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Abstract: We investigate the temporal contrast of the Light Wave Synthesizer 20 (LWS-20):
a powerful, few-cycle source based on the optical parametric synthesizer principle. Saturation
effects in the RF amplifier driving the acousto-optic programmable dispersive filter (AOPDF)
were found to degrade the coherent contrast for non-monotonic group delay corrections. We
subsequently present a new dispersion scheme and design a novel transmission grism-based
stretcher optimized for LWS-20. The resulting temporal contrast of the amplified, compressed
output pulses is improved by 2-4 orders of magnitude compared to the former design.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction

Optical Parametric Chirped-Pulse Amplification (OPCPA) and Optical Parametric
Synthesizer (OPS) are promising and rapidly developing techniques for the generation of
terawatt (TW) level peak power, few-cycle laser pulses for various experiments at the
frontiers of nonlinear attosecond science and laser-plasma physics [1-6]. Not surprisingly,
dispersion needs to be carefully managed over the entire spectral range in order to compress
pulses to the few-cycle regime and below [1,7,8]. While much effort has been devoted to
carefully optimizing the proper stretcher and compressor over the past few decades [8-14],
there still remains higher-order residual spectral phase terms of various origins that need to be
compensated for. Therefore, adaptive-programmable pulse compression remains useful and
widespread for few-cycle laser systems, via e.g. liquid-crystal spatial light modulators [15,16]
or acousto-optic programmable dispersive filters (AOPDFs) [17,18]. The AOPDF or
“Dazzler” (Fastlite) remains advantageous over the former due to its extremely compact
setup, intrinsic stability (especially with regard to carrier-envelope phase), wide dynamic
range (>45 dB), implementation flexibility (i.e. no need to spatially disperse spectral
components beforehand) and continuous spectral phase modulation [17,18].

Nonetheless, the effect of the acousto-optic interaction in an AOPDF on the high-
dynamic-range temporal contrast of the (amplified) output laser pulse — i.e. the ratio between
the intensity of the pulse-preceding background and the main pulse — has not yet been
investigated. Alongside the required extremely high intensities and peak powers, the temporal
contrast is a crucial laser parameter that needs to be optimized for various relativistic laser-
plasma experiments such as ion acceleration [19,20] and different kinds of surface high-
harmonic generation [21-23]. Typical CPA or OPCPA systems have a prepulse-pedestal
intensity structure of various origins, e.g. amplified spontaneous emission (ASE) [24],
amplified parametric superfluorescence [25], imperfect compression or unwanted pulse
replica [26]. These prematurely ionize the target prior to the arrival of the main pulse,
forming a rapidly expanding pre-plasma that significantly changes the nature of the
interaction between the main pulse and the plasma via a longer-than-optimal plasma scale
length [27,28].
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In this paper, we demonstrate how to optimize the operating conditions of an AOPDF to
preserve the temporal pulse contrast of the Light Wave Synthesizer 20 (LWS-20): a sub-two-
cycle, 16 TW peak power OPS system reported by Rivas et al. [1]. First, we show that an
AOPDF programmed with a non-monotonic group delay (GD) degrades the temporal contrast
of output pulses on a picosecond time scale when its driving RF amplifier is saturated
(Section 2). We then present a novel grism stretcher designed to cancel material dispersion in
the LWS-20 so that the residual GD is monotonic from 580 to 1020 nm and also compatible
with the AOPDF compensation capabilities (Section 3). This new dispersion design both
optimizes the diffraction efficiency of the AOPDF and makes it robust against RF saturation
effects. Supporting pulse cross-correlation measurements indicate improvement by 2 to 4
orders of magnitude of the output pulse contrast in comparison to that with a non-monotonic
residual GD (Section 4).

2. Phase-to-amplitude coupling in saturated RF amplifiers

The pulse-shaping mechanism at work in an AOPDF relies on the collinear acousto-optic
interaction between an acoustic wave packet and an optical pulse. When the phase-matching
conditions are fulfilled, a fraction of the input optical beam is diffracted. The electric field of
the diffracted pulses in the time domain can essentially be described as the convolution of an
impulse function with the input field, which is simply a rescaled version of the acoustic strain
field [17,18]. The pulse shaping accuracy of an AOPDF is therefore directly linked to that of
the RF signal driving the transducer. Clearly, spurious distortions of the driving RF signal can
be transferred to the diffracted pulses. In particular, a poor signal-to-noise ratio can result in
spurious amplitude and phase contributions in the optical domain - in other words - may
degrade the pulse contrast. In practice, the RF signal is generated by an arbitrary waveform
generator and then amplified by a broadband AB-class RF amplifier. Like any physical
amplifier, the RF amplifier is subject to saturation effects which can be interpreted in the
time-domain as distortions of the carrier and of the envelope. These effects can also
interpreted in the frequency domain as instantaneous nonlinear effects of various orders such
as second or third harmonic generation. However, in contrast to optical nonlinear effects,
there is no notion of phase-matching nor of selection by symmetry considerations in
electronic RF amplifiers. As a consequence, all possible nonlinear effects occur
simultaneously. Of particular interest is phase-to-amplitude coupling, which distorts the RF
spectral amplitude whenever the second-order derivative of the RF spectral phase vanishes.
To illustrate this behavior, we sample the RF waveform at the output of a 50-W RF
amplifier with a 500-MHz oscilloscope (Waverunner, LeCroy) and compare the waveform as
a function of the RF gain. Rather than showing the time-dependent voltage, which is barely
readable, we display the RF spectral amplitude as a function of gain (Fig. 1). In this case, the
input RF spectrum spans from ~65 to ~130 MHz with a rectangular shape, and the spectral
phase is a single-cycle cosine. As the RF amplifier gain is increased, the spectral intensity
gets heavily modulated and new frequency components appear around 50 MHz and 150 MHz.
These new frequencies are not phase-matched to any of the input optical wavelengths (0.5-1.0
pum) and do not contribute to the acousto-optic diffraction. However, the fast RF amplitude
modulations within the 65-130 MHz bandwidth are transferred to the output diffracted beam
through acousto-optic diffraction. To understand this behavior, we compute the spectrograms
(windowed Fast Fourier transform) of the RF waves as a function of gain. Since the duration
of the RF wave (~25 ps) is several orders of magnitude longer than the electrical carrier (>7
ns), the frequency-content of a “slice” at a given delay is very well defined. Thus, one can use
the vocabulary developed for wave packets satisfying the slowly-varying envelope
approximation, in particular the notions of instantaneous frequency and group delay.
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Fig. 1. Spectral density of the amplified RF waves as a function of gain. P = 0 corresponds to
no amplification, while P = 1 corresponds to the maximum gain (i.e. the maximum output RF
peak power of 50 W). Spikes at ~60 MHz and harmonics (~120 MHz and ~180 MHz) are
weak continuous leakages from the generation card. Saturation effects appear at P>0.1 as high-
frequency spectral modulations and nonlinear mixing processes generate new frequencies.
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Fig. 2. RF spectrograms (log scale) of the amplified RF waves as a function of RF gain (P). P
= 0 corresponds to no gain, while P = 1 corresponds to maximum gain. Additional parasitic
frequencies appear at high gain as a result of four-wave and higher-order wave mixing in the
RF amplifier.

At low RF power levels, the RF group delay (RF-GD) is well defined in the sense that a
group delay can be attributed unambiguously to each RF frequency. As expected, the RF-GD
is a single-cycle sine wave with a frequency range of ~65 MHz to ~130 MHz and a total
delay of ~25 ps (Fig. 2). As the RF power is increased, the diffraction efficiency also
increases linearly but new frequencies are generated — particularly in the temporal vicinity of
the RF-GD extrema — and form parasitic RF-GD curves. This phenomenon can be understood
from four-wave mixing processes such as o, + @, —», — @, . For example, the frequencies at

~75 MHz and ~85 MHz, which are simultaneously present at 33-34 us, beat and generate
2*75-85 = 65 MHz and 2*85-75 = 95 MHz. More generally, in the vicinity of a RF-GD
extremum, four-wave mixing generates new frequencies along a parabola tangent to the
extremum with a curvature three times smaller. At even higher RF powers, one can notice the
onset of effects of even higher-order wave mixing (e.g. a second 6th-order tangent parabola).
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As a result, some frequencies appear at multiple delays (e.g. 110 MHz appears at both ~35 ps
and ~55 ps) which give rise to complex pre-/post-pulses in the time-domain. To assess the
contrast degradation over the full spectral range, we compute the optical impulse function of
the AOPDF as a function of RF power (Fig. 3). In the worst case (i.e. at 100% RF power), a
large prepulse-pedestal peaks at ~4.3 ps with an intensity of ~4 orders of magnitude below the

main pulse.
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Fig. 3. Temporal structure of the diffracted electric field (D,) assuming a perfect compression.
The contrast degrades to 10-3-10~ as the RF power is increased from 0 to 1.

To conclude this section, using saturated RF amplifiers to drive AOPDFs can significantly
degrade the pulse contrast of the shaped output optical pulses. Apart from staying within the
linear RF amplification range, which would imply oversized amplifiers and/or be limited by
the current commercial technology or total cost, phase-to-amplitude effects can be avoided or
strongly mitigated by programming strictly monotonic RF-GDs. This criterion is also optimal
with regard to the diffraction efficiency of the AOPDF [29]. A practical consequence is that
the applied pulse shaping function should also be a monotonic optical group delay.

3. Design and characterization of a transmission grism stretcher

As detailed by Dou et al [8], the LWS-20 is based on a down-chirped amplification scheme
involving a grism pair as a stretcher and glass blocks as a compressor. The grism pair was
designed to match the dispersion of the compressor up to the third order. The residual spectral
phase was then pre-compensated by an AOPDF. However, it was not possible to have a
monotonic residual group delay falling within the compensation range of the AOPDF with
this stretcher. This motivated the design of a novel, transmission-grating-based grism
stretcher, which is described and characterized in the following section. The stretcher (Fig. 4)
consists of two parallel transmission gratings of groove density o at a distance D apart as
well as an anti-symmetrically positioned pair of isosceles prisms of refractive index

n, (1) and apex angle 6, — inserted at a tilt angle &, between the gratings. d;and d, are the

separations between the inner and outer prism faces respectively. Thus, the stretcher is almost
similar to that reported by [12], with the addition of 6. to expand the solution space during

numerical optimization.
Propagating from left to right, the beam incident upon the first grating at angle 6, is

diffracted at an angle 6, according to the grating equation:
sing, (4)=sing, +o4 1)

where only the most intense order of diffraction (m = —1) is used in this design. The
remaining propagation angles 6, to &, are linked by Snell’s law and simple geometric
considerations:
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0,(4)=6,(2)-0 @
(1) sing, (1) = siné, () @
0,(2)=6;(2)-6 @
Ne (4)sing, (1)=sing,(4) 5)

Note the use of the signed-angle convention: & is positive if measured counter-clockwise
from the respective surface (i.e. 6,, 6, 6,, and 6,) and negative if clockwise (i.e. &,, 6,,
6,and ;). The rooftop mirror after the second grating reflects the beam perpendicularly

through the stretcher at a different height, thereby double-passing the grism pair.
The optical group delay introduced by a double-pass through the stretcher, GDsy, is
derived using similar analytical ray-tracing calculation methods by [12,30]:

cGD(1) 1- cos[6,(1)-6, |
2 cosHs(ﬂ,)Jr[D_ X]{ cos 6, (1) }
1 cos| 6, (4)+0, |
" cosd, (1) {d° ~d cosd, (1) } ©)

{ng (2)- %[sin 6, cos 0, (1)—sin6; ]}

where n, (1) is the group index of the prisms and d, is the horizontal separation between the
prism apices:

d, =[d,sin(8, +6;)—d;sin(6;)]/sin(6,) (7

Equation (6) can be understood as follows: the first term is the GD acquired from propagation
through the air gap between the prisms; the second term is the GD for a transmission grating
pair [30] separated by a distance D —d, ; and the third term is a correction term that accounts

for the beam propagation through the prisms as well as the vertical beam shift between the
prism apices.

Hence the stretcher is fully parameterized from a design standpoint after defining the
groove density and incidence angle of the grating, the refractive index of the glass prism, and
optimizing the 5 independent geometric parameters D, d,, d,, 6, & &, . In our design, the

numerical optimization for a monotonic residual GD is carried out via the gradient descent
algorithm for the same material parameters as in the LWS-20, which comprises mostly of the
glass compressor (160 mm of SF57 and 100 mm of Quartz) and the Dazzler crystal (45 mm
of TeO,) [1]. The final values of the five geometric parameters are D = 69.5 mm, d, = 22.9

m, d, =59.6 mm, 6, =54.52° and 6, =-39.23°. The custom-made, surface-relief etched
fused silica transmission gratings (30 x 15 mm?, lbsen Photonics) have a groove density o =
966.2 grooves/mm, design incidence angle §, = —20° and are optimized for the m = -1

diffraction order. The prisms are also custom-made from N-SF57 glass (Eksma Optics) and
are antireflection-coated on both isosceles faces, so that the average reflection for p-polarized
light is <2% per face over the target spectral range (580 — 1020 nm) for the incidence and
refraction angles in our design.
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Fig. 4. Optical path of an arbitrary frequency component within the stretcher. Propagation
angles (green) are numbered sequentially from left to right: &, ,,, from the incidence

angle of the first grating up until the air gap between the prisms, then 495&3,2'1'0 from the air

gap until the output of the second grating. The rooftop mirror after the second grating enables a
double-pass configuration.

The input spectrum into and the output spectrum from the stretcher as depicted in Fig. 5(a)
was measured by a spectrometer. To determine the absolute spectral transmission efficiency,
the relative spectral transmission — i.e. the output divided by the input spectrum — is rescaled
so that the integral over the design spectral range matches the total measured throughput of
19%. The reduced transmission at the edges of the spectral range is primarily attributed to the
diffraction efficiency of the transmission grating and to the AR-coatings on the prisms.

A simulation of the resulting residual GD is plotted in Fig. 5(b) together with the stretcher
GD and the total material GD in the LWS-20 for reference. It can be seen that the total
residual GD in the design spectral range falls within the Dazzler compensation range (~17 ps)
and is monotonic everywhere. This is made possible by the extra degree of freedom 6,

compared to the previous designs [8, 12] as well as the increased Dazzler compensation
range.
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Fig. 5. (a) Measured absolute spectral transmission (solid blue) of the stretcher over the design
spectral range of 580 — 1020 nm, plotted together with the normalized input spectra (solid red),
output spectra (dashed red) and grating-only transmission for p-polarization after 4 passes
(dashed blue). (b) Simulated GD vs wavelength curves. The residual GD (blue) — i.e. the sum
of the total material GD in LWS-20 (red) plus the stretcher GD (purple) — is strictly monotonic
and falls within the Dazzler compensation range of ~17 ps (light blue rectangle).
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4. Further experimental results

To measure the residual GD, the amplified pulses in the LWS-20 are adaptively compressed
with the aid of a chirp-scan trace [31], which iteratively programs the Dazzler GD until the
residual GD is fully compensated. Pulse compression to the sub-5-fs regime is additionally
confirmed by the single-shot frequency-resolved optical gating (FROG) and single-shot
second-harmonic autocorrelation (SHAC) techniques [1]. The measured residual GDs with
the new stretcher are plotted in Fig. 6(a) together with that of the Dou stretcher for reference.

In addition, the temporal intensity structure of the compressed pulses is characterized
using a home-made third-harmonic cross-correlation setup with a dynamic range of up to 9-
10 orders of magnitude [32]. It can be seen that the monotonicity of the residual GD curve has
a strong effect on the temporal contrast. The simulated temporal contrast degradation (Fig. 3)
from the non-monotonic residual GD of the Dou stretcher (red curve, Fig. 6(a)) closely
matches the measured contrast (red curve, Fig. 6(b)): there is a prepulse-pedestal peak around
t ~4 ps approximately 3 — 4 orders of magnitude smaller than the main pulse. To further
investigate this effect, the inter-prism distances in the new stretcher are systematically
manipulated so that the residual GD is extremely flat between the two GD extrema (green
curve, Fig. 6(a)). The resulting contrast ratio of 10 — 10~ at t ~1 ps is even worse (green
curve, Fig. 6(b)) than in the Dou stretcher. This is due to the stronger beating of many RF
frequencies in the Dazzler system that cause stronger spectral amplitude modulations in the
RF wave, and hence also in the diffracted optical pulse. Using the new stretcher at the design
parameters provided in Section 3, the residual GD is strictly monotonic (black curve, Fig.
6(a)) and the corresponding contrast (black curve, Fig. 6(b)), which is improved by 2 — 4
orders of magnitude below 5 ps, is the best-case scenario.
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Fig. 6. (a) The residual GD curves for the old stretcher (red), new stretcher at a closer, sub-
optimal inter-prism separation (green), and the new stretcher at the optimized inter-prism
separation (black). (b) Temporal intensity structure of the compressed output pulse measured
by third-order cross-correlation [32]. Note the color correspondence to the residual GD curves
in (a). The best contrast results from a monotonic residual GD (black curve).

Further insight can be gained by analyzing the RF waves for the design residual GD of the
new stretcher, as previously conducted in Section 2 for the Dou stretcher. Since the curve is
monotonic, the acoustic spectrograms indicate that high-order wave mixing is significantly
reduced (Fig. 7). The two vertical lines around 118 MHz and 120 MHz at Pgr = 0.01 are leaks
from the RF generation board, but are not amplified at higher powers. At Pre = 0.5 and Pge =
1, the sharp horizontal and vertical lines at the beginning and end of the wave, which
originate from the rectangular RF spectrum, couple with the programmed RF-GD and form a
faint, second GD curve around 100 MHz (Fig. 7, Pre = 1). Nonetheless, the intensities of this
parasitic curve and of the horizontal and vertical lines are too low to have a measureable
effect on the contrast.
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Fig. 7. Acoustic spectrograms (log scale) of the programmed optimal monotonic Dazzler GD
for various RF powers. The spectrograms are much cleaner than in the case of the non-
monotonic residual GD (Fig. 3). Lines along the frequency and time axes are respectively
induced by the spectral shape (rectangular spectrum with sharp edge transitions) and the
processing filter (windowed Fourier transform).

5. Conclusion

In conclusion, we have shown that non-monotonic RF waveforms are strongly distorted in
saturated RF amplifiers. When such waveforms drive an AOPDF, the temporal contrast of the
shaped pulses can be significantly degraded. As a consequence, working within the linear
operation range of the AOPDF RF-amplifier is recommended. It is nevertheless possible to
operate an AOPDF with a saturated RF amplifier, provided that the programmed group delay
is monotonic. In light of this constraint, we designed, optimized and characterized a new
transmission grism-based stretcher that — in combination with the dispersion of the other
elements of the OPS — achieves a monotonic residual group delay over the target spectral
range of the AOPDF. With this new stretcher, the contrast ratio of the output pulse is
improved by 2 to 4 orders of magnitude compared to the previous stretcher. This emphasizes
the need for proper residual dispersion management in high-power laser systems pushing the
frontier of relativistic attosecond science.
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