Laser Plasma Accelerators for
Radiotherapy and Tomography

Olle Lundh

Department of Physics, Lund University, Sweden

EuroNNACc Special Topics Workshop
Isola d’Elba, Italy
18-24 September 2022

WALLENBERG
\/\/ ACADEMY N
k Lund Vv FELLOWS

Laser Centre [LUND

*— UNIVERSITY




Why particle accelerators matter
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Particle accelerators are essential tools of discovery for particle and
nuclear physics and for sciences that use x-rays and neutrons.

Medicine
Tens of millions of patients receive accelerator-based diagnoses and
therapy each year in hospitals and clinics around the world.

Industry

Worldwide, hundreds of industrial processes use particle accelerators
— from the manufacturing of computer chips to the cross-linking of
plastic for shrink wrap and beyond.

Particle accelerators play an important role in ensuring security,
including cargo inspection and materials characterization.



Laser-plasma acceleration and X-ray generation
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High Energy Electrons for Radiotherapy

X-rays for Tomography of Transient Sprays
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Low energy electron radiotherapy

Clinical oncology machine

@ 5-20 MeV electron beam

@ X-rays by bremsstrahlung

Direct electron irradiation

@ Electrons have limited range

@ Underlying structures spared




Dose deposition for different particles
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Low energy electrons < 20 MeV widely used for superficial tumours
High energy electrons > 100 MeV not yet available in hospitals

Can high-energy electrons be useful for radiotherapy?



Potential advantage of high energy electrons

Schiiler et al, Med. Phys. 44, 2544-2555 (2017)
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Compared to X rays (IMRT, VMAT), high-energy electrons (100-200 MeV) can give
* Similar coverage of the target volume

» Better sparing of critical structures and organs at risk



Experimental setup
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Blocks of polystyrene (10 mm) + Fuji film detectors (40x40 mm?)



Measured dose profiles

10mm

20mm

30mm

40mm

50mm

60mm




Comparison to simulation

Simulation (Geant4)
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Laser-accelerated VHEE's for radiotherapy?

120

Treatment plan

Total treatment dosage: 20-80 Gy
Fractional daily dosage: 2 Gy/day

Laser-plasma beam

1 Gy/shot over 2x2 mm?

200 shots (20 s): 2 Gy over 20x20 mm?
Reasonable numbers



Beam shaping using EMQ magnets
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v Mitigates lateral spread

v’ Gives more uniform dose



Energy spectrum

Consecutive measurements

Before EMQ magnets
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Energy spectrum

Consecutive measurements Before EMQ magnets
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Beam control

Spectral filtering
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Multiple irradiation angles

Phantom stack
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Multiple irradiation angles

Phantom stack

EBT3 film stack

Focused electron beam
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Multiple irradiation angles

Phantom stack Simulation
EBT3 film stack

Focused electron beam
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Measurement — concave volume 36 angles, 10 pulses/angle
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Towards stereotactic radiotherapy

Purpose of stereotactic radiotherapy is very precise
delivery of the dose to the target volume
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K. Svendsen et al, Sci Reports 11, 5844 (2021)
O. Lundh et al, Med Phys 39, 3501 (2012)



Perspectives for FLASH therapy

FLASH therapy is the delivery of very high dose rates (>40 Gy/s)

FLASH effect provides better sparing of healthy tissue

not yet completely understood

Femtosecond electron bunches from LWFA
» Allow radiobiological studies at ultra-high dose rates

» High repetition rate is also needed for the delivering high total
dose (several Gy) in very short time (~100 ms)

M. Kim et al, IEEE TRPMS 6, 252-262 (2021)
O. Rigaud et al, Cell Death & Disease 1, e73 (2010)



X-rays for Tomography of Transient Sprays
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Lund University Laser Acceleration Laboratory

Transnational Access to Plasma Accelerated beams of Electrons and X-rays

Short title Institute Completed
Multistage plasma accelerator V. Tomkus FTMC Vilnius Lithuania 135 2019.02.22
Testing plasma souce for EUPRAXIA M. Streeter Imperial College UK 244 2019.12.16
Spray imaging by laser driven x-rays L. Zigan Erlangen FAU Germany 138 2020.03.13
Optimizing acceleration by Al/ML F. Filippi ENEA Frascati Italy 251 2021.12.10




Spray applications

Medical Applications: Inhalation and skin treatment




Spray applications

Medical Applications: Inhalation and skin treatment
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Spray applications

Internal Combustion Engines Applications: Diesel and GDI sprays




Spray applications

Internal Combustion Engines Applications: Diesel and GDI sprays
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Atomizing sprays
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Atomizing sprays
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Atomizing sprays
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Optically dilute spray Intermediate spray Optically dense spray

Spray formation region
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Optically dilute spray Intermediate spray Optically dense spray

X-ray tomography
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Experimental setup
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X-ray absorption
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X-ray absorption
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X-ray absorption
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X-ray absorption
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X-ray absorption
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Path length from absorption
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Adding 20% Kl (potassium iodide), the transmission drops to 45%



Transient spray tomography
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Combining X-rays and flourescence

2-photon laser-

induced flourescence
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Simultaneous recordings
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Understanding breakup and atomization of sprays is
essential for improving e.qg. engine efficiencies.

Challenges  Fast dynamics (ns to pus)
Highly scattering media
Multiple jets in the same spray

Approach Mass flow: X-ray imaging
Atomization: 2-photon LIF Scientist

A Clear View of Cloudy
Sprays

BY CHARLES Q. CHOI

Lasers and x-rays combined can capture quick-changing
droplets as they break apart and evaporate.

D. Guenot et al, Phys Rev Applied 17, 064056 (2022)

H. Ulrich et al, Phys of Fluids 34, 083305 (2022)

D. Guenot et al, Optica 7, 131-134 (2020) Laser-plasma accelerator: A new tool to
quantitatively image atomizing sprays
By fusing x-ray and fluorescence images of droplet structures from atomizing

sprays, the physics of the liquid/gas phase transition—important to
combustion research—are better understood.

SOFTWARE & ACCESSORIES > SOFTWARE
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Wide irradiation field (simulation)
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Lundh et al, Medical Phys. 39, 3501-3508 (2012)



