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LhARA
the Laser-hybrid Accelerator for Radiobiological Applications
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Our ambition is to:
• Deliver a systematic and definitive radiation biology programme
• Prove the feasibility of laser-driven hybrid acceleration
• Lay the technological foundations for the transformation of PBT
– automated, patient-specific proton and ion beam therapy
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Radiotherapy; the challenge
• Cancer: second most common cause of death globally

– Radiotherapy indicated in half of all cancer patients

• Significant growth in global demand anticipated:
– 14.1 million new cases in 2012 ⇢ 24.6 million by 2030
– 8.2 million cancer deaths in 2012 ⇢ 13.0 million by 2030

• Scale-up in provision essential:
– Projections above based on reported cases (i.e. high-income countries)
– Opportunity: save 26.9 million lives in low/middle income countries by 2035

• Provision on this scale requires:
– Development of new and novel techniques … integrated in a 
– Cost-effective system to allow a distributed network of RT facilities
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Particle-beam therapy
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Proton and ion-beam therapy:
– Bulk of dose deposited in Bragg peak
– Significant normal-tissue sparing (entry)
–Almost no dose beyond the Bragg peak



Particle beam therapy today
• Cyclotron based:
– Limitations:

• Energy modulation
• Instantaneous dose rate

• Synchrotron based:
– Limitiations:

• Complexity
• Instantaneous dose rate
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MedAustron Facility

MedAustron designed to deliver both proton/carbon, began treatments
with protons in 2016.
4 rooms: T1 is the research room, T2 + T3 are the patient treatment
rooms, T4 is still waiting to be commissioned.

2/8

Christie Hospital Manchester

MedAustron
Austria

Þ reduce footprint,
     cost and complexity
 ‘PBT for the many’!
Þ increase flexibility

optimize treatments



The case for fundamental radiobiology
• Relative biological effectiveness:

– Defined relative to reference X-ray beam
– Known to depend on:

• Energy, ion species
• Dose & dose rate
• Tissue type
• Biological endpoint

• Yet:
– p-treatment planning uses 1.1
– Effective values are used for C6+

• Maximise the efficacy of PBT now & in the 
future:
– Require systematic programme to develop 

full understanding of radiobiology
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optimization of the particle range, it is possible to cal-
culate 4D water-equivalent path length-ITV plans that 
drastically increase dose homogeneity.126 A full 4D-CT 
optimization seems to be the best approach to account 
for motion management with high precision.127

Tumour tracking involves real-time target localization 
and correction of radiation beam geometry to compen-
sate for motion.128 It provides dose distributions very 
close to the static situation. Lateral compensation is 
achieved by magnetic steering and depth compensation 
by moving degraders.121 The main problem is motion 
detection. Different methods can be employed includ-
ing fluoroscopy, ultrasound, MRI, and external markers 
combined to adaptive motion correlation models.128 
Particle radiography is another interesting solution 
for range verification,129 and eventually for online 
m onitoring if very high energy protons are available.130

Radiobiology
RBE is a complicated radiobiological concept depend-
ing on several factors: measured end point, dose, dose 
rate, dose per fractionation, number of fractions, particle 
charge and velocity, oxygen concentration, and cell-cycle 
phase.6,7 Data mining of RBE values from experiments 
performed in the past 50 years with different ions always 
show a large variance (Figure 7).131 The spread in RBE 
values cannot be reduced by further in vitro experiments, 
as this just repeats what has been done for years. Dose-
escalation trials are performed in each facility using 
heavy ions, as it is currently done at HIT and CNAO, 
following the experience at NIRS. For proton beams, a 
RBE of 1.1 is used in clinical practice for both plateau and 
SOBP. This is a reasonable and sound value, although 
in the very distal part of the SOBP the RBE increases, 
and the range of values goes from 0.7 to 1.6 at mid-
SOBP.132 Even though the RBE issue is less problematic 

with protons than for heavy ions, research indicates that 
perhaps a biological treatment plan taking into account 
the increase in the distal proton SOBP might reduce 
complications at the field edges.133

There is a lot of emphasis on RBE uncertainties in CPT  
but, in reality, patients have been treated safely in several 
centres and in Lanzhou (China) they are treated for 
superficial and deep tumours with carbon ions without 
any correction for RBE, that is, using a flat SOBP in 
physical dose.134 Rather than concentrating on more 
RBE measurements, we believe research should focus 
on the new emerging radiobiology, which might open 
new scenarios in CPT and provide novel biology-guided 
applications in the clinics.

It is now established that the tumour is a tissue, and the 
stem cells and stromal compartments have a decisive role 
in its growth and homeostasis. CSCs are resistant to radi-
ation135 and hypoxia,136 and therefore heavy ions might 
represent an ideal tool to destroy this compartment,137 
which is responsible for both local recurrence and metas-
tasis.138 Recent in vitro studies show that carbon ions are 
more effective than X-rays in killing CSCs from colon139 
and pancreatic140 cancers. Moreover, preliminary results 
indicate an increased effectiveness of low-energy protons 
in eliminating CSCs from colon141 and mammary142 
human cancer cells in vitro.

At very high dose, damage to the endothelial cells sup-
plying the cancer tissue with oxygen and nutrients (vas-
cular injury), could become a dominant pathway for 
tumour suppression. Damage to the tumour stroma at 
high doses has been elegantly shown by the Memorial 
Sloan-Kettering Cancer Center (MSKCC, NY) research-
ers, who found that vascular endothelial cell apoptosis is 
rapidly activated above 10 Gy per fraction,143 and that the 
ceramide pathway orchestrated by acid sphingo-
myelinase (that is, membrane damage) is a major 
pathway for the apoptotic response.144 In later clinical 
work involving the use of single-fraction high-dose 
spinal SBRT, investi gators from the same institution 
recorded pronecrotic response after doses in the range of 
18–24 Gy, a radiographic change consistent with a devas-
cularizing effect.145 Particle radiobiology research at high 
doses is needed to support and guide oligofractionation 
in CPT. Indications of suppressed angiogenesis with 
carbon ions, even at low doses,146 suggest that the vascu-
lar damage might be p articularly effective with protons 
or heavy ions.

Combined therapies
Even though local control is generally very high with 
CPT, in most malignancies radiotherapy must be com-
bined with systemic therapies to control metastasis 
and increase survival. Combined CPT plus chemo-
therapy protocols are already used in many cancers, 
such as GBM or pancreatic cancer. However, very few 
radio biology studies specifically address the poten-
tial syner gistic interaction of the drugs and ion irra-
diations. In vitro experiments on GBM cells provided 
useful indications on the combination of different drugs  
with carbon ions.147,148 The interaction of cytotoxic 
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Figure 7 | RBE versus LET from published experiments on in vitro cell lines. RBE is 
calculated at 10% survival, LET values are given is keV/μm in water. Different 
colours indicate different ions, from protons to heavy ions. Data points are 
extracted from the Particle Radiation Data Ensemble (PIDE) database,162 which 
currently includes 855 survival curves for cells exposed to photons (α/β ratio 
ranging 1–30) and ions. Abbreviations: LET, linear energy transfer; RBE, relative 
biological effectiveness.
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Radiobiology in new regimens
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Worked example: FLASH
Conventional regime : ~2 Gy/min
FLASH regime  : >40 Gy/s

Evidence of normal-tissue sparing while tumour-kill probability is maintained:
 i.e. enhanced therapeutic window

Time line:
• Initial reports: 2014 (e.g. Flauvadon et al, STM Jul 2014)

• Confirmation in mini-pig & cat: 2018 (Clin. Cancer Research 2018)

• First treatment 2019 (Bourhis et al, Rad.Onc. Oct 2019)



Radiobiology in new regimens
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Prezado et al
Worked example: micro beams

Conventional regime : > 1 cm diameter; homogeous
Microbeam regime : < 1 mm diameter; no dose between ‘doselets’

Remarkable increase of normal rat brain resistance.
   [E.g. Dilmanian et al. 2006, Prezado et al., Rad. Research 2015]

Dose escalation in the tumour possible – larger tumor control prob.

< 1 mm

1-2 mm> 1 cm



Radiobiology in new regimens
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The ideally 
flexible beam facility

can deliver it all!

Þ substantial
opportunity for a 

step-change in 
understanding!
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ASTeC
Daresbury Laboratory
Particle Physics Department
ISIS Neutron and Muon Source



A novel, hybrid, approach:

• Laser-driven, high-flux proton/ion source
– Overcome instantaneous dose-rate limitation

• Capture at >10 MeV
– Delivers protons or ions in very short pulses

• Bunches as short as 10—40 ns
– Triggerable; arbitrary pulse structure

• Novel “electron-plasma-lens” capture & focusing
– Strong focusing (short focal length) without the use of high-field solenoid

• Fast, flexible, fixed-field post acceleration
– Variable energy

• Protons: 15—127 MeV
• Ions:  5—34 MeV/u
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Laser-hybrid Accelerator for Radiobiological Applications
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Table 5: Summary of expected maximum dose per pulse and dose rates that LhARA can deliver for minimum
beam sizes. These estimates are based on Monte Carlo simulations using a bunch length of 7 ns for 12 MeV
and 15 MeV proton beams, 41.5 ns for the 127 MeV proton beam and 75.2 ns for the 33.4 MeV/u carbon beam.
The average dose rate is based on the 10 Hz repetition rate of the laser source.

12 MeV Protons 15 MeV Protons 127 MeV Protons 33.4 MeV/u Carbon
Dose per pulse 7.1Gy 12.8Gy 15.6Gy 73.0Gy

Instantaneous dose rate 1.0⇥ 109 Gy/s 1.8⇥ 109 Gy/s 3.8⇥ 108 Gy/s 9.7⇥ 108 Gy/s
Average dose rate 71Gy/s 128Gy/s 156Gy/s 730Gy/s

of 1.8 ⇥ 109 Gy/s and an average dose rate of 128Gy/s assuming the same bunch length and repetition rate as
for the 12 MeV case.

For the high-energy in vitro end station a different setup was used for high energy proton beams. A similar
design to the low-energy end station was used but with the air gap increased from 5 mm to 5 cm and a water
phantom was placed at the end of the air gap instead of a cell culture plate. The water phantom used in the
simulation was based upon the PTC T41023 water phantom [92]. In addition, the smaller minimum design
beam size of 1 mm was used. A single shot of 109 protons at 127 MeV deposits 6.9⇥ 10�4 J in the chamber at
the pristine Bragg peak depth corresponding to a dose of 15.6Gy, an instantaneous dose rate of 3.8⇥ 108 Gy/s
and an average dose rate of 156Gy/s. The end-station design assumed for a 33.4 MeV/u carbon beam was the
same as that used for the low-energy in vitro end station due to the limited range in water of the carbon beam.
The intensity of the beam is a factor of 12 less than for protons in order to preserve the same strength of the
space-charge effect at injection into the FFA with the same beam parameters, as the incoherent space charge
tune shift is proportional to q2/A and inversely proportional to �2�3, where q corresponds to the particle charge,
A its mass number and �, � its relativistic parameters. A single pulse of 8.3⇥ 107 ions, deposits 3.2⇥ 10�3 J
at the depth of the pristine Bragg peak, leading to an instantaneous dose rate of 9.7⇥ 108 Gy/s and a maximum
average dose rate of 730Gy/s.

The expected maximum dose rates are summarised in table 5. The instantaneous dose rates depend on the
bunch length which differs depending on the energies. For the low-energy in vitro line a 7 ns bunch length is
assumed here for all energies. While for the higher energies, a 127 MeV proton beam is delivered with a bunch
length of 41.5 ns, and a bunch length of 75.2 ns for a 33.4 MeV/u carbon beam. The same repetition rate of
10 Hz was used for all energies. The minimum beam size at the start of the end station for the 12 MeV and
15 MeV proton-beam simulations was 1 cm. A 1 mm beam size was used for the 127 MeV proton beam and
33.4 MeV/u carbon-ion beam simulations.

5 Conclusions

The initial conceptual design of LhARA, the Laser-hybrid Accelerator for Radiobiological Applications, has
been described and its performance evaluated in simulations that take into account the key features of the
facility. LhARA combines a laser-driven source to create a large flux of protons or light ions which are captured
and formed into a beam by strong-focusing plasma lenses thus evading the current space-charge limit on the
instantaneous dose rate that can be delivered. Acceleration, performed using an fixed-field alternating-gradient
accelerator, preserves the unique flexibility in the time, spectral, and spatial structure of the beam afforded by
the laser-driven source. The ability to trigger the laser pulse that initiates the production of protons or ions at
LhARA will allow the time structure of the beam to be varied to interrupt the chemical and biological pathways
that determine the biological response to ionising radiation. In addition, the almost parallel beam that LhARA
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LhARA performance summary arXiv:2006.00493



LhARA to serve ITRF Preliminary ActivityJ, Clark, M. Noro, A. Woodcock  14Jun21 

 

Ion Therapy Research Facility 

1. Schematic diagram of the Ion Therapy Research Facility 

 

2. ITRF development timeline 

 

3. Institutes that make up the ITRF collaboration 
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ITRF timeline submitted to IAC, 15Jun21
…

Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1

Preliminary Activity (PA)
Preconstruction programme
Facility construction Stage 1 Stage 2
Facility exploitation

LhARA CDR

Stage 1 TDR

Stage 2 TDR

WP1: Project Management
LhARA CDR status update

LhARA CDR

LhARA TDR1

LhARA TDR2

WP2: Laser-driven source
One-to-one simulation of proton source design 

Experimental demonstration of low repetition LhARA specification proton source

Experimentally motivated specification of LhARA laser

Experimental generation of stabilised 5 Hz beam

WP3: Proton and ion capture
Validation of Plasma simulation against Swansea Expt.

Next generation plasma lens testbench design

Progress report - standalone plasma apparatus

Ion focussing results and final plasma lens design

WP4: Ion-acoustic dose mapping
Preliminary Geant4 simulations

Acoustic sensor array design

Preliminary report on reconstruction methods

LhARA ion acoustic test results

WP5: End-station development
Initial end station inputs

End station design 

Beam monitoring specification

End station and beam monitoring results

WP6: Facility design and integration
Interim report on design and integration, LhARA CDR 

 Design and integration, LhARA CDR

 Design and integration, LhARA TDR1

 Design and integration, LhARA TDR2

LhARA Preliminary Activity and Pre-construction Phase; principal milestones

2028 2029 2030 20312022 2023 2024 2025 2026 2027

Preliminary Activity: £2M over 2 years
project start October 2022



Figure #: Plan View Layout of Facility – Stage 1 & 2
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 Þ compact, uniquely flexible  facility

N. Bliss (DL)

DraftFront. Phys., 29 September 2020;  DOI: 10.3389/fphy.2020.567738 N. Bliss et al



21st March 2023

Matching Optimisation
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- Optimised solutions for 7.5, 6.25, & 5.0 mm spot size with space charge
- Smaller beams remains focus of ongoing work.



21st March 2023

Preliminary Collimator Investigation
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- Beam spectrum reduced to ± 2% spread at the end station

- Modest losses – transmission > ~ 80%

- Further optimisation required.



21st March 2023
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Capture Matching and Energy Selection
Beam Shaping 
and Switching Dipole

Gabor Lens

RF Cavity

Octupole

Collimator

Dipole

Quadrupole
Crossing through 
FFA straight section

Momentum 
Selection

Beam from 
Laser-Target

Beam into 
FFA ring

Z

X

- Excellent agreement 
between BDSIM and PTC 
with idealised beam (10k 
primaries) for the 
baseline.

- Space charge
optimisations required.

- Update needed to
incorporate the shielding
wall between the Stage 1
room and the FFA room.

Stage 2: Injection line



21st March 2023

• N                                  10
• k                                  5.33
• Spiral angle                48.7°
• Rmax 3.48 m
• Rmin 2.92 m
• (Qx, Qy)                   (2.83, 1.22)
• Bmax 1.4 T
• pf 0.34
• Max Proton injection energy 15  MeV
• Max Proton extraction energy    127.4 MeV
• h                                   1
• RF frequency

for proton acceleration (15-127.4MeV) 2.89 – 6.48 MHz
• Bunch intensity       up to ~109 protons
• Range of other extraction energies possible
• Other ions also possible

LhARA baseline FFA ring parameters



21st March 2023

LhARA Ring Tracking

• Performed using proven stepwise tracking code
• It takes into account fringe fields and non-linear field components
• Results show dynamical acceptances are much larger than physical ones
• No space charge effects included yet
• Tracking performed using FixField code

LhARA FFA ring tracking



21st March 2023

FFA Ring subsystems



21st March 2023

Ongoing & Next Steps
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- Vlasov solver for co-propagating beams
- Continued optimisation for spot size flexibility
- Collimator & octupole settings
- RF cavity performance 
- Wien filter for particle selection
- Alternative lattices (quadrupoles)
- FFA tunability
- Injection line redesign
- Stage 2 beam transport optimisation
- RF & FFA magnet conceptual designs



21st March 2023

Summary
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- Last 6 months saw a very significant progress in Stage 1 
studies
- Development of the components naming scheme and BDSIM/CAD 

interface
- In understanding the input beam properties

- Still more studies needed, especially to include effects from the 
electron distribution

- Space charge optimisation with GPT
- Verification with a different code in progress

- Development of the flexible optics with a new baseline candidate
- Stage 2 has a solid baseline, but further updates are 

required
- Foundations for the FFA magnet and RF cavity conceptual designs 

has been established


