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Abstract
We are showing a significant enhancement in the temporal contrast by reducing the coherent noise of the 10 PW laser
system at the Extreme Light Infrastructure - Nuclear Physics facility. The temporal contrast was improved by four orders
of magnitude at 10 picoseconds and by more than one order of magnitude at 50 picoseconds before the main peak. This
improvement of the picosecond contrast is critical for the experiments using thin solid targets.
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1. Introduction

Temporal contrast is one of the main topics of development
for high-peak-power lasers around the world. Lasers that are
aiming to deliver high irradiances on target require good
control of the temporal contrast to prevent target damage
when dealing with ultra-thin solid targets[1] and ensure the
desired interaction regime with the main pulse[2].

The Extreme Light Infrastructure - Nuclear Physics (ELI-
NP) facility is an open centre for users, dedicated to experi-
ments using high-power lasers for nuclear physics[3,4]. The
ELI-NP High Power Laser System (HPLS) is a dual-arm
laser system that can deliver 10 PW, 1 PW or 100 TW
peak power laser pulses towards five experimental areas[5].
The HPLS at ELI-NP is the first laser in the world to
demonstrate the delivery of 10 PW peak power laser pulses to
experimental areas[6], opening new frontiers for experimental
physics.

Currently, ELI-NP is open for users, with user experimen-
tal calls open on the ELI-laser user portal[7].
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A thorough study of the pedestal of the main pulse in
chirped pulse amplifier (CPA) lasers has been led at the Lab-
oratory of Laser Energetics and the University of Rochester
by Bromage et al.[8] and Dorrer and Bromage[9]. They have
demonstrated that a convex mirror placed in the focus within
the Offner-type stretcher contributes to the contrast degra-
dation, part of the pedestal, scaling proportionally to the
surface roughness quality of that mirror[10]. This type of
contrast degradation is described now as the spectral random
phase noise or coherent noise.

Ranc et al.[11] demonstrated on the Apollon laser a contrast
improvement with an ultralow roughness mirror. It was
shown that a mirror with a roughness of 0.17 nm root mean
square (RMS) leads to a significant reduction of the pedestal
around the main pulse.

An extensive study of different sources of contrast
degradation was performed by Kiriyama et al.[12] for the
J-KAREN-P Petawatt Laser. They show an improvement
of the temporal contrast by addressing each of these
degradation sources carefully.

One of the main contributors to random phase noise
contrast degradation is the placement of optical elements in
the focus of the Offner-type stretcher. Lu et al.[13] reported
on the possibility of replacing the Offner-type stretcher
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Figure 1. Schematic diagram of the ELI-NP HPLS. Marked with green is the stretcher that was updated during the activities reported here.

with a design based on two concave mirrors that avoid this
drawback. The design of a stretcher with cylindrical optics
has also been proposed[14].

One alternative strategy to enhance the on-target contrast
of a high-power laser is the integration of a plasma mirror.
Choi et al.[15] demonstrated a high reflectivity of 70% for
a plasma mirror integrated into the 4 PW laser system at
CoReLS, resulting in a high-contrast enhancement factor of
700,000.

In this work, we present a comparative study of the tempo-
ral contrast for three configurations of the stretcher imple-
mented in the same 10 PW CPA laser system at ELI-NP.
The first configuration utilizes an Offner-type stretcher with
a regular convex mirror. The second configuration employs
the same Offner-type stretcher, integrating a highly polished
mirror. The third configuration incorporates a reflecting
Martinez-type stretcher. This comparative study holds signif-
icant relevance for developing appropriate temporal contrast
enhancement techniques for existing high-power laser sys-
tems and for the design of future high-power laser systems
currently under development.

2. The Extreme Light Infrastructure - Nuclear Physics
High Power Laser System

The ELI-NP HPLS is a dual-arm hybrid CPA–optical para-
metric chirped pulse amplifier (OPCPA) laser system exten-
sively described in Ref. [5]. The laser system starts with a
front-end seeded by a broadband Venteon (Laser Quantum)
oscillator followed by a CPA based on regenerative geometry.
The next subsystems of the front-end are used to clean the

temporal contrast and prepare the pulses for high-energy
amplification. They are composed of a cross-polarized wave
generation filter and a dual-stage picosecond non-collinear
optical parametric chirp pulse amplifier (ps-NOPCPA). At
the output of the front-end, the energy per pulse is of
the order of 10 mJ with a temporal contrast of more than
12 orders of magnitude at more than 15 ps from the main
pulse. The pulses after the front-end are split to seed each of
the arms of the HPLS high-energy amplifiers. Each of these
arms is composed of a stretcher, a spectral phase control
system based on an acousto-optic programmable dispersion
filter (Dazzler from Fastlite), multiple amplification stages
and output pulse compressors. A schematic diagram of the
ELI-NP HPLS is presented in Figure 1.

For the improvement of the contrast of the HPLS, we
decided to use two approaches: firstly, the improvement of
the roughness of the convex mirror in the existing Offner-
type stretcher and, secondly, by using a Martinez-type
design. This work was done on the stretcher used in the
high-power amp part of the ELI-NP HPLS (marked with the
green colour in Figure 1).

3. Ultrahigh-quality convex mirror in the Offner-type
stretcher

The initial design of the ELI-NP HPLS stretcher is a two-
grating Offner type described also in Refs. [5,16]. Figure 2
shows a schematic diagram of this stretcher, which uses
two gratings with a line density of 1480 lines/mm at a 56◦
angle of incidence. The roof mirrors ensure four passes
of the beam through this configuration. As for the Offner

Figure 2. Schematic diagram of the Offner-type stretcher implemented at the ELI-NP HPLS.
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Figure 3. Roughness measurements for the old mirror (top row) and new, highly polished mirror (bottom row) performed on three separate locations.

configuration, the stretcher uses one concave mirror and one
convex mirror. The radius of curvature for these mirrors is
1200 and –600 mm respectively. The Offner stretcher under
this configuration presents the advantages of being compact
as well as generating minimum spectral aberrations and
chirp. To correct the spectral random phase noise temporal
contrast degradation at ELI-NP, we decided to replace the
convex mirror of the PW temporal stretcher with an ultra-
low roughness one.

The new ultra-low roughness mirror was produced by
Thales SESO France using the QED magnetorheological
fluid polishing method for its final polishing[17]. The RMS
roughness of the new ultra-low roughness mirror is 0.2 nm
in comparison with the RMS roughness of the old ‘regular’
mirror of 3.5 nm. Figure 3 presents three representative on-
axis measurements of the roughness for each of the two
convex mirrors.

4. New stretcher design

The HPLS compressor is fixed, enabling it to compen-
sate for a fixed dispersion [5]. The existing Offner-type
stretcher is optimized to match the compressor dispersion.

Consequently, the design of the new stretcher must match,
as closely as possible, the output parameters of the existing
Offner-type stretcher to closely match the dispersion of the
compressor. To achieve a Fourier transform limited pulse at
the output of the laser system, the dispersion parameters can
be precisely adjusted using the Dazzler equipment.

The proposed stretcher offers both advantages: a trans-
mission efficiency two times higher than the Offner con-
figuration due to its design, and the utmost advantage of
eliminating any optics in the far-field of the spectral domain.
This enables the removal of the spatial–spectral coupling at
the origin of the pedestal of the main pulse.

The spectral band of the new stretcher is over 130 nm
centred at 810 nm. The stretching factor is 14.5 ps/nm. The
clear aperture is 5 mm and the incident angle on the gratings
is set to 56◦. The gratings groove density is 1480 lines/mm.

The new stretcher design is a reflective Martinez-type
stretcher with two similar converging mirrors. A similar
design was first proposed by Rudd et al.[18] and also used by
Lu et al.[13]. A schematic, ray tracing and diagram of the new
stretcher are shown in Figure 4. The converging mirrors are
spherical mirrors with a radius of curvature of 2000 mm. As
one can see in the side view of Figure 4, the spherical mirrors

Figure 4. Schematic diagram of the new reflective Martinez-type stretcher implemented at the ELI-NP HPLS.
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are tilted from the terrestrial vertical plane, M1, by 2◦ and
M2 by 2.8◦. The design of the stretcher has been optimized
to limit all the spectral aberrations and spatial chirp to get as
close as possible to the performance of the original Offner
stretcher[19,20].

5. Results and discussion

Figure 5 shows the results obtained for the temporal contrast
measurement using a Tundra cross-correlator for the three
cases: an Offner-type stretcher using a regular convex mirror;
the same Offner-type stretcher using the ultra-low roughness
convex mirror; and the reflective Martinez-type stretcher. All
these measurements were performed using the same laser
system and the same measurement tools to showcase the
impact of the different types of stretchers on the temporal
contrast.

The measurements from Figure 5 were performed at 1 Hz
repetition rate, with AMP 1 and AMP 2 running in nom-
inal specifications, using a cross-correlator (Tundra from
UltraFast Innovation). After AMP 2, the beam propagated in
the nominal configuration, through AMP 3, the compressor
and the diagnostic bench. For these measurements, amplifier
AMP 3 was not pumped as its repetition rate of 1 pulse
per minute as that would prevent one from performing a
scanning measurement on a reasonable timescale.

In both the ultrahigh-quality convex and reflective
Martinez-type implementations, a strong, well-defined

peak can be observed at approximately 9 ps. This peak is
not visible on the regular quality convex mirror Offner-
type stretcher curve because the pedestal masks it. We
identify this peak origin in a prism/transmission grating
bulk dispersion compensation device that is integrated
into the system. These pre-pulses are generated by the
transmission grating that is part of this bulk dispersion
compensation device. The device introduces a post-pulse
as a consequence of multiple reflections on the faces of
the transmission grating. During the amplification of the
pulses, by nonlinear coupling in the amplifying crystals,
the post-pulse is transformed into a pre-pulse. We are
working on resolving this issue by replacing the face parallel
transmission grating with a slightly wedged one.

Looking at the general feature of the pedestal, one can
observe a clear improvement from the regular convex Offner
stretcher to the ultrahigh-quality convex Offner stretcher. At
10 ps this improvement is of three orders of magnitude. The
improvement starts from the main pulse and it is visible up to
the 50 ps range, where it is about half an order of magnitude.

The improvement introduced by the reflective Martinez-
type stretcher compared to the Offner-type ultrahigh-
quality convex stretcher is less dramatic but significant.
This improvement is about one order of magnitude at the
10 ps position and is, in general, of one to half an order of
magnitude up to the 50 ps range. This is an unprecedentedly
high level of contrast for multi-PW systems 10 orders of
magnitude at 10 ps before the main pulse.

Figure 5. Contrast measurement curves for the three cases: grey curve, Offner-type stretcher using a regular convex mirror; blue curve, Offner-type stretcher
using an ultrahigh-quality convex mirror; orange curve, reflective Martinez-type stretcher. The peak at approximately 9 ps is generated by a bulk dispersion
compensator. The inset provides a clearer representation of the position of the approximately 9 ps pre-pulses, thereby revealing the sampling rate of the
measuring device and the peaks with similar relative positions.
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Figure 6. Contrast measurement at 1 shot per minute, showing similar contrast obtained with AMP 3 running at nominal parameters to the measurements
presented in Figure 5: blue cross, similar conditions to that in the Figure 5 blue curve (no pump on AMP 3); red rhomb, similar to the previous and with AMP
3 pumped; grey circle, reproduction of the blue curve from Figure 5 for comparison. The difficulty of optimizing the alignment at a low repetition rate leads
to a lower dynamic range obtained for these measurements in comparison to the one presented in Figure 5. The inset plots show details of the measurement
of the –100 ps region (a), of the pre-pulse at approximately 9 ps (b) and of the main pulse (c).

The nominal dynamic range of the measurement device
used is 11 orders of magnitude. It can be observed from
Figure 5 that this may be the limiting factor for the obtained
value of the contrast using the reflective Martinez stretcher
for ranges higher than –30 ps.

To verify that pumping of AMP 3 will not lead to a
degradation of the contrast compared with the measurements
presented in Figure 5, we measured the contrast at few
points using the nominal pumping level at 1 shot per minute
repetition rate. The results are presented in Figure 6. One can
observe that due to the alignment optimization difficulties
at this repetition rate, we were unable to reach the same
value of dynamic range for these measurements. When AMP
3 is activated, an attenuation is implemented between the
amplifier and the compressor to achieve a level of energy
output at the compressor similar to the 1 Hz setup. This
attenuation introduces a slight misalignment in the far-field,
resulting in a reduction of the dynamic range that can be
obtained with the Tundra cross-correlator. This misalign-
ment is challenging to correct at a repetition rate of 1 shot
per minute, leading to the degradation of dynamic range in
the full energy measurements. Nevertheless, it can be seen
that there is no degradation of the contrast when AMP 3 is
running at the nominal parameters.

The temporal contrast measurement performed by the
Tundra device is a far-field contrast measurement. Assuming

the temporal features are preserved in the far-field of the
focusing optics in the experimental chamber, it is expected
that a peak irradiance of 1023 W/cm2 with a level of
1013 W/cm2 at 10 ps before the main pulse can be obtained
on target. This will allow an unperturbed interaction of the
laser and ultra-thin targets.

6. Conclusions

In conclusion, we demonstrated the importance of the coher-
ent spectral noise on the degradation of the contrast in CPA
laser systems by using three stretcher configurations: two
Offner-type stretchers with two different roughness convex
mirrors and one reflective Martinez-type stretcher. The con-
trast of the ELI-NP HPLS was improved by four orders
of magnitude at 10 ps when using the reflective Martinez-
type stretcher compared with the standard roughness convex
mirror Offner-type stretcher used during the commissioning
of the laser system. This improvement is set to open the
HPLS to experiments on ultra-thin solid targets by prevent-
ing degradation that is usually caused by the leading edge of
the high-power pulse.
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