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Abstract: The scheme of cascaded extraction optical parametric amplifier (CE-OPA) has 
been proposed as a final amplifier for high peak power laser systems. 4D numerical 
simulations show that conversion efficiency of a CE-OPA system pumped with a temporal 
Gaussian pump pulse is as close to the theoretical limit of quantum efficiency as a 
conventional OPA pumped with temporal flat-top pump pulse. The CE-OPA system is also 
similar to the conventional scheme in output energy stability and alignment sensitivity of the 
phase-matching angles, too. However, with the use of the CE-OPA scheme, the requirement 
of pump pulse shaping can be relaxed, leading to an overall higher plug in efficiency as well 
as compact design. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction 

Repetition rated high peak power ultrashort pulses are requested for various research fields in 
physics including high order harmonic generation and particle acceleration [1–7]. Peak power 
in the petawatt range will enable electron acceleration to multi-GeV levels and explore the 
physics of vacuums [8, 9]. Most of the operating petawatt lasers are based on Ti:sapphire 
amplifiers due to the rather large emission spectrum and loose requirements on the pump 
laser. Thermal loads within the Ti:sapphire crystal, despite the high thermal conductivity, set 
an upper bound for the achievable repetition rate, while parasitic lasing limits either the gain 
or the crystal diameter [10]. Chirped pulse OPA (OPCPA) systems have a much lower 
thermal load than Ti:sapphire laser amplifiers as quantum defects are dissipated as an idler 
beam. There is no transverse crystal size limit because parametric fluorescence is generated 
only inside the pump pulse time window and phase-mismatch prevents its subsequent 
amplification in the transverse direction. At the time of writing, there have been only a few 
petawatt class OPCPA systems operational [11–14] and a few more are planned [15, 16]. The 
small ratio of OPCPA based high peak power system relative to the Ti:S and neodymium 
based systems can be explained not only with the late arrival of the optical parametric 
technology but rather with the low efficiency of parametric amplification as well as the very 
specific pump laser requirements of high power OPCPA systems. The pump to signal 
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conversion efficiency is typically less than in Ti:sapphire amplifiers as the direction of the 
energy flow reverses before the full depletion of the pump pulse. 

It has been demonstrated that conversion efficiency could be improved with shaping the 
pump pulse both in space and time [17, 18]. Pump pulse shaping [19–21] is readily use in 
current state-of-the-art OPCPA systems [22] but the shaping involves enlarged and complex 
pump laser chains and the efficiency, contrary to laser materials, still remains far from the 
theoretical limit of quantum efficiency. Time-shearing power amplification was demonstrated 
to achieve an extraction efficiency of 15% when OPCPA systems were pumped by few ns 
pulses (much longer than the seed) [23]. Recycling of the pump pulse from an OPA amplifier 
to the next amplifier crystal has improved also the conversion efficiency, especially of final 
amplifiers [24–26]. This technique, however, results in a considerably extended footprint of 
the overall OPCPA system as additional optics and delay stage is required. Deng and Krausz 
proposed a technique for simultaneous increase the amplified bandwidth and conversion 
efficiency. In this scheme the broadband seed is stretched to a few times of the pump pulse 
duration and different temporal/spectral parts of the stretched seed are amplified in 
subsequent crystals using the same pump pulse. Theoretical study of this solution predicts 
57% efficiency (the quantum efficiency is 64% in their example) with 3 crystals. 
Experimental study of the same scheme with two crystal reached conversion efficiency of 
33% [26]. Quasi parametric amplification (QPA) [27, 28], a recent new type of parametric 
amplification, works by doping the nonlinear crystal with ions which absorb the idler beam 
along the amplification process, supressing back conversion of the pump pulse. The 
experimental test has also revealed that QPA can be as efficient and insensitive to 
misalignment as Ti:sapphire amplifiers. This technology could be an effective solution for the 
petawatt or even exawatt peak power level OPCPA architectures at low repetition rate only, 
as the absorbed idler pulse will generate heat in the crystal. Another recently published work 
proposes an idler-separated quasi phase-matching scheme which consists from a sandwiched 
crystal chip and the idler wave straying away from the signal thus preventing back-conversion 
[29]. The numerical simulation of this solution predicts excellent amplified signal beam 
profiles and large gain bandwidth, however QPM crystals, such as PPLN or PPKTP are not 
available in large apertures, which prevents the use of this technique as a final amplifier in 
peak power laser systems. 

In this paper a highly efficient and compact final amplifier design is proposed for high 
energy, high repetition rate laser amplifiers. In this cascaded extraction OPA (CE-OPA) the 
energy at the wings of pump beam is extracted in the first crystal (deep back-conversion at 
central region) while the signal beam regains energy from the central region of the pump in 
the second crystal. The scheme is very compact and high energy extraction efficiency can be 
achieved. The suitability and effectiveness of CE-OPA is shown by advanced 4D numerical 
simulations. 

2. Modelling methods and parameters 

A 4D numerical code for OPCPA was used that is based on split-step Fourier method. This 
uses a computationally efficient algorithm for Fourier transform of highly chirped pulses [30]. 
The code takes into account dispersion, diffraction, crystal anisotropy and parametric 
fluorescence as well, giving a very accurate description of three wave mixing. Conventional 
OPA and CE-OPA amplification have been simulated and compared using the same boundary 
parameters. 

Table 1 lists the pulse parameters for two scenarios differing only with respect to the 
temporal shape of the pump pulse, that is, compare the ordinary Gaussian to an almost flat top 
one. The first case has an ordinary Gaussian temporal shape of 1st order while in the second 
case a super Gaussian of 6th order. The spatial shape in both cases was assumed to be a 6th 
order Gaussian. The peak intensity of the pump pulse was kept at 1 GW/cm2, to avoid optical 
damage, so that the pump energy has to be 1700 J and 1575 J in the first and second cases, 
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respectively. The pump wavelength and the central wavelength of the signal pulse was set to 
515 nm and 910 nm, respectively. The former could be generated by e.g. frequency doubling 
of Yb:YAG laser pulses [31, 32]. DKDP was taken as the nonlinear medium as it is available 
in large aperture [33, 34]. Ultra-broadband amplification in a DKDP crystal has been 
demonstrated with type I. phase matching configuration [35] using a 96% deuterated DKDP 
crystal with a phase-matching and non-collinear angle of 37.44° and 1.06° respectively. 

Table 1. Pulse Parameters used in modelling. 

 Seed Pump 

Central wavelength (nm) 910 515 

FWHM pulse duration (ns) 1 (Fourier-limit: 12fs) 1.2 

FWHM bandwidth (nm) 100 narrow band 

Gaussian order (time domain) 1 
Case 1: 1 

Case 2: 6 

FWHM diameter (cm) 30 40 

Gaussian order (space) 1 6 

Peak intensity (GW/cm2) 0.002 1 

Energy (J) 2 
Case 1: 1700 
Case 2: 1575 

3. Cascaded Extraction (CE-) OPA configuration 

High power OPA technology has been the object of vast experimental and theoretical 
investigations [36–40], which reveal that an optimal crystal thickness in OPA systems are 
needed to reach the saturation regime of the amplifier and then the maximum conversion 
efficiency is also obtained. In most cases, the pump pulse does not deplete uniformly due to 
intensity variations in the pump temporal and spatial profiles. Figures 1(a)-1(d) show the 
evolution of a spatial 6th and temporal 1st order Gaussian pump pulse for the first case. For the 
highest conversion efficiency, a small portion of idler and signal photons are converted back 
into pump photons forming a central lobe in the pump’s spatiotemporal structure (Fig. 1(c)). 
Consequently, a poorly depleted pump pulse wastes its useful energy content. 

0 62 68 75
 

Fig. 1. The evolution of a spatial 6th and temporal 1st order Gaussian pump pulse during 
amplification at A. z = 0·LOPT; B. z = 0.9· LOPT; C. z = LOPT; D. z = 1.1·LOPT. LOPT is the 
optimal crystal thickness, where the conversion efficiency is maximal. X is one dimension of 
the cross section of the pump beam. 
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Fig. 2. Schematics of CE-OPA. The idler beam is reflected by the high reflection (HR) coating 
from the back side of the 1st crystal. 

Figure 2 shows the proposed CE-OPA scheme which circumvents the poor pump 
depletion problem and increases the pump-to-signal conversion efficiency towards the 
theoretical quantum efficiency. CE-OPA utilizes two crystals with their thicknesses carefully 
chosen from numerical optimization. The first crystal is thicker than in a conventional OPA 
set-up and thus depleting the outer region of the pump pulse more effectively, allowing the 
central part to be almost fully back converted (Fig. 1(d)). Then the idler pulse has to be 
prevented from entering the second thinner crystal by a dichroic coating on the rear surface of 
the crystal or by being blocked after a certain distance while the idler and other beams have 
been well separated by the use of non-collinear phase-matching. The previously depleted 
outer pump region will remain empty as there is no idler to recombine with the signal thus the 
signal consumes the remaining energy from the central lobe of the pump pulse. Consequently, 
the extraction efficiency is high, leaving a highly depleted pump pulse behind. 

It is worth mentioning that formally a similar scheme was used to avoid bandwidth 
narrowing in multistage OPCPA systems [41], where each stage was pumped separately by a 
dedicated pump line. The CE-OPA scheme is, however, optimized for efficient energy 
extraction from one pump pulse within one stage. CE-OPA also reduces gain narrowing and 
better energy and alignment stability is expected, which will be considered in detail in a later 
section. 

4. Simulation results and discussion 

4.1 Improvement of extraction efficiency 

The optimal crystal thickness for conventional OPA can be easily determined by plotting the 
output signal energy versus the propagation distance (Fig. 3(a)). In CE-OPA optimal crystal 
thicknesses is obtained by varying the thickness of the 1st DKDP (Fig. 3(b)) from 70 mm up 
to 100 mm. For each crystal thickness, the envelope of the three dimensional pump, signal 
and idler field distributions are obtained from the numerical code and the output pump and 
signal fields served as the input fields for the 2nd DKDP. This way the optimal thickness of 
the second crystal (orange circles, Fig. 3) and the corresponding output energy of CE-OPA 
(blue crosses, Fig. 3) can be obtained as the function of the first crystal thickness. 
Optimization leads to the ideal CE-OPA crystal thicknesses of 86 mm and 32.5 mm for the 
first and second crystal respectively in the first temporal case and 80 mm and 28.5 mm in the 
second case respectively. 
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Fig. 3. A. Energy evolution of the signal pulse in OPA in both cases. Optimization process of 
CE-OPA in case 1(B) and case 2(C). The blue crosses correspond to the output energy and the 
orange circles correspond to the optimal second crystal thickness. L1 – thickness of the 1st 
DKDP, L2, OPT – optimal thickness of the 2nd DKDP, Eout – output energy of CE-OPA 

The optimal crystal thickness in a conventional OPA system is 68.5 mm and 66.5 mm for 
the first and second temporal cases respectively (Fig. 3(a)) and the output energies of 490 J 
and 627 J corresponds to 29% and 40% pump-to-signal conversion efficiencies respectively. 
The corresponding temporal shapes of the output signal (orange dotted line) and pump (blue 
continuous line) pulses are plotted in Figs. 4(a) and 4(d). For CE-OPA, the one dimensional 
cuts of the pump and signal intensities in time domain after the first crystal are plotted in Figs. 
4(b) and 4(e) for the first and second case respectively and the exiting temporal profiles are 
shown in Figs. 4(c) and 4(f). The corresponding output energies are 675 J (case 1) and 787 J 
(case 2) and the pump-to-signal conversion efficiencies are 40% and 50%, respectively. These 
results show that the pump pulse is better used in CE-OPA and 2D sections of the output 
pump pulses have been made (Fig. 5) in order to show the difference in the pump depletion 
between conventional and CE-OPA. Figures 5(a) and 5(b), and Figs. 5(c) and 5(d) show the 
deviation between the two types of OPAs for case 1 and case 2, respectively. Figures 5(b) and 
5(d) clearly show that for the CE-OPA method, there is a greater depletion in the region 
where the pump pulse overlaps with the signal pulse when compared to conventional OPA 
(Figs. 5(a) and 5(c)). 

 

Fig. 4. Temporal shapes of output pulses in conventional OPA (A. and D) and CE-OPA after 
the 1st crystal (B and E) and after the 2nd crystal (C and F) for case 1 and case 2, respectively. 
The blue (orange) curve represents the temporal shape of the pump (signal) pulse. 
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Fig. 5. The depletion of the pump pulse in conventional OPA (A, C) and in CE-OPA (B, D) 
with respect to case 1 and case 2. 

Table 2. Results of the modelling. 

Case (#) OPA type L1 (mm) L2 (mm) η (%) 

1. 
OPA 68.5  29 

CE-OPA 86 32.5 40 

2. 
OPA 66.5  40 

CE-OPA 80 28.5 50 

Table 2 shows that the proposed amplifier scheme is 10% more efficient than 
conventional OPA. Furthermore, CE-OPA pumped with temporally 1st order pump pulse (1st 
case) reaches the same efficiency than a conventional OPA pumped with a temporally flat-top 
pump pulse (2nd case). Therefore, CE-OPA is a simple alternative method for temporal pump 
pulse shaping, thus could reduce the complexity of the pump system. Finally, the energy 
extraction from pump to signal almost reaches the quantum efficiency, 56.6% at these 
wavelengths, in the 2nd case using CE-OPA. 

4.2 Spectral shape and temporal contrast 

Figures 6(a) and 6(b) shows the spectra and residual phases of CE-OPA amplified pulses in 
the 1st and 2nd cases together with those of a conventional OPA. Under the standard condition 
when the duration of pump and chirped seed pulses are comparable, the amplified bandwidth 
for both schemes are slightly narrower than the input spectrum (dashed line). The Fourier-
limited pulse duration calculated from the spectra on Fig. 6 after the conventional OPA is 
20.2 fs and 20 fs in the 1st and 2nd case, respectively. The CE-OPA amplified spectra are 
slightly broader than that of OPA. Fourier-limited pulse durations in the 1st case (Fig. 6(a)) 
and 2nd case (Fig. 6(b)) are 18.8 fs and 19.8 fs, respectively. Therefore, tens of PW peak 
power pulses can be generated with compression efficiency of 50%. The residual spectral 
phase was calculated assuming a pulse compression up to 4th order dispersion compensation. 
One can establish that the residual spectral phase for CE-OPA pulses are less distorted at the 
wings compared to conventional OPA. 
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Fig. 6. Signal spectrums after amplification in OPA and CE-OPA and residual spectral phase 
after compression in the 1st (A) and 2nd (B) case, respectively. 

 

Fig. 7. Compressed pulse shapes on a logarithmic scale in the 1st (A) and 2nd (B) cases. The 
orange and blue curves represent the amplified signal in OPA and CE-OPA. The near-time 
signal contrast after CE-OPA is somewhat deteriorated as expected due to the more 
pronounced steepening of the fronts of the amplified spectrum. 

Amplification in a saturated OPA with temporally supergaussian pump results in intense 
steepening of the spectral edges and the whole spectrum is close to rectangular shape. This 
effect deteriorates the close-to-peak temporal contrast of the compressed pulse and can also 
be observed in CE-OPA (Figs. 6(a) and 6(b), blue curves). The temporal profiles of CE-OPA 
and OPA are compared in Fig. 7. The amplification in CE-OPA (blue continuous curve) 
results in a slight degradation of temporal contrast of somewhat less than an order of 
magnitude. For case 1 (temporal Gaussian pump), the intensity at 5ps before the main peak is 
around 109W/cm2 (contrast of 10−14), which will not change the solid target condition before 
the arrival of the main pulse [42]. For case 2 (temporal supergaussian pump), the laser 
intensity (~1012W/cm2) at −5ps is still low enough to keep steep density gradient of many 
targets (e.g. gold, carbon [42]). If further steepening of the temporal front end is requested, 
one may in any case need to implement plasma mirrors [43]. 

4.3 Performance of CE-OPA for a real input pulse 

In laboratory conditions the spectrum of a few cycle laser pulse is often far from the ideal 
Gaussian shape. In order to see how the spectral modulations influence the performance of 
CE-OPA, here we take the spectrum from a DKDP pre-amplifier seeded by a “Venteon Pulse 
One” Ti:Sa oscillator (black dotted curves in Fig. 8). Upon simulation, the procedure 
described in section 4.1 for finding the optimal crystal thicknesses was repeated here and the 
results are summarized in Table 3. 
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Table 3. Results of the modelling for a measured oscillator spectrum. 

Case (#) OPA type L1 (mm) L2 (mm) η (%) 

1. 
OPA 66  19 

CE-OPA 77 27 28 

2. 
OPA 65  24 

CE-OPA 79 28 33 

On the one hand, one can notice from the comparison of Tables 2 and 3, that in case of a 
real modulated spectrum the pump-to-signal conversion efficiencies are lower than in the case 
of a Gaussian. However, the efficiency of CE-OPA is still almost 10% higher than that of 
OPA for both cases. On the other hand, by applying one additional pre-amplification stage 
before the final amplifier it is possible to further smooth the spectrum and to achieve higher 
efficiency. 

 

Fig. 8. Signal spectrums after amplification in OPA (orange dashed curve) and CE-OPA (blue 
curve) in the 1st (A) and 2nd (B) case respectively. The dotted curve represents the input signal 
spectrum. The green and red continuous curves are representing the residual phase of the 
amplified pulses after dispersion compensation up to 4th order. 

 

Fig. 9. Comparison of the compressed (blue) and Fourier-limited (orange) pulse shapes after 
amplification in CE-OPA in the 1st and 2nd cases respectively. The duration of the compressed 
and Fourier-limited pulses are 11.5 fs and 11 fs respectively. 

The compressibility of the amplified pulses after CE-OPA with measured input signal 
spectrum was examined and presented in Figs. 8 and 9. For both cases (temporal Gaussian 
and supergaussian pump), CE-OPA achieved comparable bandwidth and flat residual spectral 
phase (dispersion was compensated still to 4th order). The compressed pulse durations were 
very close to the Fourier-limited ones, except small bumps at both sides of the main peak. 
Figure 10 shows the temporal contrast of the compressed pulse shapes of OPA (orange) and 
CE-OPA (blue), which are similar for both amplification schemes. The modulation of the 
measured input signal spectrum causes a rather flat pedestal, which can be obviously seen 
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from the contrast degradation of temporal contrast for case 1 (Fig. 10(a)) here compared to 
that of Gaussian spectrum signal (Fig. 7(a)) 

 

Fig. 10. Compressed pulse shapes on a logarithmic scale in the 1st (A) and 2nd (B) cases. The 
orange and blue curves represent the amplified signal in OPA and CE-OPA. In this realistic 
case there is no significant difference in the near-time contrast between the two amplifier 
types. 

4.4 Output energy stability and alignment sensitivity 

The output energy stability and alignment sensitivity of CE-OPA are simulated when the 
pump pulse is 6th order Gaussian in time. In Fig. 11(a), it is shown that the extraction 
efficiency curve of CE-OPA is flatter than that of OPA. This indicates that CE-OPA is more 
likely to provide stable output energy, even if the input signal is unstable. The dependence of 
the output signal energy on the pump intensity (Fig. 11(b)), on the other hand shows linear 
correlation. Consequently, in order to reach stable output energy in CE-OPA pump intensity 
stabilization is required. 

 

Fig. 11. Extraction efficiency versus input signal energy (A) and output signal energy versus 
pump intensity (B). 

The alignment sensitivity of CE-OPA with respect to the detuning of the phase-matching 
(Θ) and non-collinear angle (α) was examined and compared to conventional OPA (Figs. 
12(a) and 12(b)). Slight improvement in alignment sensitivity is observable which could be 
attributed to the fact that energy drop in the first crystal is partially compensated in the second 
one. 
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Fig. 12. Signal energy variation versus the detuning of non-collinear (A) and phase matching 
angle (B). 

5. Conclusions 

The CE-OPA configuration especially proposed for the last, power amplifier stages of PW 
class pulses, combines two nonlinear crystals in one stage. The first crystal allows enhanced 
depletion at the wings of the pump pulse. The idler pulse is blocked between the two crystals 
and thus the wave vector mismatch will be reset and starts from zero again in the 2nd crystal. 
This enables the signal pulse to consume the remaining energy from the central lobe of the 
pump and consequently, results in a greater depleted pump pulse. Numerical simulations 
suggest that approximately 10% higher efficiency could be achieved both for an ideal 
temporally Gaussian spectral shape as well as for a rather modulated measured pulse 
spectrum. Modelling was performed for DKDP crystals using a 4D numerical code. The input 
and output parameters of the calculations are summarized in Tables 1-3. CE-OPA was 
compared to a conventional OPA in two different temporal shapes. The first case is a first 
order Gaussian shape and the second is a sixth order Gaussian shape. 

The highest efficiency, 50%, achieved in the second scheme is very close to the quantum 
efficiency (56.6%). Furthermore, CE-OPA pumped with a temporal Gaussian pulse is as 
effective as a conventional OPA pumped with a close to rectangular (temporal sixth order 
Gaussian) pump pulse. Consequently, the complexity of the pump system can be highly 
reduced with a CE-OPA setup instead of the conventional OPA system with carefully 
engineered pump shape. The output energy stability and alignment sensitivity of CE-OPA are 
comparable to the conventional OPA. 

These results show that the CE-OPA configuration is a very promising amplifier design 
concept for the future multi-PW, few cycle laser systems. 
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