-
scale self-focusing plays a significant role in such technique, which limits the achievable
B-integral [21]. Therefore, the shortening factor of the pulse duration is much smaller than
the former three counterparts so far [22,23]. Besides, there is a common difficulty for all the
post-compression techniques that the dispersion pre-compensation cannot be implemented
because most of the spectral components do not exist before the post-compression setup.
Hence, the compressed main peaks always accompanied by multiple side lobes or wide
pedestal because of the residual high order dispersion.

Optical parametric chirped pulse amplification (OPCPA) is a prevalent technology
to generate femtosecond pulses. OPCPA can support broadband amplification, possesses
low thermal effects and great wavelength flexibility [24]. Meanwhile, the OPCPA can
deliver pulses with high temporal contrast, which is demanded for interaction with solid
targets. Typical OPCPA systems are optimized for either the shortest possible pulse
duration [25-27], or for maximum wavelength tunability [28,29]. On the one hand, the
signal wavelength is usually far away from the pump, so the quantum efficiency is quite
low. On the other hand, the spatio-temporal shapes of the pulses are not super Gaussian for
most cases, and uniform frequency conversion cannot be realized spatially and temporally,
resulting in a large amount of residual pump energy.

In this work, we suggest OPCPA of low quantum defect served as an approach to
obtain femtosecond sources from Yb:YAG thin disk lasers. In the final amplification stage
of the OPCPA system, the idler is set to much longer wavelength compared to the signal
to elevate the quantum efficiency. The spatio-temporal shape of the pump lasers is set to
be super Gaussian to allow uniform energy extraction allover spatio-temporal domain. To
provide broad enough gain spectra, the final amplification stage consisting of multiple
sub-amplifiers with different phase-matching configurations are considered. The approach
is numerically investigated, which shows that efficiency greater than 60% for the final
amplifiers can be reached when the pulse duration of sub-20 fs is obtained with excellent
energy scalability.

2. Modeling Method and Parameters

The OPCPA here is simulated with a 4D numerical code based on split-step Fourier
method [30,31]. The dispersion, diffraction, and crystal anisotropy are all considered in this
code, offering an accurate description of three wave mixing procedure. The nonlinear crys-
tals are the key components of the optical parametrical amplifiers. The damage threshold,
the transmission range, and the phase-matching property all need to be taken into account.
After survey of the materials, LGS crystal is chosen here. Because of the big band gap, the
crystal is durable with pumping of 1.03 um based on Yb:YAG lasers. The transmission
band of an uncoated LGS crystal with thickness of 2 mm spans from 0.33-11.6 um as shown
in Figure 1a, which is broad enough to cover all the interested spectra in this work [32-34].
The LGS has already been used to generate 7-9 pm mid-infrared pulse with pulse duration
of around 100 fs, where the idler spectrum located close to the pump [35]. To achieve high
quantum efficiency, we employ the opposite scenario, in which the signal spectrum is close
to that of the pump while the idler spectrum moves far to the mid-infrared range. Figure 1b
shows three Type-I phase-matching geometries at XZ plane with phase-matching angles of
51.2,45.7, and 41.4 degrees, respectively. Correspondingly, the internal noncolinear angles
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are 0, 1.5, and 2.2 degrees. The gain spectra are adjacent with each other to provide a wide
spectrum amplification.
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Figure 1. (a) The transmission range of LGS crystal, (b) three Type-I phase-matching geometries of
LGS at XZ plane (PM1, PM2 and PM3 correspond to the phase matching angle 51.2, 45.7, 41.4 degrees
and non-collinear angle 0, 1.5, 2.2 degrees respectively).

The suggested configuration of the final amplification state is shown in Figure 2a. The
required broadband signal as shown in Figure 2b can be easily generated by OPCPA, since
few cycle near-infrared pulses are routinely generated [36]. The final amplification stage
consists of multiple amplification steps to sustain the bandwidth of the signal, as shown
in Figure 2a. Two scenarios are studied here, i.e., two and three amplifiers as the final
stage, to provide 30 fs and sub-20 fs pulses, respectively. The multiple pumps can either be
sub-beams split from single laser or synchronized multiple lasers.
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Figure 2. (a) The configurations of final amplifier of the OPCPA system for double-crystal sce-
nario and triple-crystal scenario, (b) the super Gaussian signal spectrum of the two scenarios
before amplification.

The energies of the signal and pump pulses of the final amplification stage considered
here are 20 mJ and 200 m], respectively. The pump can be provided with current available
Yb:YAG thin disk lasers, such as Dira200 from Trumpf scientific lasers [37]. The spatial
shape of signal is super Gaussian of six orders to ensure the uniform energy extraction
of the amplifiers. The spectral shape of the signal is also set to super Gaussian to obtain
super Gaussian temporal shape after stretcher as showed in Figure 3a. Because the damage
threshold of LGS for 1 ps pump is around 50 GW/cm? [35], the summation of the pump
pulse durations is set to ~100 ps with the peak intensity of 5 GW/cm?, which is below
damage threshold of LGS according to the square root scaling law under different pulse
durations [38]. With such pump intensity, gain around 10 is achievable for LGS with a
few millimeters thickness. The spatial and temporal shapes of pumps are both 6 order
super Gaussian. Flat-top beams have already been obtained for cryogenic cooled Yb:YAG
thin disk lasers [12,39]. Flat-top pumps can also be obtained by beam shaping, which has
already been demonstrated experimentally [40]. The super Gaussian temporal shape of
the pump can be realized with the help of acousto-optic pulse shaping based on the fact
that the pumps are chirped [41]. The other parameters of the OPAs are presented in Table 1.
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The pulse durations and relative delays of the pumps are selected to effectively amplify the
whole signal spectra.
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Figure 3. The evolution of the signal and pumps in the temporal domain (S: signal, P: pump, b: before
amplification, a: after amplification, e.g., S_b means signal before amplification) for double-crystal
scenario (a) OPA1 and (b) OPA2.

Table 1. The parameters of OPAs for double-crystal scenario and triple-crystal scenario.

Parameters Double-Crystal Scenario Triple-Crystal Scenario
Amplifier OPA1 OPA2 OPA1 OPA2 OPA3
Phase-matching angle (degree) 51.2 45.7 51.2 45.7 414
Internal noncollinear angle (degree) 0 1.5 0 15 2.2
Pump pulse duration (ps) 45 50 22 32 40
Pump delay (ps) 25 -20 37 12 —22
Pump energy (m]) 91.7 101.9 448 65.2 81.5

3. Results and Discussion

Firstly, the double-crystal scenario is theoretical studied. The evolution of the signal
and pumps in the temporal domain are shown in Figure 3a,b. The thickness of LGS crystals
in both OPA1 and OPA2 is 4 mm to reach the saturation regime. In the OPA1, the trailing
part of the signal is amplified and the output signal energy is 67.9 m]. The pump energy at
the central part is efficiently extracted. The efficiency at the wings is much lower because of
the phase mismatch and smaller pump intensity. The leading part of the signal is amplified
by the OPA2, and the output signal energy is 136.1 mJ. One can observe back-conversion
of pump, which causes modulation of the signal (see the blue solid line in Figure 3b). The
effective efficiency of this amplification stage reaches 60% (input signal energy is deducted).

The energy extraction is also examined in the spatial domain. The temporal distri-
butions of the residual pump along X axis for OPA1 and OPA2 are shown in Figure 4a,b,
respectively. Compared to OPAL1, the residual pump intensity of OPA2 is asymmetric along
the X axis because of the noncollinear phase-matching geometry.
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Figure 4. The temporal distributions of the residual pump along X axis for (a) OPA1 and (b) OPA2.
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Figure 5a shows the amplified spectrum and the spectral phase after group delay
dispersion (GDD) and third order dispersion (TOD) are compensated. The bandwidth is
well maintained after the amplification stage with the pulse duration of 30.2 fs. The leaps
of the spectral phases are induced by the optical parametrical phase of the amplifiers [42],
which leads to multiple side lobes on both sides of the main peak, as shown by the black line
in Figure 5b. After the residual high order dispersion is compensated, e.g., with Dazzler, the
side lobes are effectively suppressed, as shown by the red solid line in Figure 5b. Hence, the
peak intensity is about 1.30 times of the one before compensating the high order dispersion.
The temporal distributions of the signal along X axis before and after the compensation
of high order dispersion are shown in Figure 5c,d. No obvious spatio-temporal coupling
presents, which guarantees good focusability of the signal pulse.
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Figure 5. (a) The amplified spectrum and the spectral phase after dispersion compensation up to
TOD for double-crystal scenario, (b) the temporal profiles of signal before and after the high order
dispersion compensation, the temporal distributions of the signal along X axis (c) before and (d) after
the compensation of the high order dispersion.

For the triple-crystal scenario, the evolution of the signal and pumps in the tem-
poral domain are shown in Figure 6a—c. The thickness of the OPAs here is same as the
double-crystal scenario. The output signal energies are 47.7 m]J, 88.9 mJ, and 140.3 m]
after each OPA. The effective efficiency of this amplification stage reaches 62.8%. The
residual temporal distributions of the pump along X axis for the three OPAs are shown in
Figure 6d{, respectively.

The amplified spectrum and the spectral phase after dispersion compensated to TOD
are shown in Figure 7a. The spectrum is broader than the double-crystal scenario, hence,
the compressed pulse duration is 17.8 fs in this case. The side lobes are still visible because
of the optical parametric phase [Figure 7b]. After the compensation of the high order
dispersion, the peak intensity is increased to 1.28 times that of the original one. The
temporal distributions of the signal along X axis before and after the compensation of
high order dispersion are shown in Figure 7c,d and the spatiotemporal coupling is still
negligible, similar to the double-crystal scenario.
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Figure 6. (a—c) The evolution of the signal and pumps in the temporal domain for triple-crystal
scenario, (d—f) the temporal distributions of the residual pump along X axis for OPA1, OPA2 and

OPAS3, respectively.
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Figure 7. (a) The amplified spectrum and the spectral phase with dispersion compensation up to
TOD for triple-crystal scenario, (b) the temporal profiles of signal before and after the residual high
order dispersion is compensated, the temporal distributions of the signal along X axis (c) before and
(d) after the compensation of the high order dispersion.

It is worth mentioning that the pulse duration can be further shortened with more
OPAs designed for amplification of the spectral components towards longer wavelength.
Nevertheless, it will increase the complexity of the system and decrease the overall efficiency
due to higher quantum defects. Although the pump energy considered here is around
200 mJ, there is no obstacle to employing pumps with higher energy to promote the output
pulse energy, except the limited size of LGS. At present, LGS with diameter of 20 mm
can be obtained [32], which can support OPA pumped by 1.5 J. The amplified pulse can
be compressed to transform a limited pulse duration by the compressor based on metal-
multilayer dielectric gratings [43], and the total transmission can reach 88%. Hence, around
0.8 ] can be achieved after compressor while assuming a conversion efficiency of 60% for
the final amplification stages. This energy can support peak power above 40 TW at 1 kHz.
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Because of the high repetition rate, the gratings of the compressor need active cooling for
heat removal, which has already been demonstrated by LLNL [44].

4. Conclusions

We propose to employ low quantum defect OPCPA pumped by Yb:YAG thin disk
lasers to develop kHz, 10s TW femtosecond sources. Compared to the conventional OPCPA,
the signal wavelength is close to the pump. To suppress the spatio-temporal coupling, the
pumps with the spatio-temporal shape of super Gaussian are employed. To support several
10s fs pulse duration, multiple crystals are employed for different spectral regions. When
pumped with total energy of 200 mJ, 30 fs pulse duration is obtained with double-crystal
scenario. The effective efficiency is 60%. The overall efficiency is bigger than 50%, taking
into account the transmission of 88% for the compressor. The pulse duration can be further
decreased with more OPAs. It is also energy scalable to above 40 TW class with kHz, Joule
class pump, and employing currently available LGS crystal. This technique is promising
to provide an approach for high repetition rate, high energy, thin disk Yb:YAG laser pulse
shortening to ~20 fs, which is an effective driving source for the generation of various
secondary sources.
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