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Laser-drivenionaccelerators can deliver high-energy, high-peak current
beams and are thus attracting attention as a compact alternative to
conventional accelerators. However, achieving sufficiently high energy
levels suitable for applications such as radiation therapy remains a challenge
for laser-drivenion accelerators. Here we generate proton beams with a
spectrally separated high-energy component of up to 150 MeV by irradiating
solid-density plastic foil targets with ultrashort laser pulses from a repetitive
petawatt laser. The preceding laser light heats the target, leading to the
onset of relativistically induced transparency upon main pulse arrival. The
laser peak then penetrates the initially opaque target and triggers proton
acceleration through a cascade of different mechanisms, as revealed by
three-dimensional particle-in-cell simulations. The transparency of the
target can be used to identify the high-performance domain, makingita
suitable feedback parameter for automated laser and target optimization to
enhance stability of plasma acceleratorsin the future.

Particle accelerators driven by high-intensity lasers havebeen anarea
of increasing interest over the last two decades', as they can produce
beam parameters suitable for awide range of applicationsin science,
medicineand industry. Of particularinterestis the generation of pulsed,
high-intensity multi-megaelectron volt ion beams from relativistic
plasmas created at laser-irradiated solids*>. These laser-driven ion
beams can be used for multidisciplinary applications including radia-
tiontherapy*, injectors for advanced accelerator concepts*®, neutron
production’ and fast ignition in inertial confinement fusion®.

A major focus in this research field is increasing the achiev-
able proton energies, particularly beyond the 100 MeV frontier.
Historically, record proton energies were mainly reported from
large-scale high-energy (>100]J) lasers with limited shot rate,

irradiating micrometre-thick foil targets and inducing acceleration
via hot-electron-driven plasma expansion known as target normal
sheath acceleration’™. The maximum proton energies for this mecha-
nism are primarily enhanced by increasing the amount of laser energy
coupledinto the plasma, as scaling occurs with the square root of the
laser energy®. Conceptually different acceleration mechanisms drive
protons in a more coherent manner to further increase maximum
energies with amore favourable scaling” ™%, These advanced concepts
enabled compact high-intensity lasers with ultrashort pulses to achieve
comparable performance levels with substantially reduced laser energy
(fewjoules) and repetition rates relevant for practical applications' >,
Individual mechanisms, as demonstrated in numerical studies under
idealized conditions, are difficult toisolate experimentally and canlead
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to potentially ambiguous signatures. The identification of the opti-
mal coupling of mechanisms to effectively exploit the laser-induced
acceleration fields thus proved to be complex. Under typical experi-
mental conditions, multiple mechanisms either coexist or cascade
sequentially”®2, as evidenced by the recent achievement of near-
100-MeV record energies in a hybrid scheme utilizing a high-energy
laser”. Here we report experimental results for plasma-accelerated
protonbeams featuring aspectrally separated high-energy component
of up to 150 MeV at application-relevant particle yields. Irradiating
solid-density plastic foil targets with ultrashort laser pulses from a
repetitive petawatt laser enabled these results without the need for
shot-rate-limiting concepts such as cleaning of the temporal laser
contrast (for example, with plasma mirrors®®) or specialized target
treatment (for example, refs. 29,30). By matching the initial target
thickness to thelaser parameters, multiple shots under optimal condi-
tionsresulted in protonacceleration to energies beyond 100 MeV. The
precedinglaser light heated the target, leading toits subsequent expan-
sionand anear-critical plasma density profile. This permitted the laser
main pulse to penetrate theinitially opaque target and trigger proton
acceleration via a cascade of different mechanisms, as confirmed by
three-dimensional (3D) particle-in-cell simulations. The transmitted
laser light, whichis linked to target transparency, proved to be an eas-
ily accessible control parameter for identifying the high-performance
domainwithin the acquired dataset.

Previous research has shown that plasma acceleration can be
enhanced when the laser main pulse arrival coincides with the onset
of target transparency®***'*¥, making this a promising way toimprove
particle beam parameters such as energy and directionality. The
momentwhen theinitially opaque target becomes transparent to the
laser is termed the onset of relativistically induced transparency (RIT)*
and occurswhenthe plasmafrequency drops below the laser frequency
due to the relativistic mass increase of the electrons. Investigating
plasma acceleration at the onset of RIT first requires identifying the
optimalinteraction parameters for the specific laser used.

Inadedicated prestudy, the target thickness was varied overawide
range and the acceleration performance was compared to numerical
simulations®. An optimal target thickness between 200 and 300 nm
was determined, where electron expulsion from the target bulk due
to RIT led to extremely localized space charge fields. These findings
provided the basis for the present study, in which the nominal laser
and target parameters were not intentionally varied.

Aschematic of the experimental setup at the DRACO-PW*** laser
is shown in Fig. 1. Laser pulses (pulse duration = 30 fs) are focused
by an /2.3 parabola (peak intensity ~6.5 x 10* W cm™) onto plastic
foils 0of 250 + 25 nm thickness under oblique incidence (50°), allowing
separation of different acceleration components and particle emission
directions. A ceramic screen was used to measure the amount of laser
light transmitted through the target, helping to analyse the interaction
regime for each shot. The generated particle beam was characterized
between laser propagation and target normal direction using multiple
detectors based on different detection principles to provide robust
measurement of the maximum energy (details in Methods). Thom-
son parabola spectrometers (TPSs) positioned at 15° (TPS15) and 45°
(TPS45) withrespectto the laser propagationdirection (0°) enabled the
analysis of particle spectrawith high-energy resolution. A time-of-flight
(TOF) detector complemented the maximum proton energy detection
at31°(TOF31). Ascintillator-based beam profiler equipped with absorb-
ers of different thicknesses atits front provided a spatial measurement
ofaccelerated protons at discrete threshold energies.

Aslitinthe central horizontal plane of the profiler allowed for the
parallel operation of the TPS and TOF detectors. For selected shots, a
stack of radiochromic films was inserted to provide an energy-resolved
spatial dose distribution of the particle beam. Figure 2a displays the
maximum proton energies as a function of transmitted laser light for
TPS measurements in the two surveyed spatial directions. Even small
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Fig.1|Illustration of the experimental setup. Laser pulses are focused by an
f72.3 off-axis parabola (OAP) onto thin plastic foil targets, thereby generating
aplasma. Protons are accelerated in the plasma and propagate away from the
foil. The kinetic energy distribution of the protons was measured by two TPSs
(TPS15and TPS45, positioned at 15° and 45° with respect to the laser propagation
direction) and a TOF detector (TOF31, positioned at 31°). The spatial proton
beam profile was characterized either by animaged scintillator screen or by a
radiochromic film stack (not shown). Laser light transmitted through the target
was collected by a ceramic screen.

differences in the focused intensity distribution, due to inherent
shot-to-shot fluctuations, can lead to important differences in the
target pre-expansion and the subsequent interaction dynamics and
may explain the observed variation in maximum proton energy. The
best acceleration performance was observed at 0.5%-3% of transmitted
laser light, corresponding to the onset of RIT. In this regime, the highest
proton energies were achieved in both directions, whereas higher or
lower amounts of transmitted light led to weaker acceleration perfor-
mance. The peak energy of the protons, as measured by the TPS, was
150 Mevfﬁ MeV at15°and 63 + 3 MeV at 45°. Shots yielding >5% trans-
mission showed strongly reduced acceleration performance with
maximum proton energies below 25 MeV inboth TPS axes. A compari-
son of the most energetic protons measured in the 15° and 45° direc-
tions for varied laser energies E, is shown in Fig. 2b. Within the
investigated range, the maximum proton energies at 45° scaled with
EIL/Z, while at 15° alinear trend was established. This fundamental dif-
ference in energy scaling suggests that the acceleration scheme varied
for the different directions.

Figure 3a shows TPS15 readout images (background subtraction
applied) for the five most energetic shots. The most notable observa-
tionis the spectral constriction of the separated high-energy compo-
nentinthe protontraces.

Figure 3b displays the analysed particle spectra for the corre-
sponding shots. The marker represents the maximum proton energy
used in Fig. 2a. The TPS15 spectra (blue lines) feature a low-energy
(<40 MeV) exponential and aseparated high-energy (=100 MeV) com-
ponent, whereas the TPS45 spectra (orange lines) consistently only
exhibitanexponentially decaying component. TOF measurements with

Nature Physics


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-024-02505-0

150 F TPSIS + E =224)
PS45

120 _L

90

60 e [= 2!

30 -

Max. proton energy (MeV) @

}{E}
}

1 10
Transmitted laser light (%)

-2

Intensity on target x 102 (W cm™)
0 1 2 3 4 5 6 7

:
§ TPSI15 {
150 TPS45

90 -

30 -

Max. proton energy (MeV)

I L L L L L L L L

0 3 6 9 12 15 18 21 24
Laser pulse energy (J)

Fig.2|Plasma accelerator performance and scalability. a, Maximum proton
energy from TPS measurementsin15° and 45° directions (TPS15 and TPS45)
sorted by transmitted laser light for a total laser pulse energy of £, =22.4 .

b, Maximum proton energies for different laser pulse energies £,. The upper
axisindicates the calculated laser peak intensity. The dotted lines represent
proton energy scalings for better trend visualization. The error barsin both
panelsindicate the systematic uncertainty in maximum energy detection

and transmitted light detection, as defined by the detector setup (details in
Methods). Max., maximum.

reduced sensitivity at 31° show proton energies exceeding those meas-
ured by the TPS45 yet remaining below those observed by the TPS15.

An analysed stack of radiochromic films for a representative
high-energy shot is shown in Fig. 3c. The displayed angular dose dis-
tribution was derived from lineouts along the horizontal axis covering
avertical angle of 6.5° for each energy layer. The dose maximum of the
35-60 MeV layers of the stack is centred along 45° with adivergence of
+15°, whereas energy layers >60 MeV show almost no dose in this direc-
tion. In contrast, the detected dose at 25° exhibits a clearly reduced
divergence of +3°and persists until the last available layer at 104 MeV.
Theabsolute particle spectrain Fig. 3d were derived by deconvoluting
the depth-dose profile along the 25° and 45° directions (orange and
blue squares). Theresults are consistent with the TPS measurements.

Figure 3e shows images of the segmented proton beam profiler
for the corresponding high-energy shots of Fig. 3a,b. The detected
signal behind the 80 and 100 MeV threshold energy absorbers is con-
sistent with the TPS measurements and indicates that the acceleration
direction of the most energetic protons is shifted towards the laser
propagation direction.

All particle detectors used in the experiment provide consistent
evidence that a laser-driven proton beam well exceeding 100 MeV
was produced in multiple shots. The proton beam comprises a
medium-energy (<70 MeV) broadband component and a spectrally
and angularly separated high-energy (>100 MeV) component with
reduced divergence. The observed beam parameters and the scaling
behaviour of the two components can be associated with multiple
acceleration mechanisms. To investigate the cascade of mechanisms
matching present laser and target parameters and to identify potential
novel aspects, we conducted a combination of hydrodynamic and
particle-in-cell simulations. Theinfluence of the precedinglaser light on

a270-nm-thick plastic foil and the resulting expansion was simulated by
atwo-dimensional hydrodynamic code. The simulation started 100 ps
before the laser main pulse arrival, when laser-induced breakdown is
known to occur for the target and temporal laser contrast conditions
of this experiment®**. The results of this first simulation stage, ending
1ps before the laser main pulse, are shown in Supplementary Fig. 1a.
The obtained electron density profile was used as input for a subse-
quent 3D particle-in-cell simulation (detailsin Methods) investigating
the high-intensity interaction. Consideration of the pre-expansion is
criticalasitleadstoareductioninplasma density towards the onset of
RIT for the subsequent main laser pulse (4% transmission in a forward
direction). This result is consistent with the findings of our prestudy®,
where the onset of RIT was identified at similar values of transmitted
laser light and target thickness. Figure 4b shows the simulated angular
protonemissiondistributioninthe horizontal plane. The highest proton
energies and spectral modulations are observed in the laser propaga-
tion direction, whereas protons in the target normal direction show
lower energies and an exponentially decaying spectrum, ascanbe seen
fromthe extracted particle spectraof the different directionsin Fig. 4a.
Togaindeeperinsightsinto the accelerationdynamics during the laser—
plasmainteraction, a subset of tracer protons was randomly selected
upon initialization. The trajectories of these protons were recorded
and analysed tounderstand theirindividual acceleration based on the
respective plasma density and electric field at each simulation time step.

When the relativistic laser pulse penetrates into the expanded
plasma, it gets reflected near the relativistically critical density front
n.=yn.yistheelectron Lorentz factor and n_the classical critical
density, which is defined as n. =&, m, wf/ez, with vacuum permittivity
&, electron mass m,, angular laser frequency w, and electron chargee.
Electrons at n., are pushed into the target, thereby creating a charge
separationfield. Thisfield triggers different radiation pressure accelera-
tion (RPA) mechanisms such as hole-boring RPA®'*%, relativistic trans-
parency front RPA**and collisionless shock acceleration®. For the sake
of simplicity, werefer to these acceleration contributions as front surface
acceleration (FSA), which is mainly induced by the radiation pressure
ofthelaser andis maintained until the expanding target undergoes RIT.

Throughout the interaction with the plasma, the relativistic laser
pulse directly generates electron bunches through the oscillatingj x B
term of the Lorentz force**™*® and thermal laser absorption mecha-
nisms*”**, The former, prompt electrons”* are directed primarily in the
laser propagation direction and closely follow the oscillating field struc-
ture of thelaser. Incontrast, thermal and recirculating electrons gener-
ateadiffuse sheathfield at the target rear, which dominatesin the target
normal direction. The characteristic oscillation of the accelerating field,
induced by the prompt electrons, allows distinction between proton
acceleration during the interaction with the ultrashort laser pulse at
the highest intensity and acceleration within the diffuse non-oscillating
sheath field, which can occur on larger spatial and temporal scales.

Protonsreaching the highest energies were initially located close
tothe target frontand subjected to a cascade of multiple acceleration
mechanisms. To distinguish between these mechanisms, the evolution
oftheelectricfield experienced by the tracer particles along their direc-
tion of propagation and the target density at their respective positions
were studied (Supplementary Information). Figure 4c shows the indi-
vidual contribution of these distinct mechanisms to the total energy
of the fastest protons at the end of the simulation. The time history of
theentireacceleration cascade for the most energetic tracer protonis
showninFig.4d.Inalldirections, the fastest protons gain >50% of their
energy from either the prompt or the thermal acceleration phase, in
which they were injected with ~20 MeV from the FSA phase.

The fastest protons in the 45° direction gain most of their energy
withinthe thermal sheath field, whereas the most energetic protonsin
the laser propagation direction experience a substantial acceleration
contributiondueto the field induced by the prompt electron bunches.
This field is highest at the rear surface of the target bulk and extends
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Fig.3|Beam parameters for selected high-energy shots. a, TPS15 results
(background substracted and normalized raw images) showing the zero
deflection axis (Zero) and parabolic traces from protons (p) and ions (C®*/0®") for
the five most energetic shots (labelled 1-5). b, Corresponding particle spectra
(solid lines) and maximum energies (squares) for TPS15 and TPS45, with error
barsindicating the energy uncertainty as defined by the projected pinhole size
(details in Methods). The green arrow displays the maximum energy measured by
the TOF in the 31° direction. ¢, Angular dose distribution from radiochromic film
(RCF) measurements for a representative high-energy shot. d, Particle spectra
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generated with the angular areas indicated by the respective dashed/dotted lines
inc. e, Proton beam profiles from scintillator measurements for shots1,3and 5.
Two different absorber configurations (sketch) with spatially varying threshold
energies (40,80 and 100 MeV, respectively) were used. There is a clear shift of
the acceleration direction of the high-energy protons towards the laser direction
(smaller angles). The spectrometers’ axes are indicated by coloured circles
(TPS15, blue; TOF31, green; TPS45, orange), and grey areas indicate parts without
data. Horiz., horizontal; Norm, normalized; Vert., vertical.

throughout the rear-side plasma sheath. Within the first 70 fs after the
arrival of thelaser main pulse, protonsintherear-side sheathareacceler-
ated by thisfieldinthelaser forward direction. Simultaneously, this field
prevents electrons from neutralizing the charge of the escaping protons
beyond the effective Debye length. The resulting charge separation
withinthe sheathinduces anadditionalambipolar Coulomb field. This
Coulombfield affects the fast protons originating from the front surface,
resultinginamomentum spread that further enhances the energy of the
fastest particles. We refer to thisacceleration contribution as additional
Coulomb repulsion (CR). Asthe prompt electrons generate the highest
electron density in the laser propagation direction, CR is particularly
relevant for fast protons moving in that direction. These protons gain
>25% of their total energy by CR, whereas for protonsin the target normal
direction, CRis responsible for only 13% of their total energy.

The angular dependent spectral modulations of the proton emis-
siondistribution result from the complexinterplay of the various mech-
anisms. Typically, spectral modulations manifest when a part of the
proton ensemble traverses field gradientslocalized in space and time.
A detailed analysis of the phase space development in the simulation
revealed spectral signatures of each mechanism, which all superimpose
to form the spectrally resolved angular distribution in Fig. 4b. This
includes monoenergetic features in the RPA phase, an exponential
energy distribution due to the expansion phase”?*, ambipolar field
structures at the target rear side where carbonions and protons undergo
demixing® as well as strong field gradients during the CR phase'®**,

Despite performing state-of-the-art simulations based on detailed
experimental measurements, assigning the present simulation to
a specific shot of the experiment requires more precise knowledge
of the corresponding interaction parameters and fewer numerical
simplifications. This necessitates progressin experimental metrology
and anincrease in accessible computational resources. Nonetheless,
the simulation results replicate the experimental observations for an
average good shot, including the angular proton emission distribu-
tion, the spectral modulation in the laser propagation direction and
the amount of transmitted laser light. Although the observation of
multiple acceleration phases is similar to previous researchin the RIT
regime**?*, the fundamental difference of this work is the role of the
promptelectrons for ultrashortlaser pulses and target densities at the
onset of RIT. These promptelectrons facilitate efficient energy transfer
from the ultra-intense laser to the protons both during and after the
interaction with the laser pulse. The linear scaling of the experimen-
tally observed maximum proton energies at 15° with laser energy can
therefore be associated with the dominance of the promptacceleration
in the laser propagation direction”.

In conclusion, this proof-of-principle achievement to generate
spectrally modulated proton beams with maximum energies sur-
passing 100 MeV marks animportant milestone in the field of plasma
accelerators, paving the way towards the use of laser-drivenion sources
for various demanding applications. Based on the experimental
energy scaling, maximum proton energies beyond 250 MeV can be
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Fig. 4| Simulation results revealing multiple acceleration contributions in
different directions. a, Proton energy spectra extracted from 3D particle-in-
cell simulation for different spatial directions. b, Simulation results of proton
emission distribution. Only protons in the central slice of +1 um around the
symmetry plane within a vertical emission range of +3° are shown. ¢, Angularly
resolved contribution of different mechanisms to the acceleration cascade

of the fastest protons (orange, CR; dark green, thermal, diffuse sheath field
set up by thermal and recirculating electrons; light green, prompt,j x B
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accelerated electron bunches; blue, FSA, target front and bulk acceleration; see
Supplementary Fig. 2 for details). The right panel shows the individual energy
contribution of each mechanisms for two selected directions (0° and 45°).

d, Time history of the electric field £, along the propagation direction x of the
most energetic tracer proton. The trajectory of this protonis depicted by the
thick black line. The contour of the relativistically corrected critical density (y n.)
of the target is shown by the thin black line.

extrapolated at twice the laser pulse energy, provided suitable interac-
tion parameters for an efficient cascade of mechanisms are achieved.
Target transparency was identified as a simple control parameter
for determining the high-performance domain owing to its sensitiv-
ity to subtle changes in the initial laser-target conditions. Using the
transmitted laser light asanindependent feedback parameter related
to acceleration performance is ideal for future automated laser and
target optimization. Advanced experimental diagnostics involving
self-generated and transmitted laser light***°*, in conjunction with
advanced simulation approaches®*?, canbe employed for this purpose.
Incombinationwith the relatively high repetition rate (=1 Hz) of ultra-
short pulselasers, these approaches have the potential to enhance the
acceleration stability for practical applications. The ultrashort pulse
duration of the laser promotes arapid succession of multiple accelera-
tionregimes at the highest intensities, as revealed by 3D simulations.
The results emphasize the potential of these compact petawatt-class
laser systems and interaction parameters to further scale laser-driven
ionacceleration to unprecedented energy levels.
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Methods

Experimental setup

Experiments were performed withthe DRACO-PW laser at Helmholtz-
Zentrum Dresden-Rossendorf. DRACO-PW is a Ti:Sa laser system
(central wavelength: 810 nm) with two chirped pulse amplification
stages, providing 30 fs (full-width at half-maximum) laser pulses with
amaximum energy of 22.4 J on-target. The temporal pulse contrast was
measured to be <10 at 100 ps and <10 at 10 ps (details reported in
refs. 21,40). Laser pulses (p-polarization) were focused by an f/2.3
off-axis parabolato aspotsize of 2.5 pm (full-width at half-maximum)
containing 32% of the total laser energy, yielding an estimated peak
intensity of 6.5 x 102 W cm™ (a, ~ 55). The laser pulses were focussed
under oblique incidence (50°) on Formvar plastic foils (CSH802,
p=12gcm>, n,=230n,) in athickness range from d = 210-270 nm.
Fundamentallaser light transmitted through the target was detected by
aceramicscreen of size16 cm x 16 cm placed ~-33 cm away from the tar-
getandimaged onto abandpass-filtered (800 + 25 nm) and calibrated
complementary metal-oxide-semiconductor detector.

Particle diagnostic

Two TPSs positioned at 15° and 45° with respect to the laser axis meas-
ured the protonandion energy spectra. The minimal detectable pro-
tonenergy of the TPS measurements was 7 MeV. The energy resolution
isdominated by the pinhole size (TPS15:1 mm, TPS45: 0.3 mm) yield-
inganuncertainty better than +4% | + 10% (compare to the error barsin
Fig.2a,b) for amaximum proton energy of 60 MeV | 150 MeV, respec-
tively. Each TPS was equipped with a microchannel plate (MCP) con-
taining a phosphor screen that was imaged onto a charged-coupled
device camera. The MCP response up to 60 MeV was cross-calibrated
to simultaneous measurements with a calibrated scintillator screen.
To avoid any ambiguity in particle species identification, a3-mm-thick
aluminium plate was inserted just in front of the MCP to prevent
other ion species from interfering with the detection of the most
energetic protons. Scattering contribution induced by the pinhole
and the aluminium plate on the energy resolution were calculated
to be negligible.

Another particle detection method was realized by TOF meas-
urements. Therefore a high-sensitivity avalanche photodetector
(Menlo APD210 Si detector; size 0.5 mm diameter; rise time 500 ps)
was placed ata distance of -4 m from the target at an angle of 31° with
respect to the laser axis. Carbons and heavier ions were blocked by
a2 mm copper plate justin front of the diode (threshold: 34 MeV for
protons, 64 MeV u™ for carbons). Signal readout was provided by a
fast oscilloscope (Tektronix MSO64, 6 GHz, 25 GSamples per second).
Dueto the lower sensitivity of this detection method (in comparison
to the TPS), the TOF is suitable to confirm the maximum energy
level butis unable to derive particle numbers for the most energetic
protons.

Spatially resolved particle detection was conducted with aproton
beam profiler. A calibrated scintillator (DRZ High from MCI Opto-
nix) of size 100 mm x 100 mm was positioned at a distance of 87 mm
from the target. The emitted luminescence light was captured by a
bandpass-filtered (540 + 2 nm) charged-coupled device camera. Sepa-
ration between protons of different energy is achieved by filtering
using absorbers of different thicknesses (absorber thickness, thresh-
old energy: 8 mm Al, 42 MeV protons | 78 MeV u™ carbons; 25 mm Al,
80 MeV protons | 149 MeV u™ carbons; 38 mm Al, 102 MeV protons |
190 MeV u™ carbons). Aslitin the central horizontal plane of the scintil-
lator allowed for the parallel operation of the TPS and TOF detectors.
For selected shots, aradiochromic film stack was placed 55 mm behind
thetarget, blockingall other particle diagnostics. We used Gafchromic
EBT3 films withasize of 100 mm x 50 mm and adose range from 0.1to
20 Gy interleaved with copper plates as absorber material. We derived
theangular protondose distribution from lineouts along the horizontal
axis covering a vertical angle of 6.5° for each energy layer.

Numerical simulations

We used two different numerical codes to model the experiment. As
afirst stage, the FLASH code (v.4.6.2)* was used in a two-dimensional
radially symmetric geometry with adaptive mesh refinement to per-
formahydrodynamic simulation of the precedinglaser-light-induced
expansion of a270 nm Formvar foil. This simulation covered the time
period fromthe onset of laser-induced dielectric breakdown (around
100 ps) up to 1 ps before the laser main pulse. The breakdown point
was derived using the measured laser contrast® and optical probing
studies of the laser-induced breakdown of Formvar foils following the
approach describedinrefs. 41,54. Thetabulated equation of state was
used in the simulations, generated using the FEOS code®. We used the
Lee-More conductivity and heat exchange. The resulting density pro-
file fromthe hydrodynamicsimulation, shownin Supplementary Fig.1,
was rotated around its axis of symmetry and used as initial input for a
3D particle-in-cell simulation, with densities below 0.04 n discarded.
The final picosecond and main pulse interaction were modelled using
the fully relativistic code PIConGPU* (running on 900 A100 graphics
processing units for 35,000 timesteps). The laser was focused to a
Gaussian spot with w, =2.14 pm on the front surface of the target in
p-polarization under obliqueincidence (45°) aiming at the centre of the
originally unexpanded foil. The temporalintensity profile was matched
to measured data from ref. 21 by fitting two exponential ramps and a
30 fs Gaussian with a peak a, of about 50. A cell size of 20 nm and one
carbon and eight hydrogen macroparticles (thus, 13 electrons) per
cell wereinitialized.

Data availability

All raw data that support the plots within this paper and other find-
ings of this study are available via Rodare (https://doi.org/10.14278/
rodare.2750) (ref. 56). Source data are provided with this paper.

Code availability
All codes used for this study are available from the corresponding
author onreasonable request.

References

53. Fryxell, B. et al. FLASH: an adaptive mesh hydrodynamics code
for modeling astrophysical thermonuclear flashes. Astrophys. J.
Suppl. Ser. 131, 273-334 (2000).

54. Wang, D. et al. Laser-induced damage thresholds of ultrathin
targets and their constraint on laser contrast in laser-driven
ion acceleration experiments. High Power Laser Sci. Eng. 8, e41
(2020).

55. Bussmann, M. et al. Radiative signatures of the relativistic
Kelvin-Helmholtz instability. In Proc. International Conference for
High Performance Computing, Networking, Storage and Analysis
1-12 (ACM, 2013); https://doi.org/10.1145/2503210.2504564

56. Ziegler, T. et al. Source data: Laser-driven high-energy proton
beams from cascaded acceleration regimes. Rodare,
https://doi.org/10.14278/rodare.2750 (2024).

Acknowledgements

We thank the DRACO-PW operation team for their experiment
support. This work was supported by Laserlab Europe V (PRISES,
grant no. 871124) and the IMPULSE project (grant no. 871161). M.N.
was supported by JSPS Kakenhi grant nos. 20H00140, 21KKO049 and
22H00121; and QST President’s Strategic Grant (QST International
Research Initiative (AAA98) and Creative Research (ABACS)).

Author contributions

T.Z.,S.A.,F.-E.B., LG., SK,FK.,JM.-N,, I.P, T.P., M. Rehwald,

M. Reimold, H.-P.S., M.E.P.U., MV. and K.Z. set up and performed

the experiment. T.Z. performed the analysis and interpretation of the
experimental data with support from F.-E.B., F.K., M. Rehwald,

Nature Physics


http://www.nature.com/naturephysics
https://doi.org/10.14278/rodare.2750
https://doi.org/10.14278/rodare.2750
https://doi.org/10.1145/2503210.2504564
https://doi.org/10.14278/rodare.2750

Article

https://doi.org/10.1038/s41567-024-02505-0

M.E.P.U. and K.Z. |.G. performed and analysed the numerical
simulations with support from N.P.D. and T.K. T.Z., I.G., T.K. and
K.Z. interpreted the numerical simulation data. T.Z. and K.Z.
wrote the manuscript. U.S. and K.Z. supervised the project.
All authors reviewed the manuscript and contributed to
discussions.

Funding

Open access funding provided by Helmholtz-Zentrum Dresden -

Rossendorf e. V..

Competinginterests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41567-024-02505-0.

Correspondence and requests for materials should be addressed to
Tim Ziegler.

Peer review information Nature Physics thanks Igor Andriyash,
Jianhui Bin and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at
www.nhature.com/reprints.

Nature Physics


http://www.nature.com/naturephysics
https://doi.org/10.1038/s41567-024-02505-0
http://www.nature.com/reprints

	Laser-driven high-energy proton beams from cascaded acceleration regimes

	Online content

	Fig. 1 Illustration of the experimental setup.
	Fig. 2 Plasma accelerator performance and scalability.
	Fig. 3 Beam parameters for selected high-energy shots.
	Fig. 4 Simulation results revealing multiple acceleration contributions in different directions.




