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Motivation
High power laser solid matter interaction for plasma-based proton acceleration
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Scalable particle-in-cell simulations biology research

on many-core hardware with:ithe
free and open source code

energy plasma
transport  diagnostics

laser metrology
H:BEF

HELMHOLTZ INTERNATIONAL
BEAMLINE FOR EXTREME FIELDS

1. Achieving highest proton energies beyond TNSA
2. Stable laser-driven proton beams for ultra-high
dose rate radiobiology
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High power lasers at HZDR
Driving advanced accelerator research

Athena /

Penelope
target area

’ixl electron

DRACO PW

—

Draco — accelerator research (e-/p*) & application

= commercial Ti:Sapphire dual-beam laser system

= 150 TW (4J)in 30 fs routinely on target) @ 10 Hz

= ~PW (>20Jontargetin30fs) @ 1Hz

|
-
= )

|
a) ATHENA | Penelope PW

Accelerator Technology
Helmholtz Infrastructure

PENELOPE — prototype driver for radiobiology with protons
= diode-pumped, energy-efficient 150J / 150 fs laser @ 1Hz

= Jighthouse project for proton/ion acceleration within ATHENA
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Accessing different proton acceleration schemes via target density tailoring
Acceleration regimes

TNSA Relativistic transparency Magneto vortex acceleration

Snavely (2000), Clark (2000), Wilks (2001) Henig PRL (2009), Yin POP (2011), D’Humieres POP (2015), Bulanov & Esirkepov PRL (2007)
Higginson Nat. Comm. (2018), McKenna, Gonzales-Izquierdo et al.
SPIE (2021) & ApplSci (2018)
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Accessing different proton acceleration schemes via target density tailoring
Experimental realization

TNSA Relativistic transparency Magneto vortex acceleration

T. Ziegler et al., Sci Rep 11, 7338 (2021)

e s amsan s

scientifc eports * stable acceleration performance up to 70 MeV F. Kroll et al., Nat Phys 18, 316 (2022)
zlm’;‘v‘fu.'?,“:s.wﬂmm * application: in vivo irradiations of mice T. Ziegler et al., under review

* proton acceleration up to 150 MeV

M. Rehwald et al., Nat Com 14, 4009 (2023)

nature communications 38

Ultra-short pulse laser acceleration of pro-
tons to 80 MeV from cryogenic hydrogen jets
tailored to near-critical density

nnnnnnn

PEN
Tumour irradiation in mice with a laser-accelerated
= proton beam

Florian Kroll ', Florian-Emanuel Brack -, Constantin Bermert © , Stetan Bock ©',

Cisabeth Bodenstoin’, Kerstin Brschner', Thomas £ Coman -, Leamart Gaus -, Rond Gebhardt,
Unwe Helbig', Loanhard Karsch”,  Stephan Kraft ",

o e 1 ot o o A e e

eration up to 80 MeV

density tuning via single prepulses

A

I I
typ. > 102 cm3 1.7 x 1021 cm3 =n,;;i.,[800nM] typ. < 102°cm-3

dense, opaque target near-critical density transparent target r1<dre
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Efficient proton acceleration from a solid hydrogen target

Experimental realization

* pure proton source > application & modeling

DRACO PW
e 181J,30fs,800 nm, ~2.6 um focus
-2 1~ 5.4 x 1021 W/cm?
* enhanced laser contrast (PM cleaned)

* 30n,@ 800 nm (5x10%2 e-/cm?)

* high repetition rate capability w/o debris

* free-standing geometry = diagnostic access
* flexible geometry and gas mixture

DRACO Pwy

pre-pulse

Prepulse density tailoring

* 55fs, 800 nm, ~30 x 19 um? focus
-2 1~ 6 x 10 W/cm?

e variable delay

Page 7

Optical probing image

M. Rehwald et al., Nat Com 14, 4009 (2023)
J. B. Kim et al., RSI 87, 11E292 (2016)

C.B. Curry et al., J Vis Exp 159, e61130 (2020)
T. Ziegler et al., PPCF 60 074003 (2018)

M. Loser et al., Opt Exp 29, 9119 (2021)

C. Bernert et al., Sci Rep 12, 7287 (2022)

» off-harmonic (515/1030 nm) optical probing

w 160 fs probe pulse ' Cd. Aﬂ e
P DN MR
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Efficient proton acceleration from a solid hydrogen target
Results — optimum acceleration regime

prepulse-only geometry characterization prepulse + DRACO PW

Shadow diameter Shadowgraphy images Proton spectra

DRACO Pyy
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Efficient proton acceleration from a solid hydrogen target
Results — target density & shape characterization

prepulse-only geometry characterization

DRACO Pyy
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Efficient proton acceleration from a solid hydrogen target
Results — target density & shape characterization
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Investigating ionization dynamics with a solid hydrogen target

Laser-induced breakdown of cryogenic hydrogen Hydrogen sheet jet

* pump laser energy

. . . . Pumg
* modeling requires input on onset of plasma evolution 2 _
_ _ _ Probis | * pulse duration
e temporal evolution of laser intensity on targets

* determines target pre-expansion (density profile) e i
' Dust on
camera filter

Hydrogen
sheet jet

e governs acceleration regime & performance

22A 9
— 10 Relativistically induced transparency ;’ PO—
g 1020_ g g
> Relativistic-laser heating - .
= ]
> Target . = g Il fit: u=0.299
£ arget pre-expansion @ g l®#  0=0.05
S S 0.4
+ Laser-induced breakdown g o
= > 5
& b Ly X  Point estimate
-60 'é c Confidence interval 95%
Time [pS] n © 0.01 Error-function fit
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rt &= Pump-laser energy [arb. unit]
— Bl ‘ﬁ o
C. Bernert et al., Phys Rev Appl 19, 014070 (2023) SLAL —zDR
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Investigation ionizating dynamics with a solid hydrogen target

Laser-induced breakdown of cryogenic hydrogen
@ Measurement == == Quant. BSI threshold

* modeling requires input on onset of plasma evalution w[fand Fi! == = Class. BSI threshold

e temporal evolution of laser intensity on targets
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Enhancing proton energies with pre-expanded foil targets and thickness scanning
Experimental realization 1o°

DRACO PW
e 22.4),30fs,~2.3 um focus
-2 1~6.5x 1021 W/cm?

norm. intensity

= temp. contrast DRACO-PW
Electron Spectrometer -12

=70 -60 =50 =40 -30 =20 -10 0 10
Reflected Laser time [ps]
_ Transmitted Laser

hydrodynamic expansion modeling
Detector F LAS H
Particle Beams _ Electron Spectrometer — temporal laser intensity
== initial density
~ Magnet N [T"7] pre-expanded density
Frame
: S laser pulse
Beams ., T o propagation
N Technical _
Axis

Magnet S

lon Spectrometer

lon Spectrometer

N. Dover et al., Light Sci Appl 12, 71 (2023) }/\/ m K
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Kansai Photon Science Institute n ‘ D R

Detector

T. Ziegler et al., under review
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Enhancing proton energies with pre-expanded foil targets and thickness scanning

Experimental results 80
P - 24020 nm ...
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Enhancing proton energies with pre-expanded foil targets and thickness scanning

Experimental results —
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Enhancing proton energies with pre-expanded foil targets and thickness scanning

Experimental results
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* high-energy feature with reduced divergence

T. Ziegler et al., under review
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Stable proton beam generation with ultra-high intensity contrast
Experimental realization

10°

Y L plasma mirror d)
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F. Kroll et al., Nat Phys 18, 316 (2022) « Thomson parabola (bar) and RCF (diamond) proton E,__,
T. Ziegler et al., Sci Rep 11, 7338 (2021) * longterm stable operation > 60 MeV g A
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Ultra-high dose rate radiobiology at DRACO PW ’0\ pave
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F. Kroll et al., Nat Phys 18, 316 (2022)

F.-E. Brack et al., Sci Rep 10, 9118 (2020) o
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Worldwide-first pilot in vivo studies with LPA protons

FN\
N q—“"fﬂayo M" ITIRT

criver.com

= mouse model (3D in-vivo tumour tissue)
= pulse accumulation for precise dose delivery
= endpoint: tumour-growth delay

= 4 Gy dose, < 10% precise total dose delivery

K. Briichner et al., Radiat. Onc., Vol. 9 (2014)
M. Oppelt et al., Radiat Environ Biophys (2015)
Animal study approval DD24-5131/338/35
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F. Kroll et al., Nat Phys 18, 316 (2022)

= zebrafish embryo (normal tissue, FLASH)
= single-shot ultra-high dose rate delivery
= endpoint: morphological changes, etc.

= dose escalation > 10 Gy

J. Pawelke et al., Radiotherapy and Oncology 158 (2021), 7-12
E. Beyreuther et al., Radiotherapy and Oncology 139 (2019), 46-50
E. R. Szabo et al., PLOS ONE 13 (2018)11, e0206879
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J. Metzkes-Ng et al., under review
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Summary

80 MeV proton acceleration

M. Rehwald et al., Nat Com 14, 4009
(2023)

|. Gothel et. al., PPCF 64, 044010 (2022)

Off-harmonic optical probing

T. Ziegler et al., PPCF 60 074003 (2018)
M. Loser et al., Opt Exp 29, 9119 (2021)
C. Bernert et al., Sci Rep 12, 7287 (2022)

Laser-induced breakdown
C. Bernert et al., Phys Rev Appl 19,
014070 (2023)

Proton acceleration in the transparency
regime

N. Dover et al., Light Sci Appl 12, 71
(2023)

Highest proton acceleration in a
cascaded acceleration regime
T. Ziegler et al., under review

Stable efficient proton acceleration for
applications
T. Ziegler et al., Sci Rep 11, 7338 (2021)

Radiobiological in vivo studies with LPA
protons

F. Kroll et al., Nat Phys 18, 316 (2022)

J. Metzkes-Ng et al., under review

Source-to-sample proton bunch
characterization for applications

M. Reimold et al., Sci Rep 12, 21488
(2022)

M. Reimold et al., Phys Med Biol 68
185009, (2023)

M. Reimold et al., HPLSE (accepted)
(OCTOPOD)

A. Corvino et al., under review
(miniSCIDOM)
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Thank«you for your attention!
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