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Abstract: Optical parametric chirped-pulse amplification (OPCPA) is a light amplification
technique that provides the combination of broad spectral gain bandwidth and large energy,
directly supporting few-cycle pulses with multi-terawatt (TW) peak powers. Saturation in an
OPCPA increases the stability and conversion efficiency of the system. However, distinct spectral
components experience different gain and do not saturate under the same conditions, which
reduces performance. Here, we describe a simple and robust approach to control the saturation
for all spectral components. The demonstrated optimal saturation increases the overall gain,
conversion efficiency and spectral bandwidth. We experimentally obtain an improvement of the
pulse energy by more than 18%. This technique is easily implemented in any existing OPCPA
system with a pulse shaper to maximize its output.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In the recent years optical parametric chirped-pulse amplification [1-3] (OPCPA) has become
a new standard in laser technology [4-9] extending Titanium-Sapphire (Ti:Sa) laser systems
[10,11] in many applications [12—16]. This is due to advantageous properties of OPCPA [17-19]
like broad amplification bandwidth, high single-pass gain, high temporal contrast, low thermal
load and extended spectral region to the mid-infrared [20-23]. It enables scalable systems with
stable carrier-envelope phase (CEP) [5] or even few-cycle pulses at relativistic intensities [24].
The basic structure of an OPCPA system involves a source delivering weak and broadband seed
pulses, which are temporally elongated in a stretcher, amplified in optical parametric amplifiers
(OPAs) and these signal pulses are shortened in a tailored compressor near to their Fourier limited
pulse duration. Saturation in the nonlinear optical crystals of the OPA corresponds to the situation
when the pump starts to be depleted and at strongest saturation signal and idler have maximal
energy. It has many important advantages, among others provides good pump to signal efficiency,
reduces the shot-to-shot energy fluctuations and provides slightly broader signal spectrum. As the
broadband pulse is stretched in the OPAs the different wavelength components arrive at different
times and saturate independently. The optical-to-optical efficiency is an important measure for
such few-cycle systems, which is for OPCPA comparable to short-pulse (20-30 fs) Ti:Sa lasers
[10,25]. Experimental few-cycle systems confirm this by reaching up to 26% [9] or even 31%
[26] efficiency. To further improve efficiency different techniques have been proposed, which
concentrate on the pump laser and nonlinear crystal. The ideas are either to absorb [27], block
the idler and reuse the pump [28,29] or tailor the pump spatial and/or temporal shape [30-36]. It
was also proposed to shape the pump or seed temporal profile or try to tailor phase matching to
reach optimal efficiency for a broadband OPCPA [37]. These (spatial and/or temporal) profiles
of the pump and/or seed pulses that maximize efficiency are called ‘conformal profiles’ [37,38].
This theory delivers results sometimes with large improvements compensating for pump temporal
shape and phase matching, but the shaping is not feasible in practice.
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Here, we demonstrate experimental optimization of gain saturation by controlling the spectral
shape of the seed pulse. In our approach, a simple algorithm scans the spectral transmission in a
spectral amplitude and phase shaper, detects the saturation of the different spectral components in
a multi-stage OPCPA, and then applies the corresponding optimal spectral transmission function.
Possible daily changes of the seed spectrum or slightly different alignment of the OPAs are
naturally compensated by matching this transmission function. To obtain the conformal seed
temporal profile this experimental way is flexible, results in flat broadband spectra and maximal
pump depletion plus it can even be combined with other measures for efficiency improvement.

2. Theory

The small-signal gain G and signal intensity /; in OPA in the unsaturated regime are calculated
by Egs. (1) and (2):

FZ
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where z is the longitudinal coordinate along propagation direction, /5(0) is the seed (input signal)
intensity, 1,(0) = I(z) is the undepleted pump intensity, I' is the small signal gain coefficient
with perfect phase matching, g is the small signal gain coefficient and ¢y is the speed of light.
Furthermore, the small-signal gain is in turn dependent on the properties of the nonlinear crystal
via d. the effective nonlinear coefficient and ng, n; 1, the index of refraction of corresponding
polarization of signal, idler and pump, ws, w; the frequencies of signal and idler waves, as well
as on the phase mismatch between these three waves in general in a noncollinear geometry
Ak = |kp — kg — ki|. For quasi-monochromatic cases optimal conditions with perfect phase
matching can be found. However, a wavelength-dependent phase mismatch has to be accepted,
to achieve a broad spectral amplification window. Taking the temporal shape of pump and
signal pulses into account, the gain and therefore the output signal intensity is wavelength and
pump-intensity dependent.

As most of the amplification is in the linear regime, the former conclusion is valid also if
saturation takes place. However, in the optimal case, in contrary to the formerly described typical
case, during optimal saturation the depletion of the pump should be maximal at all time instants.
As the signal is chirped in OPCPA the different wavelengths arrive at different times to the
amplifier. Therefore, optimal saturation at all time instants leads to nearly constant output signal
intensity over the amplified spectrum at the exit of the nonlinear crystal. This way the broadest
amplified spectrum is achieved, that is supported by the used phase matching geometry and the
highest signal energy is reached at the same time by evenly extracting the maximal energy from
the pump pulse at all wavelength. Correspondingly, the crystal thicknesses to reach optimal
saturation for a common setup depend on the wavelength. An alternative control parameter
to realize optimal amplification and saturation is the wavelength-dependent seed intensity, i.e.
tuning the amplitude of various spectral components.

3. Simulations

A more complete description of amplification including essential effects in OPCPA such as phase
mismatch, saturation, pump depletion and back-conversion can only be modelled by numerically
solving the coupled nonlinear wave equations. Two methods are commonly employed for this
purpose: Fourier space methods are more accurate, in contrast split-step solvers are a faster
and more general approach with the possibility for higher order nonlinear effects [39]. For
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our simulations we used an 2 + 1-dimensional split-step algorithm for generalized ordinary and
extraordinary pulses [40].

In a first step, simple monochromatic 1D simulations, based on equations in [1], illustrate the
effect of wavelength-dependent small-signal gain as shown in Fig. 1. The parameters for the
simulation (see caption Fig. 1) are chosen to be identical to the experimental setup described later.
Noncollinear phase matching geometry is applied, which is characterized by the noncollinear
angle a between pump and seed wave vectors in the beta barium borate crystal (BBO), the phase
matching angle 8 between pump wave vector and crystal axis, the azimuthal angle ¢ , and an
angularly dispersed idler. For constant seed (dashed for wavelength indicated by orange and red
and solid green), the saturation for different wavelengths takes place at different crystal depths.
The main reason is the direct frequency dependence of the small signal gain coefficient with
perfect phase matching in Eq. (2) (I" o< wgwj), which gives higher gain towards degeneracy at
1064 nm. However, using tailored seed intensity (x1.5 reduction at 800 nm and x2.2 at 900 nm)
saturation is shifted deeper into the crystal towards the wavelength components with lowest gain.
In case of a broadband pulse, especially with a realistic spectrum with large intensity changes,
this would result in an improved efficiency, energy and even intensity for the compressed pulse.
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Fig. 1. Simulated signal intensity in BBO (I5(0) = 6MW/Cm2,Ip(0) = 6GW/cm2,/lp =
532 nm, § = 23.7°,¢ = 90°, @ = 2.3°) along the crystal for different signal wavelengths
(green — 750 nm, orange — 800 nm, red — 900 nm) and seed (input signal) intensities. For
constant intensity (dashed orange, dashed red and solid green), saturation occurs at different
thicknesses. Matched input seed intensity (solid) synchronizes saturation at the end of the
optimal crystal thickness (4.4 mm).

Figure 2 shows the result of split-step simulations [40] with tailored input seed spectrum and
the resulting output signal spectrum. The parameters were chosen to match the experimental
setup, including the seed spectrum. Optimal saturation without shaping the seed spectrum is
reached only either for the center (grey) or the edges (blue) of the amplified signal spectrum. The
case of ideally saturated central part allows for the use of thinner crystals, but suffers in terms of
spectral bandwidth and conversion efficiency. In the case of good saturation at the spectral edges,
the central part already starts to be back-converted to the pump pulse, therefore energy and thus
efficiency is reduced. A tailored transmission modulation function (orange) decreases the input
spectral amplitude of these back-converted signal wavelengths and thus optimizes saturation at
all wavelength.

These simulations predict an improvement in energy for this specific case compared to the
back-converted case by 14% and to the centrally well saturated case 7%. The Fourier-transform
limit (FTL) of the spectra in Fig. 2(c) improves from 8.2 fs for only centrally well saturated
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Fig. 2. Simulated effect of seed spectral modulation on OPCPA output in BBO
(I5(0) = 6MW /em?, Ip(0) = 6GW /cm?, tpwpm = 80 ps, dp = 532 nm, 6 = 23.7°, ¢ =
90°, @ = 2.3°). (a) transmission function of optimal (orange) and unaltered seed (blue),
(b) corresponding seed spectra, and (c) amplified spectra at 4.2 mm crystal depth without
modulation (grey), and at 4.7 mm without/with modulation (blue/orange).

(grey) to 7.8 fs for back-converted case (blue) and 7.9 fs for optimal case (orange). The peak
intensity after compression increases with optimization compared to both non-ideal cases by
approximately 12-13%.

The principle of optimal saturation is demonstrated in Fig. 3. It shows the temporally-resolved
depletion of the pump pulse on the central transverse axis as a funtion of crystal depth. The
maximum pump depletion for different times during the pump pulse is equivalent to the strongest
saturation of a corresponding wavelength of the chirped signal pulse. The horizontal axis is signal
wavelength, which is a strcitly monotonic funtion of time, because the group delay generated
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Fig. 3. Simulated temporally-resolved pump depletion for varying BBO crystal lengths
(I5(0) = 6MW /cm?, I,(0) = 6GW/cm?, tpwam = 80 ps, A, = 532 nm, 6 = 23.7°,¢ =
90°, a = 2.3°). Depleted temporal pump intensity after amplification vs. signal wavelength
or equivalently pump-seed delay and crystal depth with unaltered transmission (a) and
optimal transmission modulation function (b). The time within the pump pulse is mapped to
a corresponding chirped signal wavelength.
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by the stretcher also depends strictly monotonically on signal wavelength [33]. Figure 3(a)
indicates that without controlling the seed spectrum the depth in the crystal for optimal saturation
is wavelength dependent, while Fig. 3(b) shows that the optimal seed spectrum minimizes the
pump intensity at the same crystal depth for all times, i.e. signal wavelengths.

In principle, the amplification can be even more strongly driven into back-conversion as further
reduction of certain seed spectral components compensates it resulting in even higher energy
increase and broader spectrum as we will discuss later. However, optical parametric fluorescence,
which leads to worse temporal intensity contrast, sets a practical limit to this technique. Typically,
the useful regime of spectral seed reduction is up to a factor of 10.

4. Setup

The principle has been experimentally demonstrated with the Light Wave Synthesizer 20 (LWS-20)
Optical Parametric Synthesizer (OPS) [24]. The front end including a Ti:Sa oscillator, multi-pass
chirped-pulse amplifier, hollow-core fiber and cross-polarized wave generation unit provides a
broadband seed. These seed pulses after passing through a grism stretcher [41] and a Dazzler
(acousto-optic programmable dispersive filter) [42,43] for phase and amplitude control have
about 200 nJ pulse energy and a spectrum supporting sub-5-fs amplified pulses at the end of
the system, see also Fig. 4. They are subsequently amplified in two complementary spectral
regions by two different sets of noncollinear OPCPA stages and pumped by the second and third
harmonic of a Nd:YAG pump laser. At the output of the system, the energy is 75 mJ with a
compressed pulse duration of 4.5 fs [24].

Oscillator
Multipass & |__|
HCF + XPW Stretcher Dazzler 1—|
Power meter [
Pump laser PC
Spectrometer |
A
OPS > |

Fig. 4. Experimental setup with an optical parametric synthesizer (OPS) and feedback loop,
incorporating the Dazzler, OPS setup and metrology. Multi-pass: kHz Ti:Sa laser, HCF &
XPW: hollow-core fiber with cross-polarized wave generation stage.

5. Experiment

As discussed in the theory section, optimization for broadband amplification leads to spectrally
dependent small-signal gain in the setup. This together with spectral intensity variation of the
seed makes strong back conversion in certain parts of the spectrum unavoidable, while other parts
reach optimal depletion. The input spectrum at these back-converted parts has to be decreased.

In Fig. 5 an example for a significant impact of the seed modulation is demonstrated for
the 2w pumped spectral region. Figure 5(c) shows the amplified signal in a spectral window
from 700 nm to 980 nm. Independent energy measurements with an energy meter support an
increase of energy from 47.5 = 0.3 mJ to 56.5 + 0.3 mJ, which corresponds to an improvement by
18.9%. The Fourier limit changes from 8.7 fs to 8.9 fs. It should be noted that the transmission
modulation function for the OPS for the spectral part from 700 nm to 990 nm determined by
simulations [Fig. 2(a)] and the experiment [Fig. 5(a)] are in very good agreement. This indicates
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good and realistic simulations and understanding of the amplification process. The improvement
in this measurement was limited by the maximum suppression of certain spectral components of
5, which still provides a good temporal contrast (8 orders of magnitude at 10 ps [24]). It should
be noted, that even 60-80% energy improvement has been measured for very high saturation in a
third amplifier stage and an optimal spectral seed transmission. However, the applied maximum
suppression of 25 of certain spectral components degraded the contrast to 5.5 orders of magnitude

at 10 ps.
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Fig. 5. Experimental data with optimized seed transmission (orange) and with unaltered seed

transmission (blue). (a) transmission modulation functions, (b) relative spectral fluctuations,
and (c) amplified spectra after OPCPA for the two cases.

6. Spectral and energy stability

In the unsaturated regime fluctuations in the pump pulse energy translate into gain dependent
fluctuations of the signal output. An estimate of this relative fluctuation using Egs. (1) and (2) is
given by the formula

AG
G(1+E)=e" ‘+sz(1+

)2) ﬁlenG

2 G 27 )

where G = e?, and x = AEpump/Epump correspond to the relative pump laser energy fluctuation.
On the contrary, the pump fluctuations in the depletion regime translate 1:1 to the output signal
fluctuations, as all input pump is converted into signal and idler. Consequently, an optimization
of the transmission modulation function should lead to improved stability for G > 10 and depleted
spectral components.

The RMS energy stability of the pump laser at 532 nm is about 0.4%. Considering a total
small-signal gain in all OPS stages of about 60 dB, according to Eq. (3) the small-signal gain
fluctuations are 2.5-3.0%. Experimentally signal energy fluctuations are below 1%, giving
evidence for fluctuation suppression via saturation.

In Fig. 5(b) the shot-to-shot RMS spectral intensity fluctuations of 30 consecutively measured
spectra are plotted. It demonstrates successful suppression of fluctuations in the spectrum. With
unaltered transmission (blue) already back-converted spectral components suffer from stronger
fluctuations. Back-conversion takes place from 750 nm to 900 nm as the transmission modulation
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function (orange) in Fig. 5(a) indicates. The spectrum is optimally saturated in this spectral
region after optimization and the spectral fluctuations are slightly reduced, which is clearly
visible for the above components. Independent measurements with an energy meter show a small
improvement from 0.65% to 0.58% energy fluctuation.

7. Application

This approach works also for the whole LWS-20 optical parametric synthesizer, including two
different pump wavelengths. The optimal OPCPA seed is determined by systematically scanning
the global transmission of the Dazzler and recording the output spectrum of the OPS for each
transmission value. The optimal spectral transmission for each spectral component is obtained
from this scan. In a next step the Dazzler spectral transmission is then adjusted accordingly,
forming a feedback loop (see Fig. 4). We automated this whole procedure, retrieving repeatable
and stable results within 1-2 minutes. This can be performed on a daily basis, if the OPS seed
changes due to different alignments in the front end. A typical result of such an optimization is
shown in Fig. 6 from a different day then the former observation in Fig. 5.

T —
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Fig. 6. Experimental data with optimal seed transmission (orange) and with unaltered seed
transmission (blue). (a) transmission modulation functions, (b) relative spectral fluctuations,
and (c) amplified spectra after OPS for the two cases.

In Fig. 6 11% improvement is shown, in this case significant enhancement is found in two
spectral regions, 625 nm to 675 nm and 825 nm to 900 nm. Overall, the energy improves in this
case from 71 mJ to 79 mJ and the FTL is for both cases 4.3 fs.

It should be noted that this procedure does not provide improvement for a non-well operated
OPCPA system, which is only partially saturated see Fig. 2(c) grey line. Nonetheless, if the
amplification is more saturated, see Fig. 2(c) blue line, a broader spectrum with lower energy is
obtained. In this case the procedure works and delivers best results, see Fig. 2(c) orange, with
similarly broad spectrum and even more energy than the not-well operated case.

8. Conclusion

A simple way to increase the energy, improve the efficiency and reduce the spectral intensity
fluctuations of OPCPA systems is demonstrated. Experimental results supported by numerical
simulations are presented to optimize the seed spectrum by a spectral shaper that provides the
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conformal seed temporal profile and thus leads up to 20% energy increase and lower spectral
fluctuations. Additionally, the amplified bandwidth is potentially broader. This technique can be
applied to any OPCPA system with some kind of programmable shaper or possibly even a passive
optical element in the seed. The achievable energy enhancement is increasing with amplified
bandwidth and gain.
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