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Abstract

With the latest configuration, the Ti:Sa laser system ARCTURUS (Diisseldorf University, Germany) operates with a
double-chirped pulse amplification (CPA) architecture delivering pulses with an energy of 7 J before compression in
each of the two high-power beams. By the implementation of a plasma mirror system, the intrinsic laser contrast is
enhanced up to 10~!2 on a time scale of hundreds of picoseconds, before the main peak. The laser system has been used
in various configurations for advanced experiments and different studies have been carried out employing the high-power
laser beams as a single, high-intensity interaction beam (/ = 1020 W/cmz), in dual- and multi-beam configurations or

in a pump—probe arrangement.
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1. Introduction

The generation of multi-terawatt, sub-picosecond laser
pulses was until recently only possible at large facilities
due to the major infrastructure and personnel demands.
However, in the past decade, the Ti:Sa laser technology,
delivering hundreds of terawatts, has become commercially
available. Owing to the short laser pulse lengths (tens of
femtoseconds), the energy requirements are thus kept at the
level of a few joules, making the infrastructure and personnel
demands affordable and attractive at an university-scale
laboratory. The combination of ultrashort pulse duration
and the high peak power achieved nowadays!!'! have opened
up unique opportunities for the study of fundamental
physical processes in the relativistic regimel>™*!. Various
plasma conditions have been explored, aimed at improved
physical parameters for laser-driven particle acceleration or
the generation of coherent radiation required for different
applications. Recently, novel interaction conditions and
unique plasma states have been created and controlled by
the combined effects of multiple beams interacting with a
target samplel>~®!. In the past, experiments which intended
to explore the potential of a dual-beam configuration for
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plasma investigations or for probing the main interaction
relied on a single high-power (HP) beam used in a split-
off configuration. Although the two pulses which originate
from the same beam are temporally synchronized, there
are limitations on each pulse energy, duration and focus
quality!® 101, The large infrastructure, multi-petawatt-class
laser facilities!!!! presently being built are designed on
multiple beam architectures (e.g. APOLLON, France!!?1;
Extreme Light Infrastructure!!3-131; SULFE, China!'9}).

In this paper we present the up-to-date, multi-beam archi-
tecture of the ARCTURUS laser facility and the operational
physical parameters of the laser beams. The interaction
of the pulses with solid, cluster and gaseous targets was
extensively investigated and a brief overview of the recent
experimental studies performed in either a single- or multi-
beam configuration is presented. The great versatility of
the laser system is shown by the different experimental
configurations used for various interaction conditions.

2. Double-CPA architecture of the ARCTURUS laser
system

The ARCTURUS laser facility located at the University of
Diisseldorf, Germany is a university-based laser laboratory
dedicated to the study of the interactions of high-power,
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Figure 1. Schematic of the double-CPA architecture of the ARCTURUS laser system.

high-contrast laser pulses with matter at intensities which
can exceed 102" W/cm?. The laser system originates from
a commercial 100 TW Ti:Sa laser system!!” designed and
manufactured by Amplitude Technologies!'®! on a modular
design, based on the so-called ‘chirped pulse amplification’
(CPA) scheme!'”]. The laser system has been the subject
of three major upgrades in the past decade, aimed at the
installation of a second HP beam, contrast improvement and
peak energy enhancement. The facility operates at present
at a repetition rate of 5 Hz with two HP interaction beams,
each beam having an energy of 7 J before compression and
a probe pulse of 3 TW power, all pulses being separately
compressed to about 30 fs. The present laser architecture
is based on a double-CPA configuration connected by an
nonlinear temporal filter based on cross-polarized wave
generation (XPW module)2Y). The schematic of the laser
amplification chain is shown in Figure 1.

2.1. First CPA module

The seed pulse originates from a commercial Ti:Sa os-
cillator pumped by a CW diode pumped solid state laser
(DPSS) which delivers sub-20 fs, 5 nJ pulses with a spectral
bandwidth of about 100 nm at a repetition rate of 76 MHz.
The seed is injected into a so-called Superbooster module,
which consists of the first CPA stage and the XPW module.
The first CPA unit includes a contrast ratio booster, where
the pulse is amplified up to the pJ level in a 14-pass
amplifier with a gain of about 10* and pumped by the
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second harmonic radiation of a Nd:YAG pump laser (CFR
Ultra by Quantel). The pulse repetition rate is reduced
to 10 Hz and the amplified spontaneous emission (ASE)
contrast is cleaned by a saturable absorber. Further, the
pulse is stretched optically to about 500 ps by an Offner-type
stretcher!?!> 22! with a design based on an all-reflective triplet
combination, including a concentric concave and a convex
spherical mirror system and a grating placed in the plane
of the center of curvature. Hence, the optical arrangement
ensures low-aberration operation, as the reflective optics
reduces the chromatic aberration and the opposite signs of
the mirrors’ radii of curvature cancel the spherical aberration
and the astigmatism. As the first grating is placed on-axis, the
coma is avoided!?! 221 The stretcher efficiency is about 20%.
An acousto-optic programmable dispersive filter (AOPDF)
(Dazzler by Fastlite)>}] is inserted in the path of the beam
to pre-compensate the spectral phase. Further, the pulse
is amplified by two amplification stages, consisting of a
regenerative amplifier and a multi-pass ‘butterfly’ amplifier.
The regenerative amplifier generates about 800 wJ at 10 Hz
and includes two Pockels cells in order to optimize the
contrast ratio. After the multi-pass amplifier, the pulses reach
about 3 mJ in energy. At the end of the first CPA stage, the
pulse is temporally re-compressed to approximately 40 fs
(Fourier limited) pulse duration in a double-pass compressor
grating. Due to gain narrowing, the spectral bandwidth at the
end of the first CPA stage is 35 nm.

In the ARCTURUS laser chain, the laser contrast is im-
proved by two main stages. Firstly, at the front end of
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the laser system, the contrast is controlled by saturable
absorbers, Pockels cells and, recently, by an XPW module.
Most of temporal profile quality of the output pulses is
defined at this stage. The second contrast improvement is
achieved by a single plasma mirror system, which can be
inserted in each of the main beam paths after the compressor.

Before the XPW module implementation, the intrinsic
laser contrast was limited by the regenerative amplifier to
~3 x 1077 at 12 ns (the regen roundtrip) and it could be
improved up to 6 x 1078 when a saturable absorber (SA) was
inserted after the regenerative cavity. For the configuration
when the SAs were present in both the regen and booster
amplifiers, the contrast on a 400 ps time scale before the
pulse peak was measured with a SEQUOIA third-order
auto-correlator; the recorded temporal profile is shown in
Figure 2(a) as the green trace. On the time axis, negative
values correspond to the time interval prior to the peak of
the main laser pulse. For comparison, the blue trace shows
the temporal profile obtained in a configuration when the SA
from the booster amplifier was bypassed.

2.2. Cross-polarized wave filter

The XPW module is based on the third-order nonlinear
effect of cross-polarized wave generation (XPW) in a BaF,
crystal®¥. In the module, the compressed pulse with an
energy of about 1 mJ is focused with a high- F-number lens
through a hollow fiber for spatial filtering onto the XPW-
crystal placed in an evacuated tube. From the incoming
linearly polarized wave, a wave of the same frequency,
but with a perpendicular polarization, is created. Hereby,
the intensity of the cross-polarized wave is proportional to
the third power of the input intensity and, thus, the pulse
pedestal can be drastically reduced. One should note that the
XPW module is placed between a pair of polarizers and the
temporal contrast performance is limited by the extinction
ratio of the polarizing elements. With the XPW module, the
contrast ratio in the case of our laser system is improved by
three orders of magnitude, with an efficiency of about 10%,
and the pulse spectrum is broadened by a factor ~1.7 to
about 60 nm!?%,

The contribution of the XPW module to the beam temporal
profile was studied. In the double-CPA architecture, the laser
pulse was firstly temporally characterized by bypassing the
XPW module and removing the SA after regen 2, in the so-
called low-contrast configuration (red trace in Figure 2(b)).
In this case, the ASE contrast was better than 10~2 at 100 ps
and around 1078 at 10 ps, while at 1 ps before the laser pulse
maximum, the contrast was 10~%. After the first CPA unit,
the beam was guided through the XPW module and the ASE
contrast for hundreds of picoseconds before the peak was
improved by three orders of magnitude to 10~!2 (blue trace).
For this measurement, in the time interval between —75 and
—15 ps, the efficiency of the pedestal cleaning decreases,
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Figure 2. SEQUOIA measurements of the ARCTURUS laser system
showing the effect of different optical elements on the contrast
improvement. The traces in (a) show the effect of the SA in the booster
amplifier in a single-CPA configuration. In (b), a series of measurements
indicates the influence of the XPW module and the effect of the regen 2 SA
on the contrast enhancement in the double-CPA configuration. The traces
in (c) show the present contrast quality for all three beams: both HP pulses
(beam 1 and beam 2) and the probe beam.

resulting in a drop in contrast from 107!2 to 1078. By
additionally inserting the SA after the regen 2, the temporal
profile improves to 10~!2 at about 40 ps before the main
pulse, while the rising edge of the pulse ramps up by five
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Figure 3. (a) Wizzler measurements of the spectrum, spectral phase and
(b) temporal profile close to the peak of the pulse for both HP beams after
the compression, corresponding to the Dazzler configuration for the shortest
pulse duration of beam 2. The compressor optical arrangement is drawn
schematically in (c) and a picture of the vacuum probe compressor is shown
in (d).

orders of magnitude, from 10~'! at —20 ps to 107% at —1 ps.
The peaks measured at about —30 ps, —20 ps and —10 ps are
artifacts of the postpulses on the SEQUOIA measurements,
as one can see on the traces after the peak. Summarizing
the effects of the SAs and XPW module, the ASE level is
improved by three orders of magnitude compared to the low-
contrast configuration and by five orders compared to the
low-contrast case before the upgrade (red trace in Figure 2(b)
and blue trace in Figure 2(a), respectively). In Figure 2(c) the
temporal profiles of both main HP beams (beam 1 and beam
2) and of the probe beam are shown for comparison.

2.3. Main amplification stage

After the XPW module, the pulse is recollimated and fur-
ther seeded in a second CPA module where the pulse is
again stretched optically by another Offner-type stretcher to
10 ps/nm bandwidth and the spectral phase is once more
compensated by an additional acousto-optic modulator (Daz-
zler) inserted in the beam path. Similarly as in the Su-
perbooster module, the pulse is injected in a regenera-
tive cavity with a Pockels cell and is amplified to the
milljjoule energy level. A second acousto-optical modu-
lator (Mazzler by Fastlite) is installed into the regenera-
tive cavity, increasing the spectral bandwidth to 80 nm to
compensate for the effects of gain narrowing in the high-
gain regenerative amplifier (of about 32 nm). Two low-
gain, four-pass amplifiers (preamplifier II with a gain of
30 and 2A amplifier with a gain of 10) are employed
to increase the pulse energy level to 300 mJ. The ampli-
fiers are pumped by frequency-doubled Nd:YAG lasers, a
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CFR 200 (Quantel, 150 mJ) and an Amplitude Technologies
Pro-Pulse (900 mJ), respectively. The last pump laser as well
as all other Pro-Pulse pumps operates at 5 Hz.

At this point, the pulse is cleaned by a large-aperture
(1 inch, 1 inch = 2.54 cm) Pockels cell and further split
with a 30:35:35 ratio into three beams. The 30% frac-
tion represents the probe beam, and is guided by a de-
lay line setup into a vacuum compressor. The other
two 35% fraction beams are injected into two iden-
tical four-pass amplifiers (2B1 and 2B2) pumped by
a Pro-Pulse (900 mJ per amplifier) with a gain factor of
20, where the pulses reach 400 mJ in energy. The main
amplifiers (3A and 3B) are large-scale, four-pass amplifiers
where the beams with a diameter of 3.5 cm are amplified
up to 7 J. The main Ti:Sa crystal of 5cm x 5 cm x 3 cm in
size is cryogenically cooled to prevent thermal lensing. The
total pumping energy of each of the two large amplifiers is
21 ] at the crystal, provided by six Pro-Pulse pump lasers of
2.5 J energy each and a Titan Amplitude Technologies pump
laser of 6J. Before exiting the amplifier, the laser beams
are finally expanded and collimated by a 3x transmission
telescope to about 10 cm in diameter (1/ ).

2.4. Spectral and spatial phase compensation: compressors
and adaptive optics

All three beam lines have independent delay lines and can be
separately compressed by double-pass optical compressors
on a four-grating and rooftop mirror arrangement. In order to
keep the vacuum compressor chamber and the grating size as
small as possible, the compressors have a compact geometry,
with the optical path of the stretched pulse folded in two
parallel planes on top of each other!® 26l The stretched
pulse is firstly incident and dispersed by a first pair of
gratings (1 and 2) and then reflected by a rooftop mirror
to the second plane of the optical path which contains the
gratings 3 and 4, where the pulse passes in the reverse
direction. Hence, the red part of the stretched pulse travels
a longer distance than the blue part, a negative dispersion
is induced, and consequently, the pulse is compressed. The
gratings are gold coated with a grating constant of g =
1.48 pm~! and dimensions 135 mm x 175 mm x 30 mm
(1 and 4) and 135 mm x 230 mm x 30 mm (2 and 3). A
schematic of the optical arrangement of the compressor is
shown in Figure 3(c) while a picture of the probe compressor
is shown in Figure 3(d). The compressors’ efficiency is in
the range 60%—-70%. The pulse length and spectral phase
can be monitored online by a SPIDER diagnostic!*’! or
Wizzler measurement!?8); for the optimization of the pulse
duration and best temporal performance, the measured spec-
tral phase is fed into a closed-loop algorithm which allows
optimization of the Dazzler correction before the regenera-
tive amplifier 2. With the same Dazzler configuration it is
possible to manage the correction for the three compressors
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such that all three pulses can be compressed to about 30 fs.
In the case that one of the beams is optimized to about
25 fs, the other two beams can be compressed to about
35 fs (Figures 3(a) and 3(b)). In order to limit the vibrations
induced by the vacuum system on the optical setup, the
compressor table is directly fixed to the laser hall’s floor and
separated by vacuum feedthroughs from the compressor’s
housing. This technical solution leads to a greater stability
of the compressor alignment, and consequently of the pulse
temporal characteristics.

For the highest intensity possible on the target, an
aberration-free wavefront which defines the quality of
the laser beam focus is important. Essentially, the main
contribution to the wavefront distortion originates from
the main amplification stage, due to thermal lensing and
birefringence effects. The 2D and 3D far-field intensity
distributions of the beam 1 at full energy are shown in
Figures 4(a) and 4(b), respectively, where severe distortions
of the beam focus are observed in the case of the high-energy
beam. For comparison, the intensity distribution of the same
beam in the low-energy case (without the amplification in
the 2A, 2B1 and 3A modules) is shown in Figure 4(e).
Consequently, a closed-loop adaptive optical system!>"]
aiming to correct the low-order aberrations can be included
in each of the beam lines after the compressor. The system
consists of an adaptive deformable bimorph dielectric-coated
mirror (ADM) with 32 elements*®! and a Hartmann—Shack
sensor. Firstly, the spatial phase is evaluated by the sensor
and the required correction is calculated and applied by
the ADM within a closed-loop algorithm. The effect of the
wavefront correction applied by the ADM is visible on the
quality of the focal spot, which contains 50% energy in a
focal spot 2.6 wm in diameter, i.e., close to the diffraction
limit (Figures 4(c) and 4(d)). Different filtering levels were
used in front of the camera to record the distributions in
Figures 4(a), 4(b) and 4(e); thus, one cannot make a direct
comparison between the maximum intensity values of each
distribution.

2.5. Plasma mirror system

A further contrast enhancement can be achieved by means
of a plasma mirror (PM)B3% 3! The operating principle
of PM is illustrated in Figure 5(a). The laser pulse is
focused to a spot of about 50 um (FWHM) in diameter
onto a coated glass substrate, so that the pre-pulses and
the ASE pedestal are still transmitted, while the rising
edge of the main pulse is able to ignite an overdense
plasma reflecting the main pulse. In this way, the PM
acts as a switch with a femtosecond response time and
the contrast can be effectively improved close to the peak
of the pulse. Antireflection-coated substrates are used to
improve the temporal contrast ratio of terawatt laser systems
substantially.
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Figure 4. 2D and 3D intensity distributions of beam 1 focused by an F/2
parabola at full energy (a), (b) without and (c), (d) with adaptive mirror
correction. For comparison, the aberration-free, Rayleigh-limited focal spot
size for the low-energy beam is shown in (e).

At the ARCTURUS laser system, two identical PM setups
are installed in the HP beam lines. A picture of the PM
installed in beam line 1 is shown in Figure 5(b). The design
of the PMs was fitted to the ARCTURUS laser parameters,
such as pulse duration, intensity and space limitation in
the laser room!*?!, While the XPW module is part of the
core design of the laser architecture, the PM system acts
as an inserted module and can be used according to the
experimental requirements. One major advantage of the PM
is that the laser system itself does not require significant
changes, the input power is principally not limited, and it can
be bypassed without modifying the beam parameters (except
the contrast and energy). After the compressor, the pulse is
injected into the PM setup by a turning mirror and focused
onto an antireflective multi-layer-coated substrate with an
intensity of about 10'® W/cm? by an off-axis parabolic
mirror with a focusing number F/22. At this intensity,
the generated plasma has a reflectivity of about 80%. The
dependence of the PM reflectivity over the intensity range
between 10 W/cm? and 10'7 W/cm? was recorded by
moving the substrate along the focal axis (the results are
shown in Figure 5(c)). The operating performance of the PM
relies on the substrate coating, which can be used uncoated
with 4% Fresnel reflectivity or coated with a single- or
multi-layer antireflective coating (Eskma Optics). In case
of the multi-layer, the maximum reflectivity of the ‘cold’
substrate specified by the company is about 0.1%—0.2% over
the range 750-850 nm. Thus, a contrast improvement in the
low-intensity regime is expected to reach theoretically three
orders of magnitude. However, a smaller value of the contrast
improvement was observed for high-power conditions, as
discussed later in the text. After every shot, the substrate is
moved to a fresh surface position. More details about the PM
setup and characterization of the ARCTURUS system can be
found in Ref. [33].
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at the PM substrate, from two series of measurements.
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Figure 6. SEQUOIA traces for the laser beam contrast with (blue) and
without (black) the PM system inserted in the beam line. The red dashed line
is the estimated contrast of the PM. The inset shows a detail of the temporal
profile close to the main peak within the interval At = [—-20, 10] ps.

The contrast performance of the PM substrate has been
investigated and the temporal profiles with and without the
PM system included in the beam path are shown in Figure 6.
The data shown here have been recorded without the XPW
module, and the SEQUOIA trace shows a contrast of the
laser pulse of about 10~ at delays greater than —200 ps,
while the contrast degrades to 10~7 at —10 ps (black trace).
The recording of the pulse temporal profile after interacting
with the PM substrate poses a few difficulties. The pulse
energy must be a compromise between the level required to
create a plasma at the substrate and ensure the SEQUOIA
operates in the full dynamic range, while at the same time
avoiding pulse distortion due to nonlinear effects (for in-
stance, self-phase modulation) at the outcoupling window
used during the measurement. Consequently, the measure-
ments were limited by obtaining the most important part of
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the trace, namely around the main peak and at the ASE level.
The measurement shows a contrast enhancement up to two
orders of magnitude (blue trace), while the estimated value of
the contrast improvement is indicated by the dashed red line.
The contrast profile shortly before the main pulse is shown
in the inset of Figure 6. The temporal contrast at —6.6 ps
is improved from 10~7 to 107, Also, the pulse wings are
strongly reduced. The PM triggers at about —1 ps before the
main pulse, where the difference between the black and the
blue curves becomes negligible.

The high contrast of the interaction beams is of key im-
portance for experiments employing thin foils of nanometer
thickness, nano-structured targets, or randomly or period-
ically modulated surfaces (gratings), preventing the laser
pedestal and its rising edge from destroying the target or
the surface modulations prior to the arrival of the peak
of the pulsel**371. As experimentally demonstrated in Fig-
ure 6, the PM system is able to improve the contrast by at
least two orders of magnitude in the case of a multi-layer
antireflection-coated substrate, but intermediate contrast val-
ues are achievable as well if an uncoated PM substrate is used
instead. Thus, depending on the experimental requirements,
the contrast can be independently varied over two orders of
magnitude for each beam!3*],

The damaged area created on the PM substrate acts as
on optical isolator for the laser energy backscattered from
the interaction region, as the reflectivity of the damaged
spot on the PM substrate is very low compared with the
PM reflectivity in the operational mode. One may note
that the interaction area is located about 10 m from the
PM and the back-reflected beam fraction interacts with a
highly scattering impact spot of about 2 mm diameter and
of very low specular reflectivity. Thus, in experiments using
a counter-propagating geometry, PM systems can prevent
potential damage in the laser chain.
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3. Versatility of laser parameters in the experimental
area and online diagnostics

The amplified, compressed and temporally shaped beams are
directed through separate vacuum beam lines to the experi-
mental area, which is a radiation-shielded hall (Figure 7(a)).
The energy throughput of the beam lines combined with
the compressor efficiency is in the region of 50%, while
this percentage drops to about 40% when the PM system is
inserted in the beam line. In the bunker, two main interaction
chambers can accommodate the coupling of all three beams,
while a smaller chamber (dedicated mostly for experiments
relevant to medical applications) is only designed for one of
the main beams.

The laser architecture allows a flexible selection of the
parameters of the beams. In the operation regime without
the PM, the beams’ energy can be adjusted by controlling the
amplification level. In the interaction area, the energy is typi-
cally in the range 1-3 J, but it can be lowered to the millijoule
level, depending on the experimental requirements. The
beam energy can be reduced in fine steps by employing an
attenuator assembly consisting of a large-aperture waveplate
and two thin-film polarizers. By means of different focusing
optics and geometries, the interaction beams can irradiate
the targets at an intensity which can range from the highest
achievable 5 x 102° W/cm? down to 10'® W/cm?. Note the
beam transport lines shown in Figure 7(a) have a modular
structure and allow a flexible reconfiguration of the beams’
injection into the chambers, depending on the experimental
requirements and conditions (e.g. preferential orientation of
the diagnostics, restricted radiation safety conditions, and
large-scale vacuum equipment).

A number of complex experiments based on a counter-
propagating geometry (e.g. Thomson scattering, pulse
amplification by stimulated Brillouin scattering, studies
of radiation reaction and strong field quantum electro-
dynamics (QED) effects, and counter-propagating shocks
dynamics)®® 31 can pose significant experimental difficul-
ties and potential risks for the optical components in the laser
chain, as a radiation leak of one of the beams can couple to
the amplification line of the other beam. Assessed on the
ARCTURUS architecture, a laser leak or back reflections
can reach the main Ti:Sa crystals within the amplification
time window, with unpredictable consequences and a high
risk of damage, as the beam remnant properties (collimation,
energy, etc.) are unknown. As mentioned before, the PM
as an optical isolator ensures safe operation even in a
counter-propagation configuration. Moreover, other angular
orientations of the main beams are possible, starting from
45° (limited by the adjacent positions of the off-axis
parabolas) up to 180°. Collinear propagation (0°) of one of
the main beams and the probe beam is possible by employing
an off-axis parabola with a 0.5” central hole for the probe
injection. While in normal operation conditions, the main
pulses are p-polarized, large-aperture waveplates can change
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Figure 7. (a) Drawing of the shielded experimental hall. The main
interaction beams, beam 1 (blue) and beam 2 (green), can be guided to the
target chambers 1 and 2. In addition, beam 2 can be transported to a third
chamber. The probe beam transport lines are shown in orange and guide
the probe to any of the main chambers. The radiation shielding walls are
marked in gray. (b) Pointing stability of focal spots of the HP beams 1 and
2 in target chamber 2 recorded over 20 consecutive shots.

the polarization to s- or circular (possible for each beam
independently). In the interaction area, the main beams can
be converted to 2wy by KDP crystals of 3 inch diameter and
100 pm thickness with an efficiency between 10% and 20%.

The synchronization of the pulses in the interaction area
relies only on the optical path compensation, as all three
beams originate from the same front end. The relative
delays between the main interaction pulses can be varied
in the range £3 ns in 10 fs steps by high-precision trans-
lation stages. The synchronization and the spatial overlap
of the interaction beams on the target are monitored by
optical methods (interferometry and/or shadowgraphy). A
spatial variation of the focal spot in the range 5-10 pm
(Figure 7(b)) was measured, while a temporal uncertainty of
300 fs in the beams’ synchronization was found. Similarly,
the arrival of the probe pulse can be temporally adjusted
relatively to the main interaction beams by a number of delay
stages.

In addition, the pulse duration can be varied from the
optimized compressed pulse corresponding to the shortest
duration of about 1,, = 30fs, to a few tens to hundreds
of picoseconds (chirped) by detuning the gratings of the
compressor, or even bypassing the compression stage. In
case of the chirped pulse, the operation of the PM poses a few
limitations in terms of the input energy and pulse duration,
as an intensity level of 10'® W/cm? has to be obtained.
Even pulses of up to 3 ps duration were temporally cleaned
by the PM system in several experiments. Also, positive or
negative chirped pulses can be created with a chirp factor
o= (Zw%r(,prs,)_l =2 x 107=107 for pulses stretched to
a duration of 7y, = 3 ps.
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The versatility of the laser parameters generated by the
ARCTURUS system can be exploited in a wide variety
of experimental studies. Therefore, investigations with a
high degree of complexity, such as multi-beam experiments,
require an efficient design and handling of the diagnos-
tics. The experimental area contains a number of diag-
nostics which are either dedicated to a specific chamber
(e.g. magnetic spectrometer for proton energy selection in
the medical chamber®?!) or have a modular design with a
fast changeover procedure. High-energy ions and electrons
are detected by three high-resolution magnetic spectrom-
eters (Thomson parabola) which can record the particle
energy spectra on micro channel plates or image plates
simultaneously in three different directions. The probe beam
is employed routinely as an optical probing diagnostic at
the fundamental frequency w; or converted to the sec-
ond harmonic 2wy . Optical probing setups including high-
resolution shadowgraphy, interferometry and reflectometry
can be employed independently in the interaction chambers.
Moreover, as the chirp of the probe pulse can be varied
separately, it can be used in advanced optical diagnostics
for temporally and spatially resolved interferometry or multi-
color reflectometry.

A large number of dedicated diagnostics have been de-
veloped for investigations of laser-driven radiation sources.
Optical spectrometers are used for low-energy radiation de-
tection, e.g. higher-order laser harmonics in the UV spectral
range. Various flat-field spectrometers have been built with
a spectral resolution up to Al1/1 = 30014421 to detect
the plasma emission and higher harmonics in the XUV
spectral range (hundreds of eV). For the detection of hard
X-rays (of the order of tens of keV), generated for example
by Thomson scattering, a transmission spectrometer was
employed in combination with X-ray cameras with a single-
photon counting capability!*3.

4. Examples of experimental results for different inter-
action configurations

When a laser pulse of an intensity 7>10'® W/cm? and
frequency wy interacts with matter, electrons are accelerated
to relativistic energies and the electron energy normalized to
its rest energy (so-called vector potential ag = eE /m.wrc =
0.85(117 /10" W/cm?)1/2)is larger than unity. Here c is the
speed of light and m,, the electron mass. By varying either the
energy or the pulse duration, different regimes of interaction
can be accessed in various types of targets, such as thin
foils or bulk solid samples, gaseous jets, liquid droplets or
cluster jets. Moreover, a relative temporal delay between
the HP beams allows control of the plasma preheating and
hydrodynamic expansion by the first arriving pulse and,
thus, the generation of new plasma conditions which can be
explored by the second HP beam. The ARCTURUS laser
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Figure 8. Raw spectrum of the high-order harmonics generated by a laser-
irradiated grating target of periodicity 4 = 410 nm and recorded in a
single-shot mode by a flat-field XUV spectrometer. The laser was incident at
6 = 5° onto the grating and the spectrometer was installed on the emission
line at « = 5° from the target surface. The lineouts were integrated over the
CCD camera chip.

system is perfectly suited for these complex investigations,
with a large, accessible range of physical parameters for all
three laser pulses. Here, examples of experimental results in
single- or multi-beam geometries are briefly discussed.

In the single-main-beam configuration, beam 1 was
focused onto solid and gaseous targets to study laser-driven
radiation sources. Thanks to the high contrast of the HP
beams, targets with random or periodical modulation could
preserve their nanometer-scale structures prior to the main
pulse and were employed in several investigations ranging
from laser energy absorption to high-order harmonic (HH)
generation and surface electron acceleration. In the case
of rough targets, the laser energy coupling efficiency was
measured to be a factor of six larger than in the case of
planar targets®®l. The generation of laser higher harmonics
in the relativistic regime was investigated using a laser pulse
with intensities in the range 10'°-10%° W/cm? irradiating
solid samples such as glass®>>! or grating targetsl®’!. By
employing grating targets with tens of nanometers vertical
modulation, we demonstrated that the HH emission direction
can be steered away from the specular direction due to
interference and, thus, the HH spectral composition can be
controlled by the laser—target interaction conditions?”). In
Figure 8, a spectrum measured by an XUV spectrometer
is shown, which recorded the high-energy plasma emission
in the 1-40 nm spectral range, along an axis ¢ = 5° away
from the target surfacel®3]. In addition, the laser contrast
was varied over three orders of magnitude by using a PM to
study the fine spectral structures of the HHP*. Moreover,
experiments using grating targets irradiated in the relativistic
regime demonstrated that the optimum angle for the electron
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Figure 9. (a) Experimental setup of the frequency up-conversion of a laser beam (2w;, scattered pulse) interacting with a high-energy electron bunch
accelerated at the rear side of a thin foil by a high-intensity laser pulse (wj, driver pulse). The electrons are detected by an electron spectrometer. A
transmission grating in combination with an Andor camera is used as an X-ray diagnostic. (b) Image of the raw X-ray data obtained from a 27 nm DLC target

shot, using the driver and the scattered beam simultaneously[43j.

acceleration by the surface plasma waves is influenced by
the laser intensity and preplasma conditions*41,

High-energy particle beams were accelerated in the rela-
tivistic regime and at various interaction conditions. The ef-
fect of the pulse duration on the proton acceleration process
was investigated when one of the main pulses was focused
onto a 3 wm thick foil at an intensity of 2 x 1029 W/cm?. The
maximum energy of the laser-driven protons was determined
as a function of the pulse duration/*’]. In an experimental
investigation aiming to mimic the effect of space radiation
on electronics onboard satellites, broadband electrons ac-
celerated at the rear side of a 25 pm aluminum foil by
one of the HP pulses at an intensity of 8 x 10 W/cm?
were employed“®). The accelerated electron beam with a
temperature 0.65 MeV accurately reproduced the broadband
electron flux of the outer van Allen belt. Depending on
the experimental requirements, the low-power beam (at its
best compression or chirped) was employed in various op-
tical probing techniques. The plasmas were generated on
foils in the nanometer and micrometer thickness range and
were spatially and temporally resolved at micrometer and
femtosecond levels, respectively. Plasma channel formation,
dynamics of filamentary structures and ionization front fol-
lowing the relativistic laser pulse with a gas jet were also
investigated.

In investigations employing both HP beams, two distinct
approaches were pursued: namely interaction physics with
both HP beams or pump—probe experiments. In the dual-
beam approach, both beams of specific parameters were
focused onto the target and, by varying the relative delay
between the two HP beams, the plasma parameters can
be modified and controlled by the first interaction. Thus,
by irradiating the preformed plasma with the second HP
beam (synchronized or delayed), novel processes can be
studied, including particle acceleration and the emission
of high-energy radiation. The dual-beam configuration is
perfectly suited for the generation of an ultrashort X-ray
source based on radiation frequency upshift of a highly
intense laser pulse scattered off a dense population of fast
electrons. For this purpose, the pulses were focused counter-
propagating onto a thin foil, as is schematically shown in
Figure 9(a). The driver beam accelerates electrons at the
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rear side of the foil, while, within hundreds of femtoseconds
afterwards, the scattering photons incident on the electron
bunch experience a frequency upshift, which depends on
the laser pulse frequency and the electron y factor!*3l. An
X-ray spectrum recorded by the transmission spectrometer
coupled to an X-ray camera in the range 0.1-3 keV is shown
in Figure 9(b).

Moreover, the two-HP-beam configuration offers various
possibilities for pump—probe experiments, in particular for
proton probing, as the generation of a proton beam re-
quires an HP interaction pulse. Proton radiography is one
of the well-established diagnostics in the field of laser-
plasma physics for the investigation of highly transient
electromagnetic fields generated during the interaction of
intense laser pulses with matter/*”-*8) Engineered targets
can be implemented in experimental arrangements where the
proton beam generated on a thin foil can be used to self-
probe the main interaction. In the experiments reported in
Ref. [49], the transient electromagnetic pulses guided along
miniaturized helical coil targets were employed in the post-
acceleration process of the proton beam accelerated at the
rear side of the interaction foil. At the same time, the pro-
tons were used for self-imaging the electromagnetic pulse.
The experimental concept and further investigations of this
charge pulse can be performed in a dual-beam configuration.
An example of this arrangement is shown in Figure 10,
where the two HP beams can be focused onto two separate
targets (micrometer-thick thin foil), one generates the charge
pulse while the second produces the probing proton beam.
A metallic wire can be attached to the interaction target in
a rectangular wave pattern, which allows investigation of
the charge pulse far away from the interaction point and
maximizes the field of view of the observable region. This
particular experimental arrangement allows one to control
the delay between the two interactions and to investigate the
role played by different laser parameters on the total charge
and charge intensity.

In a multi-beam configuration, the propagation, sponta-
neous and stimulated backscatterings of broadband laser
pulses in an underdense plasma were investigated, in the
context of short-pulse amplification by strongly coupled (sc)
stimulated Brillouin scattering (SBS). All three beams were
used: as ionization beam (beam 1), pump (beam 2) and
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Figure 10. Experimental setup for proton probing of a charge pulse. Two
beams (probing beam and interaction beam) can be used to probe the
interaction and to generate a charge pulse, respectively. The particular
folding of the wire allows the observation of a larger field of view.

seed (probe beam). The influence of the bandwidth, duration
and the chirp of the pulses in the amplification process was
studied%.

The laser system delivers pulses with a repetition rate
of 5 Hz. However, the experiments described above were
carried out in a single-shot operation mode. Most of the
experiments are dedicated to fundamental investigations of
laser-plasma physics, and the interaction conditions and
parameters are continuously changed and tested. After every
shot, new solid target samples are required and/or diagnos-
tics as image plates, films, plastic detectors need to be read
out and/or replaced. Nevertheless, recently, the capability for
a laser system with a high repetition rate was demonstrated
in experiments employing a continuous cryogenic hydrogen
cluster target®!]. First tests demonstrate the acceleration of
proton beams up to 100 keV energies, when a cluster jet
target was irradiated by a high-intensity laser pulse with a
repetition rate of 5 Hz.

5. Conclusions

After the recent upgrade, the ARCTURUS laser is a highly
versatile, multi-beam, high-contrast and HP laser system.
The architecture is based on a double-CPA configuration and
an XPW nonlinear filter for the enhancement of the pulse
contrast. Due to the front-end design (SAs, Pockels cells)
and the XPW module, the temporal profile of the pulse is
better than 1071°-10~!! for a time scale of hundreds of
of picoseconds and about 10™% at 10 ps before the main
pulse. Further improvement of the contrast by two orders
of magnitude up to 1 ps before the peak of the pulse was
demonstrated by employing a PM system.

The laser system delivers three synchronized laser pulses.
Two beams can be amplified in separate large amplifiers up
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to 7 J energy, while the third beam of low energy is mainly
used for optical probing. All three beams are compressed
to about 30 fs using individual compressors, although a
controlled chirp can be induced. Through separate beam
lines, the beams are transported to the experimental area,
where they can be injected into three different vacuum
chambers.

Benefiting from the large range of laser parameters avail-
able and the diagnostic capabilities of the facility, a large
number of complex and novel interaction conditions have
been explored. A selection of some of the experiments where
single, dual or multiple beams were employed is briefly
presented. New regimes or physical effects can be created,
observed and studied. Although larger petawatt facilities
are presently being built or planned for the near future,
laser facilities at the hundreds of terawatt scale are still
very attractive due to their flexibility, for proof-of-principle
experiments of high-complexity, pump—probe experiments,
testing targets and diagnostics.
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