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We demonstrate the impact of the optics roughness in
Offner stretchers used in CPA laser chains and how it is
possible to improve the temporal contrast ratio in the
temporal range of 10-100 ps by adequately choosing the
optical quality of the key components. Experimental
demonstration has been realized in the frontend source
of the multi-PW laser facility "Apollon” resulting in an
enhancement of the contrast ratio by 2-3 orders of
magnitude. © 2019 Optical Society of America

http://dx.doi.org/10.1364/0L.99.099999

The continuous evolution of ultra-high-power laser technology
gives access to more and more pulse energy and shorter pulse
duration reaching peak powers in the range of 10 PW or higher
[1]. The ability to focus the laser beam to high intensity allowed
recently to reach more than 5x10%2 W/cm? [2]. The temporal
contrast ratio (CR) is one of the most important parameters to take
into account for laser-matter interaction at such high-intensity
levels to avoid any unwanted interaction with the target,
significantly corrupting the experiments. Nowadays, emerging
PW-laser systems all over the world are continually seeking
technical improvements to fulfill the extreme temporal CR
requirements. Several methods and strategies have been
employed including mostly nonlinear pulse cleaning techniques
[3-9] and ultrashort optical parametric chirped pulse
amplification (OPCPA) [10]. These techniques are applied
principally in the front-end part of the laser systems, in the
compressed regime, and are helpful to improve the CR by several
orders of magnitude even in the vicinity to the main pulse peak.
However, despite all the advances in the CR improvement
techniques there is a common temporal feature in all high intensity
laser sources, responsible for the degradation of the CR in the 10-
100 ps range [11-17], as represented schematically in Fig. 1. It
appears typically in the front edge of the pulse at about 105-10-6

lower intensity and it follows an approximate exponential decay
with a rate of 1-2 orders of magnitude per 10 ps with a temporal
extent of few tens of ps.
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Fig. 1. Typical temporal structure of a laser pulse from a CPA PW
system. The red lines represent different ways of improving ps CR by
reducing the offset and the temporal extent of the noise pedestal

This specific contrast structure has been the subject of dedicated
theoretical and experimental investigations. In Refs. [18,19],
complete analytical models of the effect are presented, suggesting
two contributions, in the far and near fields, both related to the
roughness of optics used in compressors and stretcher in chirped
pulse amplification (CPA) systems. In Ref. [20], a different
mechanism is suggested based on the nonlinear coupling of post-
to-pre-pulse long temporal structures. In Ref. [15], Kiriyama et al.
discuss the nature of this structure for the case of PW systems,
suggesting the contribution of optics in the far field of spectrally
dispersed beams. The experimental work in Ref. [21] offers
spatially resolved CR measurements supporting the predicted dual
contribution [19]. In proof- of-principle experiments, the impact of
the Offner stretcher geometry on the CR for sub-ps Nd:glass lasers
has also been shown [22]. Another experimental demonstration in
Ref. [13] from the group of Gemini lasers presents interesting
results revealing the contribution of the surface quality of the
gratings of the compressor and a stretcher in the specific temporal
range of the CR. Finally, in recent simulations [23] and in some
previous work of ours [10,24], the spatiotemporal coupling as the



origin for CR degradation has been investigated, pointing out the
importance of the Offner stretchers optics and especially of their
primary convex mirror.

The present study describes, to the best of our knowledge, the
first experimental proof of the crucial impact of the surface quality
of the Offner stretcher’s primary mirror on the contrast of high-
intensity laser pulses. This work is realized in the Apollon laser
facility [10,11,24] and demonstrates a substantial improvement in
the CR by two to three orders of magnitude on the 10-100 ps
before the main pulse. More specifically, we both numerically and
experimentally explore the spatiotemporal repercussion on the
temporal CR, both versus the power spectral density distribution
(PSD) of the optical-component surface and the particular space-
time coupling conditions in our setup. All experiments presented
hereafter have been realized using a local output of the Apollon
laser. The system includes a high-contrast front-end based on an
OPCPA operating in the 10 ps range [10] and the first Ti:Sapphire
multipass amplifier of the Apollon laser (Fig. 2).
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Fig. 2. Typical temporal structure of a laser pulse from a CPA PW
system. The red lines represent different ways of improving ps CR by
reducing the offset and the temporal extent of the noise pedestal

The specific amplifier, operating at 10 Hz, allows the parametric
study of the CR at the suitable energy level, based on a standard
third order cross-correlation scanning device. Additionally, as the
highest small signal gain amplification stage in the Apollon system
(~x3000) is representative of potential amplified spontaneous
emission (ASE) degradation. The pulses are then compressed in a
folded two gratings compressor (using 1480 1/mm gold gratings),
providing ~1 m] at 20 fs, close to the Fourier transform limit (17
fs) with beam size of ~1cm (1/€2). The Apollon Offner stretcher
(lower part of Fig. 2) is based on the double grating configuration
[25,26]. The first grating is precisely placed at the center of the
curvature of the concave and the convex mirrors in order to
reduce the spatiotemporal aberrations. Precise alignment, based
on the combination of standard techniques and the use of a specific
3-color narrow linewidth laser diode system [26] guarantees the
required precision. Roof mirrors are used to double pass the
stretcher. As explained in Refs [18-19] we can anticipate two
distinct CR degradation phenomena due to the scattering of optics
where the beam is spectrally dispersed, in stretcher and
compressor systems. The first one is a pure axial contribution
generated by optics located in the Fourier plane: the only
component in our case is the convex mirror of the Offner-stretcher.
The second one is a non-axial contribution, generated by optics in
the near-field plane - e.g. gratings, concave mirror or roof mirrors
in folded configurations. Furthermore, in this case the degradation
of the contrast is heavily impaired by the often much larger beam
size (of each individual spectral component of the pulse)
smoothing out the high frequency terms and limiting the temporal
range of their impact close to the main pulse peak. This study gives

an emphasis on the axial contributions since these are responsible
for the effective CR observed on the target after focusing [19]. Our
experimental investigation is organized in two steps. We first
consider the impact of the convex mirror surface quality. As
detailed in Refs. [18], the PSD of the mirror is imprinted on the
contrast curve as shown in formula 10 of this article. The low
spectral frequencies of the mirror PSD impact the short time range
of the CR and the highest ones impact the longest time scales.
Quantitatively, the CR is proportional to the square of the RMS
value of the mirror roughness 62 and therefore experimentally we
expect an improvement of the CR following the solid arrow
indication in Fig. 1. Second, we study the modification of the
spatiotemporal coupling conditions by adjusting the beam size on
the convex mirror. In fact, increasing its size on the convex mirror
(by reducing the beam size at the input of the stretcher)
accentuates the smoothing effect of the higher spatial frequency
surface defects and consequently the fast modulating spectral
phase terms. We therefore, this time expect a restriction of the
noise pedestal temporal extend closer to the main pulse peak, as
indicated by the dashed arrow in Fig. 1. We compare two convex
mirrors, a standard high-quality one, CX1 and a custom one, CXo,
manufactured under the tightest possible commercially available
specifications regarding both the global RMS value of the
roughness and the restriction of the bandwidth of its PSD.
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Fig. 3. (top) Measured roughness of a standard convex mirror
(CX1) versus the custom one (CX2) of 1.02 nm (left) and 0.17 nm
(right) RMS, respectively. (down) Estimated 2D-PSD of a standard
(blue) convex mirror versus the custom one (orange). The dashed-line
part of the curves corresponds to a mathematical extension of the PSD
according to the specifications of the mirrors

The roughness measurements of these mirrors, shown in Fig. 3,
have been performed with optical surface profilometers
(OptoSURF from Eotech for the CX1 and a ZYGO NewView 9000 for
CXz). Both measurements are based on phase shifting micro-
interferometry with similar depth resolution (<0.1 nm ) and
magnification (x50). The measured RMS values for the roughness
of the two mirrors are 1.02 nm and 0.17 nm for the CXi and CXz
respectively. It should be noted that the measurement of CX; is
done after coating while for CXz it was only possible for the
uncoated substrate during the fabrication process. The coating
process however of CXz has been qualified by the supplier on flat
optics to have a marginal impact on the roughness of the final
component. In Fig. 3, we provide the 2D-PSD functions of the two
convex mirrors. For our simulation, we use a 2D-to-1D-PSD



transformation based on an azimuthal averaging function [27] of
the measured surface, given by the formula (4) in Ref. [27].

The measurement of the PSD has been realized over several small
fractions of the mirror of 200x200 pm? This restricts the
information of the spatial frequencies of the mirror defects in the
10-103mm range and the corresponding spectral phase in a range
that limits the temporal contrast representation between about
10-1000 ps. While this temporal range is enough for the purpose
of this study, in order to obtain a more realistic estimation of the
contrast, we have mathematically completed the measured PSD
(dashed-line curve parts of the Fig. 3 (down) graphs) following the
specification of the mirrors down to 1 mm-. Then, this completed
PSD has been used as a filter of a Gaussian random noise signal in
order to create the surface of the complete convex mirror. As the
convex mirror is located in a Fourier plane, in our 1D simulation
model, we directly consider that each frequency component of the
pulses experiences a phase shift A@(w) = N(2Ah w/c)
assuming a linear repartition of w over the length of the mirror and
with N the total number of reflections of the beam on the mirror
(N=4 in our case). The impact of the beam size at the Fourier plane
is taken into account by applying a sliding average on the function
A@(w) over w. Our 1-D model is voluntarily simplified to be
usable with accessible standard data and does not take into
account all the potential effects, described in more detail elsewhere
[23] Its purpose is to provide a clear insight on the basic
mechanism and the expected tendencies on the CR modification.

In Fig. 4 (top, inset), we show the corresponding spectral phase
profiles (presented here only over a restricted spectral range of 2
nm for clarity reasons) of the CXz mirror for a beam size of 6.4 mm
(orange) and 3.2 mm (green) at the input of the stretcher as well as
for no sliding average (black). In Fig. 4 (top) we present the
simulation of the CR based on the PSD function of the CX1 (blue
curve) and the CXz (orange and green curve) with respectively
beam sizes at the input of the stretcher of 6.4 mm, 6.4 mm and 3.2
mm (or 80 um and 160 pum respectively on the convex mirror).
Our simulation clearly predicts a positive impact of the increased
quality of the CXz: the noise pedestal is reduced by 2-3 orders of
magnitude. Additionally, spatial averaging also reduces the
temporal extent from ~50 ps to ~25 ps.

For our experimental demonstration, the CR measurements
have been realized with a high-dynamic range cross-correlator
(Sequoia, from Amplitude Technologies). Careful alignment of the
device allowed a dynamic range between 10! and 10'2. Given the
ASE level of the source [10], estimated in the 10-13 range, and using
multiple repeated measurements, we can fairly attribute the
background level of all the CR measurements in this work to the
detector's noise level. The first set of measurements has been
realized with the CX1 mirror. As a variable parameter for these
measurements, we adjusted the repartition of the gain between
the OPCPA and the Ti:Sa amplifier in order to reach a constant
output energy. For a gain variation in the OPCPA between 100-
1000, no measurable difference could be observed on the CR. In
fact, as explained in Refs. [10, 24], the noise contribution of the
OPCPA, due to its low gain and the temporal extend of the OPCPA
pump (<15 ps), is negligible compared to other contributions in
the same temporal range. A typical CR curve of this first set of
measurements is shown in Fig. 4 (down, blue line curve). We
observe that the noise pedestal has an almost perfect exponential
shape with a starting point at around 1075 just before the main
peak and a decay rate of about 1 order of magnitude every 10 ps.

The dynamic range of this measurement is 10! allowing an
accurate measurement of the noise structure over more than 50 ps
before the pulse.
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Fig.4. (top) 1D simulation of the temporal CR for the case of CXi
(blue) and CXz (orange and green) with a beam size of 6.4mm, 6.4mm
and 3.2mm respectively. Inset: Spectral phase modulation related to
CXz (black) and CX: sliding average for a beam size of 6.4 mm (orange)
and 3.2 mm (green), represented on 2 nm for clarity. The overall
sliding average only marginally affects the low frequencies and the
phase rms value remains practically unchanged. (down) Temporal CR
measurement comparison between the scattering of CX1 (blue) and
CX2 (orange), and the averaging effect (green). The three different sets
of measurements show different background levels of about 10-11 and
2x10-12 as result of finely different

The second set of measurements has been realized with the CXz,
replacing CX: in the stretcher. This operation has been carefully
realized so that the new mirror is installed in the exact same
position of the CX1. A precise alignment is performed using near
and far field references at the output of the stretcher together with
injecting a 3-color laser reference beam. The angular and centering
precision in this replacement procedure is estimated to be better
than 2 prad and 50 pm respectively. Furthermore, the pulse
duration has been monitored during the process with non-
measurable differences between the two mirrors (~20=1 fs).

The measured CR with the CXz is show in Fig. 4 (down, orange
line curve). A reduction of the noise level by 2-3 orders of
magnitude between the CXi(blue line) and CX:z is directly observed.
At -13 ps for example the pedestal level difference decreases from
3x107 down to 3x1070. Close to the main peak, and in the
temporal range impacted by the lower spatial frequency
components of the mirror PSD, the improvement is less
impressive, ~x10-50, which is in agreement with the ratio of the
squared RMS values of the roughness of the two mirrors (~40).
The temporal extend of the pedestal is reduced as well, reaching
the measurement noise level (<5x10-12) at about -37 ps. Compare
to CXi this corresponds to a temporal extent restriction of the
pedestal of about 20 ps.

The last set of measurements has been finally realized after the
modification of the beam size on the CXz. This has been done by



simply temporarily suppressing a lens-based x2 beam-expander at
the input of the stretcher, increasing therefore the beam size of
each spectral component on the convex mirror by the same factor
(from 80 pm to 160 pm on the convex mirror). We clearly observe
in the green line curve of Fig. 4 (down) the suppression of the noise
structure in the -13 ps to -37 ps range. This is in agreement with
the predicted behavior of the CR in Fig. 4 (top) in the case of x2
larger beam on the CX-.

For the sake of completeness, the variation of the OPCPA gain
has been done again for both beam size cases with the CXz mirror
resulting once more in no measurable variation of the CR. Despite
the relatively good agreement with our numerical prediction, it
should be noted that, in this last configuration, other potential
effects might also play a role. Among them, the increased
divergence of the smaller input beam and residual collimation
errors could lead to non-negligible longitudinal mismatch of the
beam focal plane and the CXz plane which could then alter the
exact space-spectral coupling condition and the expression of the
CR in the far field of the beam. The observed temporal asymmetry
in the green line curve (inset of Fig. 4 down) can certainly not be
attributed to any phase effect and therefore to the CX mirror
surface quality. It reveals the impact of a different mechanism,
responsible for the degradation of the contrast in the falling side of
the contrast curve, which is however out of the scope of this study.
A side effect of the reduction of the exponential noise pedestal by
the improvement of the CX mirror quality has been the revelation
of few pre-pulses, already apparent in the initial curve, but only
slightly above the noise. These peaks have clearly no reason to be
impacted by the CX mirror roughness and keep the same
amplitude. These peaks (in particular the ones at -52 and -26 ps)
constitute a very practical, robust, and straightforward calibration
of the CR curves, validating then quantitatively the CR ratio
improvement. We can probably associate the three events at -52
ps, -26 ps and +26 ps and assign the pre-pulses to nonlinear
coupling mechanisms of post-to-pre structures [28]. The origin of
the multiple-peak group of pre-pulses at -49 ps, on the other hand
is undoubtedly a double reflection of the 4-mm-thick $-BaB204
(BBO) crystal of the OPCPA stage. We could then reduce its impact
by deliberately tilting the BBO crystal (~5°).

In conclusion, we demonstrate, to the best of our knowledge, the
first experimental demonstration of the impact of the surface
quality of the convex mirror in an Offner stretcher on the CR of
high intensity pulses. Replacement of this component resulted in
an impressive improvement of the CR in the range of 10-100 ps of
the Apollon laser source. Furthermore, we suggest an engineering
approach for the restriction of the temporal extend of the specific
noise pedestal based on the modification of the beam size at the
input of the stretcher.
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