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Abstract: On the quest towards reaching petawatt-scale peak power light
pulses with few-cycle duration, optical parametric chirped pulse
amplification (OPCPA) pumped on a time scale of a few picoseconds
represents a very promising route. Here we present an experimental
demonstration of few-ps OPCPA in DKDP, in order to experimentally
verify the feasibility of the scheme. Broadband amplification was observed
in the wavelength range of 830-1310 nm. The amplified spectrum supports
two optical cycle pulses, at a central wavelength of ~920 nm, with a pulse
duration of 6.1 fs (FWHM). The comparison of the experimental results
with our numerical calculations of the OPCPA process showed good
agreement. These findings confirm the reliability of our theoretical
modelling, in particular with respect to the design for further amplification
stages, scaling the output peak powers to the petawatt scale.
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1. Introduction

High-power, few-cycle light pulses are of great interest for studying laser-matter interactions
at extreme conditions. A number of applications such as the generation of monoenergetic
electron beams or the generation of intense single attosecond pulses from the solid-density
plasmas has already emerged from this field [1-5] and call for light sources delivering ever
shorter and more powerful pulses. Conventional laser amplification combined with the
chirped pulse amplification (CPA) scheme [6], allows for achieving laser pulses with peak-
power levels up to the petawatt scale by amplifying a temporally stretched pulse and
subsequent compression. However, the pulse duration of the amplified pulses is limited by the
laser material to a few tens of femtoseconds. Optical parametric amplification (OPA), which
does not suffer from such limitations, has been identified as a promising alternative for
generating high power, few-cycle light pulses. Combining the OPA technique with the CPA
scheme (OPCPA) enables us to reach ultra high powers [7]. To date, the capability of OPCPA
to generate PW-scale pulses on one hand [8,9] and few-cycle pulses on the other [10-12], has
been demonstrated. However, it remains a challenge to reach PW-peak powers and few-cycle
pulse durations simultaneously.

Since the discovery of OPA a large variety of nonlinear optical crystals have been
utilized, newly introduced and engineered in order to optimize the amplification process in
terms of the achievable amplification bandwidth. BBO (B-BaB,0,), PPLN (periodically poled
LiNbO;), LBO (LiB;0s) and KTP (KTiOPO,) are most commonly used due to their high
nonlinear coefficients, availability and broad gain bandwidths in the visible and NIR spectral
range [7,10-19]. A sub-3 cycle, 16 TW light source, which utilizes BBO as an amplification
medium, is already in operation [11]. However, these crystals are only available in limited
sizes, i.e. present-day technology can provide a maximum aperture of only a few centimeters
for BBO and even less for PPLN. In order to generate Joule-scale amplified pulse energies,
however, crystal apertures of the order of tens of centimeters are needed to avoid optical
damage and unwanted nonlinearities. Alternative crystals such as, KDP (KH,PO,), DKDP
(KD,PO,) [20] and CLBO (CsLiB4Oy() [21] become attractive for such systems despite their
comparatively lower nonlinearity, since they can be grown in sizes of 40 cm and more in
aperture. Since the gain bandwidth of DKDP exceeds that of KDP and CLBO [20,22], this
has been the crystal of choice for the final amplification stages in recent high-power projects
[8,9,23].

In these petawatt-class systems pulses of 100 ps — ns duration are used to pump the
parametric amplifier chain. PW-scale peak powers are reached in pulses with a duration of a
few-tens of femtoseconds. However, it is not possible to simply scale this scheme to the few-
cycle regime while keeping Joule-scale pulse energies owing to the limited gain bandwidth in
thick crystals and optical damage issues. A modified short-pulse pumped OPCPA technique
which utilizes high power, few-ps pulses to amplify a broadband signal in thin OPA crystals
has been suggested as a viable route towards few-cycle, Joule-scale pulses [24]. The
feasibility is also supported by design calculations presented in [25]. Here, the large
bandwidth is achieved by using thin OPA crystals, while the high gain and pulse energies are
ensured by intense pumping and large crystal size, respectively.

The Petawatt Field Synthesizer (PFS), currently under construction at the Max-Planck-
Institut fiir Quantenoptik (Garching, Germany), will use this short-pulse pumped OPCPA
scheme to deliver fully wave-form controlled (i.e. carrier phase stabilized), few-cycle (5 fs)
laser pulses with an energy of > 3 J at a repetition rate of 10 Hz. The spectral range of the PFS
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pulses will be approximately 700-1300 nm, since especially for the final amplification stages
thin DKDP crystals (2-5 mm) will be used in a non-collinear configuration. The special pump
source required by the short-pulse pumped OPCPA scheme will deliver 1-2 ps pulses with 15-
20 J total pulse energy in the green, i.e. 50 J before frequency doubling, at 10 Hz repetition
rate. This pump source is currently under construction [26,27]. According to our design study
these high power pump pulses will be used to amplify the pJ-scale broadband signal pulses to
the desired ~3 J pulse energy in a chain of 7-8 OPCPA stages. The details of this design and
the model of our simulations will be discussed in the following section of this paper.

Although it has been demonstrated that DKDP is suitable for the amplification of
narrowband pulses to the PW-level, e.g., 43 fs in 0.56 PW [8], a detailed experimental
investigation of its ability to amplify an even broader spectral bandwidth that can support
few-cycle pulses, as predicted by theory, is yet to be done. We present here the first
experimental findings where we have studied the amplification dynamics of OPA performed
in thin DKDP crystals, pumped on the ps timescale. We have measured the broadband small-
signal gain as well as the behaviour in saturation and we have compared the results with our
OPA simulations. We discuss the implications of these findings in terms of the scalability of
short-pulse pumped OPCPA to the PW level.

2. Theoretical modelling

We performed “pseudo 3D” modelling of the process using the Fourier split-step method
[28]. The three coupled wave equations, describing the OPA process [14] are solved by a
Runge-Kutta solver independently in two dimensions (time and one space coordinate).
Dispersion effects as well as the spatial walk-off of both pulses due to the non-collinear
geometry are taken into account. The simulation assumes plane and parallel wavefronts of the
pump and the signal, which for our relatively small internal non-collinear angle of <1° is
justified. The amplified energy is calculated under the assumption of a rotational symmetry in
space, hence the term “pseudo 3D”. No higher order nonlinear or other parasitic processes are
taken into account. To simulate the DKDP crystal, the Sellmeier equations described in [20]
are implemented into the code.

Table 1. Parameters used for the Simulations

OPCPA 1 2 3 4 5 6 7 8 X over
stage stages
pump energy 2m] 20 mJ 200 mJ 1] 3] 5] 51 5] <201J
crystal 75mm | 70mm [ 63mm | 5.5mm | 45mm | 35mm | 2.6 mm | 2.2 mm

length

(DKDP)

output signal | 0.2 mJ 22m] 22 m] 123 mJ | 452 m] 1.057 1.687J 2347 234]
energy

For the PFS design studies we have numerically modelled the OPCPA stages with the
design pump power of 4 x 5 J at 515 nm. The pump pulse and the OPCPA signal pulse
duration (in FWHM) was taken to be 1.2 ps and 1 ps, respectively. Table 1 contains the
parameters (pump energy and thickness of the DKDP crystals) for the subsequent OPCPA
stages. The pump peak intensity for each stage was fixed to be ~100 GW/cm®. The non-
collinear type-I geometry was used with a phase-matching angle of 37.08° and an internal
pump-signal angle of 0.92°. In this design study we used a different non-collinear angle than
in the experiments described in this paper due to the fact that the experiments were done with
a cut spectrum. These simulations were performed with the experimentally measured signal
spectrum without a spectral cut. The signal spectrum and the resulting amplified spectra after
each stage for the simulations are depicted in Fig. 1(a), while the extraction efficiency for
each stage is presented in Fig. 1(b). It can be seen that in a series of eight amplification
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stages, the signal pulses in the spectral range (730-1250 nm, measured at 10% level of
maximum intensity) can reach ~2.4 J. The calculated Fourier limited pulse duration supported
by the spectrum after the 8th stage is 5.6 fs, corresponding to less than two optical cycles. It is
worth noting that these simulations support our simple one dimensional design which has
been presented in [25]. The small differences between the simulations are due to dispersion
effects, the spatial walk off between pump and signal and the spatial behaviour of the
amplification process, which are not considered in the 1D code.

(a) (b)

1 1 1 1 1 Il 25
10”4 8 2344 |f
—168J
1074 5 —1.05J | 20
¥ ——452mJ 3
. 10%4 —123mJd |t <
E —21.5mJ e
£ 407 g —22mJ L & 15
2 ——022mJ 2 o1
2 107 3 ——0.05mJ S 0 T S
£ 5 T
107 4 stage: 1 L E
. g °
1074 input £
107 T T T r r r 0
700 800 900 1000 1100 1200 1300 1400 0 2 4 6 8
wavelength {(nm) OPCPA stage number

Fig. 1. (a) Calculated amplified spectra for different OPCPA stages of PFS with anticipated
pump energy of 20 J. (b) Extraction efficiency (E™ignat — E"signal)/Epump Of these stages.

In order to verify the validity of our “pseudo 3D” simulations we have carried out a
comparison between the predictions of our model and the experiment, which are described in
the next sections.

3. Methods
3.1 Experimental setup

The parametric amplification experiments were carried out using the available PFS frontend,
broadband signal generation stage and first amplifier stages of the ps pump laser chain. The
schematic layout of the setup is shown in Fig. 2.

The frontend laser system delivers optically synchronized seed pulses for both the pump
laser chain and the OPCPA chain by deriving them from a common “master oscillator” (MO).
The broadband OPCPA signal is generated by spectral broadening using a cascaded setup of
Ne-filled hollow core fibers (HCF). The resulting spectrum is shown in Fig. 3. The output of
the second HCF has 200 pJ of pulse energy, out of which 50 pJ are contained in the spectral
range of 700-1400 nm, which is relevant for amplification in DKDP pumped at 515 nm. The
frontend architecture and the spectral broadening scheme are described in full detail in [29—
32]. The broadband signal pulses are temporally stretched, in order to match their duration to
the pump pulses, using a prism-pair stretcher. Thus, the pulses have negative chirp in the
OPCPA chain, allowing for high-throughput, simple recompression schemes, such as bulk
material in combination with chirped mirrors.

Owing to the target parameters of the pump pulses (ps-scale multi-10-Joule pulses), the
pump laser chain itself is a CPA system. The seed pulse for this CPA chain is derived from
the master oscillator of the PFS frontend to ensure optical synchronization. Details of the seed
generation for the pump laser chain are also given in [29]. The current configuration of the
pump laser chain contains two subsequent Yb-doped fiber amplifiers, a grating stretcher, an
Yb:glass regenerative amplifier, an Yb:YAG booster amplifier in multipass geometry and a
grating compressor. The amplified pulses have a pulse energy of 300 mJ before compression
within a bandwidth of ~3.5 nm, which is then temporally compressed to ~1.0 ps at a pulse
energy of ~200 mJ. The details of the pump laser configuration used for the present
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experiments are described in [26,27]. The compressed output is then frequency doubled in
DKDP. For our first OPA experiments we used a fraction of the available pump energy and
combined it with our broadband signal pulse in the DKDP OPA crystal in the non-collinear
geometry to allow for the broadest bandwidth and to aid the separation of the beams after
amplification.

vb:class "% vorvac
regen. amp. [ > multi-pass

CPA pump chain

grating
compressor

Yb:Glass

-
fiber amplifiers | stretcher E
chirped mirrors o
030nm + quartz prism pair %
PCF ZN
20pJ | 700-1400nm
1 OPCPA

Ti:Sa Ti:Sa cascaded
oscillator multi-pass hollow core
\femtolasers rainbow femtopower pro fibers

frontend + seed pulse generation

Fig. 2. Experimental setup.
3.2 OPCPA experiments in DKDP

Using the signal and pump pulses described above, we investigated the dynamics of the
parametric amplification process in DKDP. For our measurements a small fraction (~800 pJ)
of the total available pump laser energy at 515 nm is used with a FWHM duration of ~2 ps,
i.e. slightly longer than the best achievable performance, since in this way the effect of the
timing jitter can be reduced further. The pump pulse duration was adjusted by clipping the
spectrum inside the grating compressor. For the amplification measurements we worked in
the focus of both the pump and signal beams and thereby obtained near-Gaussian beam
profiles in the OPA crystal of 1/e* beam diameters of 1.3 mm and 1.2 mm, respectively. The
signal beam was focused with an f = 5 m silver coated mirror to match the pump beam size.
To focus the pump beam a slightly misaligned telescope, consisting of a focusing and
defocusing lens, with an effective f-number of ~2000 was used. The pump intensity was
limited to ~100 GW/cm®, which can be regarded as a safe mode of operation, since the AR
coating of the DKDP crystal (515 nm and 700-1400 nm) is the limiting factor in terms of
damage in the amplifier stage and its damage threshold was measured to be ~300 GW/cm” in
our experiment. The internal non-collinear angle between the pump and signal was fixed to
0.75°. The broadband signal spectrum after the cascaded HCF is shown in Fig. 3. It has a
spike at 720 nm which is of approximately two orders of magnitude higher than the spectral
intensity at 1000 nm. This peak will quickly saturate during the OPA process. Moreover it
results in saturating the spectrometers and other diagnostics. Therefore in order to measure
the small signal gain for the entire wavelength range correctly, we suppressed it by using a 2
mm thick RG1000 bandpass filter. The spectrum after the RG1000 filter is also shown in Fig.
3. The energy of the broadband signal after the RG1000 filter was ~4.5 pJ.
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Fig. 3. Broadband OPCPA signal spectra, normalized to the peak values, at the output of
cascaded hollow core fibers (black) and after a 2-mm thick bandpass filter (RG1000) shown in
red.

Firstly, we investigated the small-signal gain, i.e. the regime where the amplification is far
from saturation, at different phase matching angles in a 3 mm thick DKDP crystal (cf. Fig. 4).
For this the signal energy was reduced to the nJ-level using a variable neutral density filter in
order to avoid saturation of the OPA process. The GD between 700 and 1400 nm of the
broadband signal was measured to be 700 fs. The details of the stretcher and characterization
of its dispersion are described in [29]. The amplified spectra were measured using a
combination of the AvaSpec-3648 and AvaSpec-NIR256-1.7 (Avantes) spectrometers in
order to resolve both the visible and the near IR spectral regions.

Secondly, we measured the input signal energy dependence of the OPA gain in order to
characterize the amplification behaviour in saturation. We performed this measurement using
the pulse before spectral broadening and before stretching as a signal, since in the geometry
of our OPA setup the pulse energy of the stretched broadband pulse (~4.5 pJ after the
RG1000 filter) would have been too low to achieve saturation. On the other hand the spike of
the spectrum without the RG1000 filter would have saturated the OPA process very quickly
for parts of the spectrum, which does not represent the real scenario and would have been
difficult to model accurately for comparison. The unbroadened signal pulse had a nearly
Gaussian-shaped spectrum with a FWHM of 48 nm centered at A, = 780 nm. The pulse
duration at the position of the OPA crystal was measured to be 31 fs, using the
GRENOUILLE (Swamp optics). The retrieved 2nd order intensity autocorrelation of the
pulse by this device is shown in the inset of Fig. 5. For the amplification a 5 mm thick DKDP
crystal was used, which was aligned for maximum gain, i.e a phase matching angle of 36.86°.
The signal energy was varied using the metallic filter. A high sensitivity power meter (Laser
Probe Rm-6600) was used to monitor the signal energy. The amplified signal was slightly
focused into a large aperture photodiode for measuring the relative gain (i.e. the ratio of the
amplified to the unamplified signal energy). The amplified signal was measured at a position
where it was well separated from the pump and idler beams, which were blocked by an iris, in
order to minimize their contribution to the measurements.

Finally, in order to determine the extraction efficiency under saturation, for our present
experimental conditions, we used a 7 mm DKDP crystal. The signal spectrum after the
RG1000 spectrum was stretched in such a way to have a GD of ~1.5 ps for a spectral range of
800-1325 nm, by adjusting the prism separation in the stretcher as shown in Fig. 6. The phase
matching angle was adjusted to have amplification in the NIR tail with its maximum at 1100
nm.
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4. Results and discussion

In the following we present the results for the experiments described above. The
interpretation of these findings is aided by our calculations which we used to model the
scenario. In these calculations we have simulated the real scenario by taking the measured
pump and signal energies, beam sizes, crystal thicknesses and non-collinear angle. The only
adjustable parameter we used is the phase matching angle. Owing to the usual uncertainty in
the cut-angle information provided by the crystal manufacturers, this assumption is justified.
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Fig. 4. Investigation of the small-signal gain: (a) Measured gain (solid lines) versus calculated
gain (dotted lines) for a 3 mm thick DKDP crystal for three different phase matching angles.
The crystal was cut for a phase matching angle of ~37.1°, according to the manufacturer. The
angles for the experimental curves are given as the deviation from the nominal cut angle. For
the calculation an offset in the phase matching angle has been chosen to achieve the best
possible fit with experiment. (b) Calculated gain for 5 mm and 7 mm DKDP crystals for two
different phase matching angles.

4.1 Small-signal gain

The measured small-signal gain curves for different phase-matching angles are shown in Fig.
4(a). The gain curves are averaged over 100 shots to eliminate the effect of shot-to-shot
instabilities. As can be seen from the measured curves, very broadband amplification was
achieved with a significant gain over a bandwidth of ~500 nm for a phase matching angle of
37.00°. Moreover, the gain curve is very sensitive to the phase matching angle and changes its
shape significantly when the phase matching angle is slightly detuned. Therefore, when
working in the near field, the collimation of the beams should be better than 1 mrad. From our
measurements we can see that when the phase matching angle is reduced, the amplification
extends more and more into the near infrared region and has even reached 1400 nm in our
experimental setup. Since the spectrum of the signal pulse has been artificially suppressed
below 800 nm using a bandpass filter, no reliable gain information for this region can be
extracted from our experiment. Nevertheless, our calculations predict that the gain curve
extends down to 700 nm under these conditions, as shown in Fig. 4(a). In addition, a narrow
dip can be observed in the measured gain curves around 920 nm. This is a combination of a
very weak seed intensity in this spectral range and the way of spectral detection, since this
region is situated at the edge of the sensitivity range of the visible spectrometer which
therefore introduces high noise levels and delivers inaccurate measurements.

Alongside the measured small-signal gain curves, Fig. 4(a) also shows the results of our
simulations of the experimental scenario, represented by the dotted lines. The calculations
agree well with the measured gain curves both in absolute values and shape and the
dependence on the phase matching angle is also closely reproduced. The dip in the middle of
the gain curves for the phase matching angles of 36.80° and 36.90° respectively, which is due
to the characteristic phase matching curve of the DKDP, is also well reproduced.
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Based on the good agreement between our experimental observations and the simulations,
we have performed further calculations in order to explore the parameter space for the OPA
process. Since in experiments that we will discuss later, we used DKDP crystals of 5 and 7
mm thickness, we present in Fig. 4(b) the small-signal gain curves for these crystal
thicknesses calculated at different phase matching angles. As expected, the gain bandwidth
increases with a decrease in the crystal-thickness for optimum phase-matching conditions. It
can be seen that the gain bandwidth changes from ~350 nm to ~400 nm (measured at 10%
level of maximum gain) by changing crystal thicknesses from 7 mm to 5 mm for a phase
matching angle of 37.00°. We can also see that although the gain bandwidth can be increased
by detuning the phase matching angle, the absolute value of the gain drops.

4.2 Saturated gain measurement

As described above, we have used the 31 fs unbroadened signal pulse to investigate the
amplification behaviour in saturation. We measured the output pulse energy E,, as a function
of the input energy E;, and determined from this the extracted energy (Eoy — Ei,). The results
are presented in Fig. 5, where it can be seen that in our setup for E;, > 4 uJ the OPA gain
starts to be saturated. The measured temporal profile of the signal pulse is shown in the inset
of Fig. 5, clearly indicating the presence of a pre/post-pulse with an intensity of
approximately 10% of the main pulse. This pedestal can affect the saturation behaviour. In
order to allow for a meaningful comparison between the experiment and our simulations the
input pulse has to be modelled as close as possible to the experimental scenario. Since our
simulation program is not able to simulate arbitrary pulse shapes in time, we performed two
simulations with Gaussian pulse shape. In the first run we assumed a single 31 fs signal pulse
containing all the signal energy. The calculated extracted energy for this case is marked in
Fig. 5 as red circles. Owing to the fact, that this short 31 fs pulse interacts with a smaller part
of the pump energy and includes a higher signal energy, we obtain a smaller extracted energy
level in the simulations than we would expect from the real pulse. In our second calculation
we considered two Gaussian pulses, which are amplified independently (two different
simulation runs), the first one with an amplitude of 10% of the second, and the two pulses
separated in time by 50 fs. We assumed, that the two signal pulses, in the simulations, see a
“fresh” pump and do not affect each other. This assumption leads to an overestimation of the
extracted energy. As can be seen in Fig. 5 the calculated extracted energies from this second
model pulse (blue triangles) lie above the measured values. Both model calculations are
consistent with the measured data. We can therefore conclude that our simulation program is
able to reliably model the saturation behavior of the optical parametric amplification process.
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Fig. 5. Extraction energy vs. input signal energy: The black squares represent the
measurements using the 31 fs input pulse (the temporal profile of which is shown in the inset).
The error bars of the measured data are the standard deviation of 100 shots, which originate
both from the temporal jitter and the shot-to-shot pump energy fluctuation. The red circles
show the results for the calculation of one single Gaussian pulse, the blue triangles represent
the results of the simulation with two independent Gaussian pulses, see details in text.
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4.3 Broadband amplification

After having found good agreement in the saturation behaviour between experiment and our
theoretical description in the case of the narrowband signal, we investigated the extraction
efficiency in saturation using the entire broadband signal pulse. For this study we used a 7
mm DKDP crystal, which corresponds to the calculated crystal length (7.5 mm) of the first
stage of the PFS system in Section 2 of this paper. The signal spectrum after the RG1000
filter was matched to the pump pulse duration in order to optimize the extraction efficiency
(Fig. 6). The phase matching angle (~36.95° from simulations) was adjusted for amplification
in the NIR tail with its maximum at 1100 nm. Figure 7(a) shows the input and the amplified
spectrum.

The amplification in DKDP covers the full spectrum from 830 to 1310nm (measured at
10% level of maximum intensity). Below 800 nm no gain can be observed due to the used
RG1000 filter. Even without the spectral part from 700 to 800 nm the amplified spectrum
supports a Fourier limited pulse duration of ~6 fs which corresponds to a two-cycle pulse. To
our knowledge this is the first time that such a broadband amplification in DKDP has been
demonstrated. This result confirms that DKDP is appropriate for broadband amplification in
ps-pumped OPCPA and supports few-cycle pulse durations.
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Fig. 6. Measured group delay (GD) of OPCPA signal: The NIR-tail of the signal (800-1325
nm) is stretched to fit in the FWHM duration of the pump pulse.

The broadband gain is shown in Fig. 7(b). The signal energy in the spectral range between
1100-1320 nm is much smaller compared to the energy stored in the rest of the spectrum.
Therefore the amplification process is already saturated in the region around 800-1100 nm,
while the spectral range between 1100 and 1320 nm experiences a gain of ~30 and is not
saturated so far which is similar to the situation in [33]. By injection of 4.4 pJ signal energy,
53 wJ of amplified signal is obtained. This corresponds to an overall gain of 9.6 and an
extraction efficiency of 6% from pump to signal.
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Fig. 7. (a) The amplified and unamplified spectra, using 7 mm DKDP under saturation
condition. (b) Spectral gain of the amplification process extracted from (a).

5. Conclusion

We have demonstrated that the short-pulse pumped parametric amplification is feasible to
deliver a sufficiently broad spectrum (cf. Fig. 7) to support a few-cycle pulse duration, with
reasonable gain to reach high pulse energies up to the J level. It was shown, that DKDP
crystals, which can be scaled to large apertures, pumped at 515 nm and with intensities of
~100 GW/cm?, are able to amplify bandwidth, supporting pulse durations of the order of ~6
fs. Furthermore these experiments demonstrate that the amplification bandwidth, gain and
saturation agree well with that obtained from our simulations. This also justifies the validity
of the Sellmeier equations [20] used in the code. Moreover this provides strong support to our
design of the following OPCPA stages. However, in order to fully verify the feasibility of the
PFS approach to high energy few-cycle-pulse generation it is necessary to compress the
broadband amplified pulses to few-cycle duration. Measuring the phase of such broadband
pulses is connected with difficulties especially for the retrieval of the higher orders in phase.
In addition, the expected inherently high contrast still has to be verified experimentally using
the first compressed pulses. These immediate further steps in the development of the PFS
system are currently under way.
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