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LhARA
Laser-hybrid Accelerator for
Radiobiological Applications

[1] G. Passarelli et al., “Laser-hybrid Accelerator for Radiobiological Applications (LhARA): John Adams Institute Accelerator Design Project 2024,” JAI Graduate Accelerator Physics Programme - student design projects, 2024. DOI: 10.17181/CERN.9K4Y.MM92. Available: https://cds.cern.ch/record/2902966

• Flexible research facility for the study of multi-ion 

Particle Beam Therapy and their radiobiological 

effects on tissue

• Novel radiotherapy modalities: ultra-high dose 

rates, Minibeam Radiation Therapy and Spatially 

Fractionated Radiation Therapy

https://cds.cern.ch/record/2902966
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Radiotherapy Modalities
Minibeam Radiation Therapy 
(MBRT)

• Minibeam Radiation Therapy (MBRT) are beams 

with diameters of between 100 μm - 1 mm

• Spatially Fractionated Radiation Therapy (SFRT) 

delivers beam in fractions to minimise ionising 

radiation exposure to healthy tissue, promoting 

normal-tissue sparing effects

[2] S. N. Dolya and V. I. Smirnov, “JINR Scientists Invented Effective Way of Medical Proton Beam Focusing,” Joint Institute for Nuclear Research, Mar. 1, 2022. [Online]. Available: https://www.jinr.ru/posts/jinr-scientists-invented-effective-way-of-medical-proton-beam-focusing/
[3] C. Fernandez-Palomo, S. Chang, and Y. Prezado, “Should Peak Dose Be Used to Prescribe Spatially Fractionated Radiation Therapy?—A Review of Preclinical Studies,” Cancers, vol. 14, no. 15, 2022, p. 3625. ISSN: 2072-6694. DOI: 10.3390/cancers14153625. URL: https://www.mdpi.com/2072-6694/14/15/3625.

https://www.jinr.ru/posts/jinr-scientists-invented-effective-way-of-medical-proton-beam-focusing/
https://www.mdpi.com/2072-6694/14/15/3625
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Magnetic Beam Focusing

• Current LhARA Stage 1 baseline design can deliver ultra-high dose rates of ∼120 Gy/s with a 15 MeV 

proton beam

• This baseline can only deliver spot sizes of 1-3 cm to the end station with current 7 Gabor Lens setup

• So, a magnetic focusing system is needed to generate a parallel beam that satisfies the minibeam

regime requirements and maintains beam intensity
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Requirements

[4] W. Shields. “Progress on the conceptual design of the Laser-hybrid Accelerator for Radiobiological Applications (LhARA)”. In: Proc. 14th International Particle Accelerator Conf. (IPAC’23). Venice,  Italy, 2023, pp. 5071–5074. DOI: 10.18429/JACoW-IPAC2023-THPM083.
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Magnetic Beam Focusing
Beam Delivery System 
Simulations

Simulations of the beam delivery system have been developed in:

1. BDSIM (Beam Delivery Simulation; Geant4-based)

2. A linear optics tracking code (python-based)

Linear optics tracking code aims to:

• Implement beam dynamics structure that simulates the LhARA’s linear optics

• Understand the beam emittance effects when generating proton minibeams
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Magnetic Beam Focusing
Bayesian Optimisation

Bayesian optimisation was chosen to minimise the beam size to < 1 mm, from a 1 cm spot size 

distribution by exploring the parameter space, iteratively, to finding optimal drift lengths

Optimisation parameters: 

• Drift lengths between quadrupole magnets in the focusing system

Constrained cost function:

• Sum of drift lengths < 2 m

Cost function:

• Cost = σx (where σx is the rms beam radius – beam size)

To achieve a minibeam, we want σx = σy ≤ 0.5 mm
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Magnetic Beam Focusing
Quadrupole Doublet 
Configuration

Doublet (DOF):

• Defocusing quadrupole magnet:

• L = 11.4 cm; K = 11.695 T/m;

• Focusing quadrupole magnet:

• L = 11.4 cm; K = -22.712 T/m;
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Magnetic Beam Focusing
Doublet Phase Space

• Before Quadrupole Doublet:

• After Quadrupole Doublet:
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Magnetic Beam Focusing
Doublet Twiss Parameters

At the end station, this quadrupole doublet 

focusing configuration gives:

• σx ≈ 0.2 mm

• σy ≈ 1.2 mm 

Beam focusing in the x-z plane satisfies the 

condition to be classed as a minibeam

Dispersion in the y-z plane is not fully 

compensated, so it does not satisfy the 

minibeam condition

However, we can use this configuration as a 

line focus beam
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Magnetic Beam Focusing
Quadrupole Triplet Configuration

1st Triplet (DOFOD):

• Defocusing quadrupole magnet:

• L = 0.1 m; K = 30.256 T/m;

• Focusing quadrupole magnet:

• L = 0.1 m; K = -53.393 T/m;

2nd Triplet (DOFOD):

• **Defocusing quadrupole magnet:

• L = 0.04 m; K = 302.563 T/m;

• **Focusing quadrupole magnet:

• L = 0.04 m; K = -551.7324 T/m;

1st Triplet

2nd Triplet

** Due to their high magnetic field strengths, these magnets are designed to be permanent quadrupole magnets
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Magnetic Beam Focusing
Triplet Phase Space

• Before Quadrupole Triplets:

• After Quadrupole Triplets:
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Magnetic Beam Focusing
Triplet Twiss Parameters

At the end of the focusing system, 

this quadrupole triplet focusing 

configuration gives:

• σx = 0.74 mm

• σy = 0.46 mm 
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Magnetic Beam Focusing
Octupole – Nonlinear Focusing

Single Octupole acting on x plane

• 3.0 cm Spot Size entering focusing system (primaries):  

Aiming for 95% uniformity in both axes

[5] Y. Yuri et al., “Uniformization of the transverse beam profile by means of nonlinear focusing method,” Physical Review Special Topics - Accelerators and Beams, vol. 10, no. 10, Oct. 2007, p. 104001. DOI: 10.1103/PhysRevSTAB.10.104001. Available: https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.10.104001

Courtesy of Matt Pereira, RHUL

https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.10.104001
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Magnetic Beam Focusing
Octupole – Nonlinear Focusing

3.0 cm Spot Size (LHS) with 1.88 cm Uniform Width (RHS) 3.19 cm Spot Size (LHS) with 2.0 cm Uniform Width (RHS)

Courtesy of Matt Pereira, RHUL
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Beam Delivery Modality
Spot Scanning (Future Work)

• Passive Scattering delivers a uniform radiation 

field to the target volume, in conventional 

radiotherapy 

[6] Hokkaido University, “Spearheading Global Fight Against Cancer with Proton Therapy,” Tackling Global Issues vol.2 New Era of Radiation Therapy to Fight Cancer, Oct. 2020. [Online]. Available: https://www.global.hokudai.ac.jp/blog/tgi02-spearheading-global-fight-against-cancer-with-proton-therapy/

• Spot Scanning is a Spatially Fractionated Radiation 

Therapy (SFRT) beam delivery modality which 

delivers the radiation dose in “spots” across the 

target volume

Solution: Kicker Magnet Pair – kicks beam in x and y planes

https://www.global.hokudai.ac.jp/blog/tgi02-spearheading-global-fight-against-cancer-with-proton-therapy/
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Conclusions

• The magnetic quadrupole triplet focusing system focusses the beam and 

decreases its overall dispersion

• With further optimisations, the requirement of delivering minibeams to the 

radiobiological end stations seems possible

• The introduction of one octupole provides a uniformity of at least > 93.5%, in 

the both axes, for a spot size of 3.19 cm (2 cm uniform width)

• LhARA will be able to conduct radiobiological experiments to observe the 

ionisation effects of minibeams on tissue
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Magnetic Beam Focusing
Additional Doublet Phase Space

• Before Quadrupole Doublet:

• After Quadrupole Doublet:
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Magnetic Beam Focusing
Additional Triplet Phase Space

• Before Quadrupole Triplets:

• After Quadrupole Triplets:


