
  

 
LhARA: The Laser-hybrid Accelerator for
Radiobiological Applications

 

Galen Aymar1, Tobias Becker2, Stewart Boogert3, Marco Borghesi4, Robert Bingham5, 1, Ceri

Brenner1, Philip N. Burrows6, Oliver C. Ettlinger7, Titus-Stefan Dascalu8, Stephen Gibson3,

Timothy Greenshaw9, Sylvia Gruber10, Dorothy Gujral11, Claire Hardiman11, Jonathan

Hughes12, W G. Jones8, Karen Kirkby13, Ajit Kurup8*, Jean-Baptiste Lagrange1, Kenneth R.

Long14, 1*, Wayne Luk15, John Matheson1, Paul McKenna16, 17, Ruth Mclauchlan11, Zulfikar

Najmudin7, Hin T. Lau8, Jason L. Parsons12, Jaroslaw Pasternak8, Juergen Pozimski8, Kevin

Prise18, Monika Puchalska19, Peter Ratoff17, Giuseppe Schettino20, 21, William Shields3, Susan

Smith22, John Thomason1, Stephen Towe23, Peter Weightman9, Colin Whyte16, 17, Rachel Xiao24

 

1Rutherford Appleton Laboratory, United Kingdom, 2M xeler echnologies (United Kingdom), United

Kingdom, 3John Adams Institute for Accelerator Sc nce, Royal H l oway, University of London, Egham,

Surrey, TW20 0EX, UK, United Kingdom  4Qu en's University Belfast, United Kingdom, 5Department of

Physics, Faculty of Science  University o  Stra clyde, United Kingdom, 6John Adams Institute for
Accele ator Sc ence, Univers y of Oxfo  Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, UK,

United ngdom  7John Adams Institute for Accelerator Science, Faculty of Natural Sciences, Imperial

College ndon, U ed Kingdom, 8Department of Physics, Faculty of Natural Sciences, Imperial College

London, United Kingdom, 9Department of Physics, University of Liverpool, United Kingdom, 10Christian
Doppler Laboratory for Medical Radiation Research for Radiation Oncology, Medical University of

Vienna, Spitalgasse 23, 1090 Vienna, Austria, Austria, 11Imperial College Healthcare NHS Trust, Faculty

of Medicine, Imperial College London, United Kingdom, 12University of Liverpool, United Kingdom,
13University of Manchester, United Kingdom, 14Imperial College London, United Kingdom, 15Department

of Computing, Faculty of Engineering, Imperial College London, United Kingdom, 16Department of
Physics, SUPA, University of Strathclyde, 16 Richmond Street, Glasgow, G1 1XQ, UK, United Kingdom,
17The Cockcroft Institute, Daresbury Laboratory, Sci-Tech Daresbury, Daresbury, Warrington, WA4 4AD,

UK \\, United Kingdom, 18Queens University Belfast, University Road, Belfast, BT7 1NN, Northern

Ireland, UK, United Kingdom, 19Technische Universit\"at Wien, Atominstitut, Stadionallee 2, 1020

Vienna, Austria, Austria, 20National Physical Laboratory, United Kingdom, 21University of Surrey,

United Kingdom, 22STFC Daresbury Laboratory, Daresbury, Cheshire, WA4 4AD, UK, United Kingdom,
23Leo Cancer Care, Broadview, Windmill Hill, Hailsham, East Sussex, BN27 4RY, UK, United Kingdom,
24Corerain Technologies, 14F, Changfu Jinmao Building (CFC), Trade-free Zone, Futian District,
Shenzhen, Guangdong, China, China

 Submitted to Journal:

 Frontiers in Physics

 Specialty Section:

 Medical Physics and Imaging

 Article type:

 Original Research Article

 Manuscript ID:

 567738

 Received on:

 30 May 2020

 Frontiers website link:
 www.frontiersin.org

In review



  

 
Conflict of interest statement

 The authors declare a potential conflict of interest and state it below
 

"Author T. Becker was employed by Maxeler Technologies and R. Xiao was employed by the company Corerain Technologies. The
remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest."

  

 
Author contribution statement

 

G.~Aymar: Integration engineering.
T.~Becker: Led Maxeler contributions.
S.~Boogert: Led JAI team at RHUL.
M.~Borghesi: Laser-acceleration.
R.~Bingham: Plasma-dynamics calculations.
C.~Brenner: Led the STFC Central Laser Facility contributions.
P.N.~Burrows: Led the JAI Oxford contributions.
O.C.~Ettlinger: Particle distributions at the target.
T.~Dascalu: Beam dynamics calculations.
S.~Gibson: Simulation of the particle transport.
T.~Greenshaw: University of Liverpool ad author.
S.~Grube  Ion-beam radiobiology.
D.~Gujral  Advised on cli cal applica ons.
C.~Hardim n: Led he me ical-physic  team at Charing Cross Hospital.
J.~Hughes: n-vitro nd in ivo end-station design
W.G.~Jones: rovided the Lay Summary.
K.~Kirkby: Ad sed on the end-stations.
A.~Kurup: Project Manager.
J-B.~Lagrange: FFA design.
K.~Long: Project leader.
W.~Luk: Real-time and offline processing.
J.~Matheson: Led specification of instrumentation.
P.~McKenna: Led Stratchclyde contributions.
R.~Mclauchlan: Advised on imaging and instrumentation.
Z.~Najmudin: Led the laser-driven source team.
H.T.~Lau: Transfer-line design.
J.L.~Parsons: Led the radiobiology work package.
J.~Pasternak: Led the accelerator-system design.
J.~Pozimski: Provided the initial concept.
K.~Prise: Advised on the radiobiology programme.
M.~Puchalska: Contributed to the end-station diagnostics.
P.~Ratoff: Led the Cockcroft Institute's contributions.
G.~Schettino: Advised on dosimetry.
W.~Shields: Simulated LhARA Stage 1.
S.~Smith: Led the Daresbury Laboratory contributions.
J.~Thomason: Led the ISIS engineering effort.
S.~Towe: Advised on technology development.
P.~Weightman: Novel diagnostic-systems.
C.~Whyte: Plasma-lens project lead.
R.~Xiao: Advised on the data-handling aspects.

  

 Keywords

 
Radiobiology, Novel acceleration, proton beam therapy (PBT), ion beam therapy, Laser-driven acceleration, plasma lens, Fixed field
alternating gradient acceleration

  

 
Abstract

Word count: 296

In review



 

The `Laser-hybrid Accelerator for Radiobiological Applications',
LhARA, is conceived as a novel, uniquely-flexible facility dedicated
to the study of radiobiology.
The technologies demonstrated in LhARA, which have wide application,
will be developed to allow particle-beam therapy to be delivered in a
completely new regime, combining a variety of ion species in a single
treatment fraction and exploiting ultra-high dose rates.
LhARA will be a hybrid accelerator system in which laser interactions
drive the creation of a large flux of protons or light ions that are
captured using a plasma (Gabor) lens and formed into a beam.
The laser-driven source allows protons and ions to be captured at
energies significantly above those that pertain in conventional
facilities, thus evading the current space-charge limit on the
instantaneous dose rate that can be delivered.
The laser-hybrid approach, therefore, will allow the vast ``terra incognita''
of the radiobiology that determines the response of tissue to ionising
radiation to be studied with protons and light ions using a wide variety
of time structures, spectral distributions, and spatial configurations
at instantaneous dose rates up to and significantly beyond the ultra-high
dose-rate `FLASH' regime.

It is proposed that LhARA be developed in two stages.
In the first stage, a programme of \emph{in vitro} radiobiology will be
served with proton beams with energies between 10\,MeV and 15\,MeV.
In stage two, the beam will be accelerated using a fixed-field
accelerator (FFA).
This will allow experiments to be carried out \emph{in vitro} and \emph{in vi }
with proton beam energies of up to 127\,MeV.
In addition, ion beams with energies up to 33.4\,MeV per nuc eon
will be available for \emph{in vitro} and \emph{i  vivo} expe iments
This paper presents the conceptual esign for LhARA and e R\&D
programm  by which the LhARA con ortium seeks to establ h the
facility.

  

 Contribu ion t  the field

The initial conceptual design of LhARA, the Laser-hybrid Accelerator for Radiobiological Applications, is presented and its
performance is evaluated. LhARA combines a laser-driven source to create a large flux of protons or ions which are captured and
formed into a beam by strong-focusing plasma lenses, evading the current space-charge limit on the instantaneous dose rate that
can be delivered. Acceleration, performed using a fixed-field alternating-gradient accelerator, preserves the unique flexibility in
the time, spectral, and spatial structure of the beam produced by the laser-driven source. The ability to trigger the laser-driven
source 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. The technologies demonstrated in LhARA have the potential to be developed to deliver
particle-beam therapy in completely new regimes. By demonstrating a triggerable system that incorporates dose-deposition
imaging in the fast feedback-and-control system, LhARA has the potential to lay the foundations for ``best in class'' treatments to
be made available to the many by reducing the footprint of future particle-beam therapy systems.
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ABSTRACT2

The ‘Laser-hybrid Accelerator for Radiobiological Applications’, LhARA, is conceived as a novel,3

uniquely-flexible facility dedicated to the study of radiobiology. The technologies demonstrated4

in LhARA, which have wide application, will be developed to allow particle-beam therapy to be5

delivered in a completely new regime, combining a variety of ion species in a single treatment6

fraction and exploiting ultra-high dose rates. LhARA will be a hybrid accelerator system in which7

laser interactions drive the creation of a large flux of protons or light ions that are captured using8

a plasma (Gabor) lens and formed into a beam. The laser-driven source allows protons and ions9

to be captured at energies significantly above those that pertain in conventional facilities, thus10

evading the current space-charge limit on the instantaneous dose rate that can be delivered.11

The laser-hybrid approach, therefore, will allow the vast “terra incognita” of the radiobiology12

that determines the response of tissue to ionising radiation to be studied with protons and light13

ions using a wide variety of time structures, spectral distributions, and spatial configurations at14

instantaneous dose rates up to and significantly beyond the ultra-high dose-rate ‘FLASH’ regime.15

It is proposed that LhARA be developed in two stages. In the first stage, a programme of in16

vitro radiobiology will be served with proton beams with energies between 10 MeV and 15 MeV.17

In stage two, the beam will be accelerated using a fixed-field accelerator (FFA). This will allow18

experiments to be carried out in vitro and in vivo with proton beam energies of up to 127 MeV.19

In addition, ion beams with energies up to 33.4 MeV pe nucleon will be available for in vitro20

and in vivo experiments. This paper presents the concep ual design for LhARA and the R&D21

programme by which the LhARA consortium se ks to establish the facility.22

LAY SUMMARY23

It is well established hat r diation therapy (RT) is an effective treatment for many types of cancer.24

Most treatments are delivered by machines that accelerate electrons which are then used to25

produce a beam of high-energy photons (X-rays) which are directed at a tumour to kill cancer26

cells. However, healthy tissue anywhere in the path of the photon beam is also irradiated and so27

can be damaged. Modern X-ray therapy is able to reduce this damage by using several beams at28

different angles.29

Recent years have seen the use of a new type of machine in which protons are accelerated to30

produce proton beams (rather than photon beams) which are directed at a tumour. These proton31

beams can be arranged to deposit almost all of their energy in a small volume within a tumour so32

they cause little damage to healthy tissue; a major advantage over photon beams. But proton33

machines are large and expensive, so there is a need for the development of proton machines34

that are smaller, cheaper and more flexible in how they can be used.35

The LhARA project is aimed at the development of such proton machines using a new approach36

based on high powered lasers. Such new machines could also make it easier to deliver the dose37

in very short high-intensity pulses and as a group of micro-beams—exciting recent research has38

shown that this brings improved effectiveness in killing cancer cells while sparing healthy tissue.39

The technology to be proved in LhARA should enable a course of RT to be delivered in days40

rather than weeks and should be more effective.41

Scientifically, there is a need to understand much better the basic processes by which radiation42

interacts with biological matter to kill cancer cells—the investigation of these processes involves43

physics as well as biology. Thus the most important aim of LhARA is to pursue this radiobiological44

Frontiers 3
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research in new regimes and from this to develop better treatments. LhARA will also pursue45

technological research into laser-hybrid accelerators.46

Keywords: Radiobiology, Novel acceleration, Proton beam therapy, Ion beam therapy, Laser-driven acceleration, Plasma lens, Fixed47

field alternating gradient acceleration48
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Table 2. Design parameters of the components of the LhARA facility. The parameter table is provided in
a number of sections. This section contains parameters for the Stage 2 beam transport and the in vitro and
in vivo end stations.

Parameter Value or range Unit
Stage 2 beam transport: FFA, transfer line, beam delivery to high-energy end stations
Number of bending magnets in the injection
line

7

Number of quadrupoles in the injection line 10
FFA: Machine type single spiral scaling FFA
FFA: Extraction energy 15–127 MeV
FFA: Number of cells 10
FFA: Orbit Rmin 2.92 m
FFA: Orbit Rmax 3.48 m
FFA: Orbit excursion 0.56 m
FFA: External R 4 m
FFA: Number of RF cavities 2
FFA: RF frequency 1.46–6.48 MHz
FFA: harmonic number 1, 2 or 4
FFA: RF voltage (for 2 cavities) 4 kV
FFA: spiral angle 48.7 Degrees
FFA: Max B field 1.4 T
FFA: k 5.33
FFA: Magnet packing factor 0.34
FFA: Magnet opening angle 12.24 degrees
FFA: Magnet gap 0.047 m
FFA: Ring tune (x,y) (2.83, .22)
FFA: �T 2.516
FFA: Nu ber f kickers 2
FFA: Number o sep a 2
Number of bend ng magnets in the extraction
line

2

Number of quadrupoles in the extraction line 8
Vertical arc bending angle 90 Degrees
Number of bending magnets in the vertical
arc

2

Number of quadrupoles in the vertical arc 6
Number of cavities for longitudinal phase
space manipulation

5

Number of quadrupoles in the in vivo beam
line

4

In vitro biological end stations
Maximum input beam diameter 1-3 cm
Beam energy spread (full width) Low-energy end station:  4 %

High-energy end station:  1 %
Input beam uniformity < 5 %
Scintillating fibre layer thickness 0.25 mm
Air gap length 5 mm
Cell culture plate thickness 1.3 mm
Cell layer thickness 0.03 mm
Number of end stations 2
In vivo biological end station
Maximum input beam diameter 1-3 cm
Beam energy spread (full width)  1 %
Input beam uniformity < 5 %
Beam options Spot-scanning, passive scatte-

ring, micro-beam

Frontiers 11
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where B is the magnetic field, me the mass of the electron, and ✏0 the permittivity of free space. In the345

longitudinal direction there is electrostatic confinement for which ne is given by:346

ne =
4✏0VA
eR2 ; (2)

where e the magnitude of the charge on the electron and R is the radius of the cylindrical anode which347

is held at the positive potential VA. For the electron densities of interest for LhARA the required anode348

voltage is of the order of 50 kV.349

In the thin lens approximation, the focal length, f , of a Gabor lens can be expressed in terms of the350

magnetic field and the particle velocity, vp [Reiser (1989)]:351

1

f
=

e2B2

4mempv2p
l ; (3)

where mp is the mass of the particles in the beam. The focal length of the Gabor lens is therefore352

proportional to the kinetic energy or, equivalently, the square of the momentum, of the incoming beam. By353

comparison, the focal length for a solenoid is proportional to the square of the momentum and that of a354

quadrupole is proportional to momentum. At the particle energies relevant o LhARA the Gabor lens, or355

the solenoid, is therefore preferred.356

An expression for the focal length as a function of electron number density can be derived by substituting357

equation (1) into equation (3) to gi e:358

1

f
=

e2ne
4✏0U

l ; (4)

where U = 1
2mpv is the kinetic energy of the particle beam. The focal length of the Gabor lens is inversely359

proportional to the number density of electrons trapped in the cloud. The focal lengths desired to capture360

the proton and ion beams at LhARA have been chosen such that the required electron number densities are361

conservative and lie within the range covered in published experiments.362

For a given focal length, the magnetic field required in the Gabor lens is reduced compared to that of a363

solenoid that would give equivalent focusing. In the non-relativistic approximation the relationship between364

the magnetic field in the Gabor lens, BGBL, and the equivalent solenoid, Bsol, is given by [Pozimski and365

Aslaninejad (2013)]:366

BGPL = Bsol

r
Z

me

mion
; (5)

where mion is the mass of the ions being focused, and Z is the charge state of the ions. In the case of a367

proton beam the reduction factor is 43. Thus, for example, where a 2 T superconducting solenoid would be368

required, the magnetic field required for a Gabor lens would only be 47 mT. This means the cost of the369

solenoid for a Gabor lens can be significantly lower than the cost for a solenoid of equivalent focusing370

strength.371

The plasma-confinement system described above is commonly known as a ‘Penning trap’ and has found372

wide application in many fields [Thompson (2015)]. Variations on the Penning trap where axial apertures373

in the cathodes are introduced, such as the Penning-Malmberg trap [deGrassie and Malmberg (1980);374

Malmberg et al. (1988)] are attractive for beam-based applications due to the excellent access provided to375

the plasma column, see figure 2376

This is a provisional file, not the final typeset article 14
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Figure 2. Schematic diagram of a Penning-Malmberg trap of the type proposed for use in the Gabor lenses
to be used in LhARA. The solenoid coils, and the direction of current flow, are indicated by the red circles.
The confining electrostatic potential is provided using a central cylindrical anode and two cylindrical
negative end electrodes. The ion beam enters on-axis from the left and the electron cloud is indicated by
the green shaded area.

Instability of the electron cloud is a concern in the experimental op ration of Gabor lens; azimuthal beam377

disruption due to the diocotron instability has been obser ed nd described theoretically [Meusel et al.378

(2013)]. Theory indicates that the diocotron i stab lity is most pr bl matic under well-defined geometric379

conditions. The reliable operation of a Gabor lens n a regime free from this instability has yet to be380

demonstrated. Gabor enses promis very strong focusing, simple construction, and low magnetic field,381

all attractive fea ures for LhARA. However, these attractive features come at the cost of relatively high382

voltage operation >⇠ 5 kV) and possible vulnerability to instability.383

With reliable operation of Gabor lenses as yet unproven, we plan a two-part experimental and theoretical384

programme of research to prove Gabor-lens suitability. Initial work will include: theoretical investigation385

of lens stability in a full 3D particle-in-cell code such as VSIM [VSI (2020)]; and the development of386

electron-density diagnostics based on interferometric measurement of the refractive-index change. These387

activities will be applied to a time-invariant electron cloud. A test Gabor lens will be constructed to allow388

validation of both the simulation results and a new diagnostic using an alpha emitter as a proxy for the389

LhARA beam. In addition, the initial investigation will include the design of an electron beam to fill the390

lens. This last objective will enable the second part of the experimental project; the operation of the Gabor391

lens in short pulses. It is attractive to match the timing of the establishment of the electron cloud within the392

Gabor lens to that of the beam and thereby limit instability growth. The research project is time limited393

such that, should it not prove possible to produce a suitable Gabor lens, there will remain time sufficient to394

procure conventional solenoids in their place.395

396

3.3 Beam transport and delivery to the low-energy in vitro end station397

Beam-transport from the laser-driven ion source and delivery to the low-energy in vitro end station is398

required to deliver a uniform dose distribution at the cell layer. Beam losses must be minimised for radiation399

safety and to maximise the dose that can be delivered in a single shot. The transport line has been designed400

to minimise regions in which the beam is brought to a focus to reduce the impact of space-charge forces on401

the beam phase-space. An optical solution was initially developed using Beamoptics [Autin et al. (1998)]402

and MADX [Grote and Schmidt (2003)]. Accurate estimation of the performance of the beam line requires403
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A parallel beam emerges from the final Gabor lens, providing significant flexibility for the inclusion of427

beam shaping and extraction systems. Beam uniformity will be achieved using octupole magnets to provide428

third-order focusing to perturb the first-order focusing from the Gabor lenses. Such schemes have been429

demonstrated in a number of facilities [Tsoupas et al. (1991); Urakabe et al. (1999); Amin et al. (2018)].430

A suitable position for the first octupole was identified to be after the final Gabor lens where the beam is431

large; its effect on the beam is expected to be significant. Octupoles were only modelled in BDSIM as GPT432

does not have a standard component with an octupolar field. The typical rectangular transverse distribution433

resulting from octupolar focusing requires collimation to match the circular aperture through which the434

beam enters the end station. A collimator is therefore positioned at the start of the vertical arc. Further435

simulations are required to determine the optimum position of the second octupole and to evaluate the436

performance of the octopoles. The switching dipole which directs the beam to the injection line of the FFA437

in Stage 2 will be located between the second octupole and the collimator, requiring the octupole to be438

ramped down for Stage 2 operation.439

The vertical arc uses transparent optics in an achromat matching section to ensure that the first-order440

transfer map through the arc is equivalent to the identity transformation and that any dispersive effects are441

cancelled. A 2 m drift tube is added after the arc to penetrate the concrete shielding of the end station floor442

and to bring the beam to bench height. The abort line consists of a drift followed by a beam dump and443

requires the first vertical dipole to ramp down, preventing charged-particle transportation to the end station.444

The underlying physics of plasma-lens operation canno be simulated in BDSIM or GPT, however it445

can be approximated using solenoid magnets of equivalent trength RF cavity fields were not simulated.446

10 000 particles were simulated corr sponding to the stimated maximum bunch charge of 1⇥ 109 protons.447

Figure 4 shows excellent greemen between horizontal and vertical transverse beam sizes in BDSIM448

and MADX, ver fying the eam line s performance in the absence of space-charge effects. Reasonable449

agreement betwee BD IM and GPT is also seen when space-charge forces are included in GPT. Emittance450

growth is observed prior to the first solenoid, affecting the optical parameters throughout the machine.451

However, the resulting beam dimensions at the cell layer of 1.38 cm horizontally and 1.47 cm vertically452

are not significantly different from the ideal beam in BDSIM. Further adjustments of the Gabor lenses453

and arc-quadrupole strengths may compensate for this. The transmission efficiency of the beam line is454

approximately 100%.455

The small bunch dimensions in both transverse planes at the focus after the third Gabor lens, where456

the energy selection collimator will be placed, remains a concern if the effect of space-charge has been457

underestimated. Similar bunch dimensions are achieved in the vertical arc, however, quadrupolar focusing458

is confined to a single plane mitigating further emittance growth. Further tuning of the Gabor lens voltages459

in the capture section may compensate space-charge effects, reducing the non-zero transverse momentum460

seen entering the vertical arc.461

To investigate beam uniformity, BDSIM simulations with and without octupoles and collimation for beam462

shaping were conducted. Both octupoles were arbitrarily set to a strength of K3 = 6000 with a magnetic463

length of 0.1 m and pole-tip radius of 5 cm, which, for a 15 MeV beam corresponds to pole-tip field of464

0.42 T. A 2 cm thick iron collimator with a 40 mm diameter aperture was positioned 1.5 m downstream465

of the octupole. Figure 5 shows the beam phase-space and particle distributions at the end station for the466

transverse and longitudinal axes with and without beam shaping. Without octupoles the spatial profile467

is Gaussian as expected, however, beam uniformity is improved with octupoles and collimation. The468

total beam width is 3.58 cm horizontally and 3.46 cm vertically which is sufficient to irradiate one well469

in a six-well cell-culture plate. Further optimisation is required to improve uniformity whilst optimising470
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The energy at injection into the FFA determines the beam energy at extraction. The injection energy will515

be changed by varying the focusing strengths in the Stage 1 beam line from the capture section through to516

the extraction line and the FFA ring. This will allow the appropriate energy slice from the broad energy517

spectrum produced at the laser-driven source to be captured and transported to the FFA. The FFA will then518

accelerate the beam, acting as a three-fold momentum multiplier. This scheme simplifies the injection and519

extraction systems since their geometry and location can be kept constant.520

A second, ‘high-energy’, in vitro end station will be served by proton beams with a kinetic energy in the521

range 15–127 MeV and carbon-ion beams with energies up to 33.4 MeV/u. The extraction line from the522

FFA leads to a 90� vertical arc to send the beam to the high-energy in vitro end station. If the first dipole523

of the arc is not energised, beam will be sent to the in vivo end station. The extraction line of the FFA524

includes a switching dipole that will send the beam to the high-energy-beam dump if it is not energised.525

The detailed design of the high-energy abort line, taking into account the requirement that stray radiation526

does not enter the end stations, will be performed as part of the LhARA R&D programme.527

528

3.4.1 Injection line529

The settings of the Stage 1 beam line need to be adjusted to reduce the Twiss � function propagating530

through the injection line to allow beam to be injected into the FFA ring. The optical parameters in the531

Stage 1 beam line after adjustment are shown in figure 6. The beam is diverted by a switching dipole into532

the injection line which transports the beam to the injecti n septum magnet. The injection line matches533

the Twiss � functions in both transverse planes nd the dispersion of the beam to the values dictated by534

the periodic conditions in the FFA ell (figure 6). The presence of dispersion in the injection line allows a535

collimator to b installed for momentum s lection before injection. The beam is injected from the inside of536

the ring, which equir s th injectio line to cross one of the straight sections between the FFA magnets,537

see figure 7.538

539

3.4.2 FFA ring540

The magnetic field, By, in the median plane of a scaling spiral FFA is given by [Krest et al. (1956); Symon541

et al. (1956); Fourrier et al. (2008)]:542

By = B0


R

R0

�k
F

✓
✓ � ln


R

R0

�
tan ⇣

◆
; (6)

where B0 is the magnetic field at radius R0, k is the field index, ⇣ corresponds to the spiral angle and F543

is the ‘flutter function’. This field law defines a zero-chromaticity condition, which means the working544

point of the machine is independent of energy up to field errors and alignment imperfections. This avoids545

crossing any resonances, which would reduce the beam quality and may lead to beam loss.546

Table 2 gives the main design parameters of the FFA ring. The ring consists of ten symmetric cells each547

containing a single combined-function spiral magnet. The choice of the number of cells is a compromise548

between the size of the orbit excursion, which dictates the radial extent of the magnet, and the length of the549

straight sections required to accommodate the injection and extraction systems.550

The betatron functions and dispersion in one lattice cell at injection are shown in figure 8a. The tune551

diagram, showing the position of the working point of the machine in relation to the main resonance552

lines, is shown in figure 8b. Tracking studies were performed using a step-wise tracking code in which the553

magnetic field is integrated using a Runge-Kutta algorithm [Lagrange et al. (2018)]. The magnetic field in554
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Figure 7. The layout of the injecti n lin from the s itching dipole to the injection septum together with
the FFA ring, s me o its subsystem and he first part of the extraction line.

Table 3. Summary of the main parameters for the proton beam at the injection to the FFA ring. These
parameters correspond to the nominal (maximum) acceleration mode of operation.

Parameter Unit Value
Beam energy MeV 15
Total relative energy spread % ±2
Nominal physical RMS emittance (both planes) ⇡ m rad 4.1⇥ 10�7

Incoherent space charge tune shift -0.8
Bunching factor 0.023
Total bunch length ns 8.1
Bunch intensity 109

have been constructed successfully [Tanigaki et al. (2006); Planche et al. (2009)] using either distributed,576

individually-powered coils on a flat pole piece or using a conventional gap-shaping technique. For the577

LhARA FFA, we propose a variation of the coil-dominated design recently proposed at the Rutherford578

Appleton Laboratory in R&D studies for the upgrade of the ISIS neutron and muon source. In this case, the579

nominal scaling field is achieved using a distribution of single-powered windings on a flat pole piece. The580

parameter k can then be tuned using up to three additional independently-powered windings. The extent581

of the fringe field across the radius of the magnet must be carefully controlled using a ‘field clamp’ to582

achieve zero-chromaticity. An active clamp, in which additional windings are placed around one end of the583

magnet, may be used to control the flutter function and thereby vary independently the vertical tune of the584

FFA ring. The FFA is required to deliver beams over a range of energy; each energy requiring a particular585
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Figure 9. Comparison of MAD-X and BDSIM simulation of 40 MeV (left) and nominal 127 MeV (right)
proton beam passing through the high energy in vitro arc simulated with 104 particles (in BDSIM).

Figure 10. MAD X and BDSIM simulations of the in vivo beam line for a 40 MeV proton beam (top row)
and a nominal 12 MeV proton beam (bottom row) with quadrupoles matched to �x,y = 0.46m (left),
�x,y = 46m (middle) and �x,y = 410m (right) for 104 particles.

installed to perform spot scanning and to penetrate the shielding of the in vivo end station. In total the in639

vivo beam line is 15.6 m in length.640

The design is flexible in matching the various �x,y values given in table 4, but is not able to match641

the smallest target value of �x,y = 0.039m for the pessimistic scenario, which is very challenging. To642

verify that the optics design could provide the required beam sizes, simulations were performed with643

BDSIM using an input Gaussian beam generated with the Twiss � values given in tables 4. Figure 10644

shows the results of simulations for a 40 MeV proton beam and a nominal emittance 127 MeV proton645

beam matched in order to obtain beam sizes of 1 mm, 10 mm and 30 mm. GPT was used to investigate the646

effects of space-charge. These simulations show discrepancies compared to the BDSIM simulations. These647

discrepancies can be compensated for by adjusting the strengths of the quadrupoles in the matching section648

in the extraction line.649

650

3.5 Instrumentation651

Commercial off-the-shelf (COTS) instrumentation will be used for Stages 1 and 2 of LhARA wherever652

possible. However, the characteristics of the beam (e.g. very high charge-per-bunch, low-to-moderate653

energy) will require some custom solutions to be developed. The authors are developing two concepts,654

termed SciWire and SmartPhantom, for the low- and high-energy in vitro end stations respectively. These655
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detectors can also be used for beam diagnostics. This new instrumentation may find application at other656

facilities. Instrumentation for the detection of secondary particles arising from the interaction of the beam657

with tissue is not discussed here but is an important area that will be studied in the future.658

659
3.5.1 SciWire660

For the Stage 1 beam, the maximum proton energy is 15 MeV. Shot-to-shot characterisation of the beam661

is essential and requires the use of a very thin detector with a fast response. The SciWire [Kurup (2019)]662

is being developed to provide energy and intensity profile measurements for low-energy ion beams. A663

single SciWire plane consists of two layers of 250µm square-section scintillating fibres, with the fibre664

directions in the two layers orthogonal to each other. A series of back-to-back planes provides a homo-665

geneous volume of scintillator. If there are enough planes to stop the beam, the depth of penetration will666

allow the beam energy to be inferred. This is obviously a destructive measurement so it is envisaged667

that this type of measurement would only be used when experiments are not running. A single plane,668

however, can be used for 2D beam-profile measurements at the same time that beam is delivered for669

experiments. Detection of the light from SciWire fibres may be by CMOS camera, or using photodiodes.670

If the instrumentation is sufficiently fast, the SciWire can be used to derive feedback signals for beam tuning.671

672
3.5.2 SmartPhantom673

To study in real time the dose profile of Stage 2 beams, the SmartPhantom [Barber (2018)] is being674

developed. This is a water-filled phantom, which is instrumented with plan s of scintillating fibres, by675

which to infer the dose distribution with distance. The detec ion elements of the SmartPhantom are 250µm676

diameter, round scintillating fibres. Each fibre station cons st o two planes of fibres, in which the fibre677

directions are orthogonal. Five fibr stations are arra ged in the phantom in front of the cell-culture flask.678

The fibres may e coupled to photod odes, or a CMOS camera. Simulations in GEANT4 are being used to679

develop analysis tech ique by whi h to predict the position of the Bragg peak shot-by-shot. The beam680

profile and dose d liver d can then be calculated in real time. The key emphasis is to be able to derive these681

parameters from shot-by-shot data, and not purely from simulations.682

683
3.5.3 Beam line Instrumentation684

The instrumentation requirement begins with the Ti:Sapphire laser. The laser focal spot will be characterised685

using a camera-based system and high-speed wavefront measurements [Wang (2014)] from COTS vendors.686

For the Stage 1 beam line, beam position monitors (BPMs) will be needed for beam steering. Because687

of the low beam energy, non-intercepting BPMs using capacitive pickup buttons will be used. Custom688

pickups will be needed to match the beam pipe geometry but COTS electronics are available. The beam689

current will be monitored near the end of each beam line, using integrating current toroids (ICT), backed690

up with the option of insertable multi-layer Faraday cups (MLFC) to give absolute beam current and energy691

measurements. Beam profiles could be measured by SEM grids on both Stage 1 and Stage 2 beam lines.692

For Stage 1, these monitors will be mounted on pneumatic actuators to avoid scattering. Each end station693

could be equipped with insertable “pepper-pot” emittance monitors and a transverse deflection cavity with694

fluorescent screen could be provided for bunch shape measurements.695

The BPMs on the FFA will require pickup designs suitable for the unusual, wide and shallow, vacuum696

vessel. The FFA at the KURNS facility in Kyoto is of a similar layout [Uesugi (2018)] and uses a kicker697

and capacitive pickup to perform tune measurements in each transverse direction. A minimum of one BPM698

every second cell will be used in the FFA so that the beam orbit can be measured. BPMs will also be699
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required close to the injection and extraction septa. The BPM system may be able to use COTS electronics,700

but the pickups will be based on the KURNS design of multiple electrodes arranged across the vacuum701

vessel width.702

The data acquisition system needs to be able to store calibration data and apply corrections in real703

time. It is necessary to be able to find the beam centre from a profile, even when the profile may be704

non-Gaussian and possibly asymmetric. Field programmable gate arrays (FPGAs) can be used to perform705

fast fitting and pattern recognition of beam profiles. The instrumentation will be integrated with the acce-706

lerator control system to be able to provide fast feedback and adjustment of the beam parameters in real time.707

708

3.6 Biological end stations709

In order to deliver a successful radiobiological research programme, high-end and fully equipped in vitro710

and in vivo end-stations will be housed within the LhARA facility. The two in vitro end-stations (high711

and low energy) will contain vertically-delivered beam lines which will be used for the irradiation of 2D712

monolayer and 3D-cell systems (spheroids and patient-derived organoids) in culture. The beam line within713

the end-stations will be housed in sealed units that will be directly sourced with appropriate gases (carbon714

dioxide and nitrogen), allowing for the cells within culture plates to be incubated for a short time in stable715

conditions prior to and during irradiation. This will also enable the chamber to act, where necessary, as a716

hypoxia unit (0.1%–5% oxygen concentration). Furthermore, these se led u its will contain robotics to717

enable simple movement of the numerous cell culture pla es housed within to be placed into and taken718

away from the beam.719

The in vitro nd-stations will be located within a esearch laboratory equipped with up-to-date and720

state-of-the-art f ciliti s. Th s, coupled with t o separate end-stations and multiple workspaces, will enable721

multiple groups f researchers to perform productive and high-quality biological research. The laboratory722

will include all th vital equipment for bench-top science, sample processing and analysis (e.g. refrigerated723

centrifuges and light/fluorescent microscopes), along with the equipment required for contaminant-free cell724

culture (e.g. humidified CO2 cell culture incubators, Class II biological safety cabinets), and for the storage725

of biological samples and specimens (e.g. �20�C and �80�C freezers and fridges). The laboratory will also726

house an X-ray irradiator (allowing direct RBE comparisons between conventional photon irradiation, and727

the proton and carbon ions delivered by the accelerator), hypoxia chamber (for long-term hypoxia studies),728

a robotic workstation (handling and processing of large sample numbers, assisting in high-throughput729

screening experiments), and an ultra-pure-water delivery system. These facilities will enable a myriad of730

biological end-points to be investigated in both normal- and tumour-cell models not only from routine731

clonogenic survival and growth assays, but will expand significantly on more complex end-points (e.g.732

inflammation, angiogenesis, senescence and autophagy) as these experiments are difficult to perform at733

current clinical research beams due to limited time and facilities.734

The in vivo end-station will be served with high-energy proton and carbon ions capable of penetrating735

deeper into tissues allowing the irradiation of whole animals. The ability to perform in vivo pre-clinical736

studies is vital for the future effective translation of the research into human cancer patients where optimum737

treatment strategies and reduction of side-effects can be defined. The in vivo end-station will allow the738

irradiation of a number of small-animal models (e.g. xenograft mouse and rat models) which can further739

promote an examination of particular ions on the appropriate biological end-points (e.g. tumour growth740

and normal tissue responses). The end-station will contain a small-animal handling area which will allow741

for the anaesthetisation of animals prior to irradiation. To enable the irradiation of small target volumes742

with a high level of precision and accuracy, an image guidance system (e.g. computed tomography) will be743
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available. The animals will subsequently be placed in temperature-controlled holder tubes enabling the744

correct positioning of the relevant irradiation area in front of the beam line. The beam size is sufficient to745

give flexibility in the different irradiation conditions, in particular through passive scattering, pencil-beam746

scanning, and micro-beam irradiation, to be investigated at both conventional and FLASH dose rates. It is747

envisaged that the animals will be taken off-site post-irradiation to a nearby animal-holding facility for a748

follow-up period where biological measurements will be conducted.749

750

3.7 Infrastructure and integration751

The LhARA facility will encompass two floors of roughly 42 m in length and 18 m wide. The ground floor752

will contain the laser, accelerator, and in vivo end station while the first floor will house the laboratory area753

and the two in vitro end stations. The entire facility will require radiation protection in the form of concrete754

shielding, which will delineate the facility into three principal areas: a radiation-controlled access area, a755

laser controlled access area, and a laboratory limited-access area.756

It is envisaged that LhARA will be built at an STFC National Laboratory or equivalent research institute757

which has an established safety-management system and culture in place. At STFC, a comprehensive set of758

Safety Codes has been developed to cover the hazards associated with working in such an environment.759

STFC Safety Codes applicable to LhARA include: risk management, construction, biological safety,760

working with lasers, working with time-varying electro-magnetic fields, management of ionising radiation,761

and electrical safety. In practice at STFC, these codes are ba ked up by the knowl dge, skills and experience762

of staff, and by appointed responsible persons su h as Rad atio Protection Advisors, Laser Responsible763

Officers, and Authorising Engineers In ddition, STFC ope ates many facilities that encompass the same764

hazards as LhARA, which for laser , inc ude the Gemini Target Areas 2 and 3 [STFC (2019a)] as well as765

the new EPAC ( xtreme Photonics Application Centre) [STFC (2019b)] and for accelerators include FETS766

(Front End Test Stand) [Let hford et al. (2015)], and the ISIS Neutron and Muon Source [STFC (2019c)].767

Safety systems and equipment will be required for LhARA, which will include Class II biological safety768

cabinets for contaminant-free cell culture for in vitro radiobiological experiments.769

For a facility such as LhARA, radiation safety is a primary concern and all work will be completed770

under Regulation 8 of the Ionising Radiations Regulations 2017 (IRR17) [HSE (2018)], which requires a771

radiation risk assessment before commencing a new work activity involving ionising radiation.772

The infrastructure and integration of the LhARA facility will require R&D in four key areas: risk analysis773

(project risks), risk assessments (safety risks), radiation simulations, and controls development. The risk774

analysis will cover all aspects of the facility, such as funding and resource availability, not just technical775

risks. A safety-risk assessment will be performed to describe and control all potential safety risks in the776

facility. The safety-risk assessment will, to a reasonable degree, identify all pieces of equipment that777

require safety mitigations and identify control measures that must be put in place. Coupled closely with the778

safety-risk assessment, radiation simulations will be developed to characterise the radiation hazards in and779

around the LhARA facility. The last area to require R&D will be the control systems. It is expected that the780

facility will use the Experimental Physics and Industrial Control System (EPICS), which can be further781

developed at this stage.782

783

4 PERFORMANCE
The dose distributions delivered to the end stations were evaluated using BDSIM. Figure 11 shows the784

energy lost by the beam as it enters the low-energy in vitro end station. The beam passes through the785
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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

This gives an instantaneous dose rate of 1.8⇥ 109 Gy/s and an average dose rate of 128Gy/s assuming the809

same bunch length and repetition rate as for the 12 MeV case.810

For the high-energy in vitro end station a different setup was used for high energy proton beams. A811

similar design to the low-energy end station was used but with the air gap increased from 5 mm to 5 cm and812

a water phantom was placed at the end of the air gap instead of a cell culture plate. The water phantom813

used in the simulation was based upon the PTC T41023 water phantom [PTW (2009)]. In addition, the814

smaller minimum design beam size of 1 mm was used. A single shot of 109 protons at 127 MeV deposits815

6.9 ⇥ 10�4 J in the chamber at the pristine Bragg peak depth corresponding to a dose of 15.6Gy, an816

instantaneous dose rate of 3.8 ⇥ 108 Gy/s and an average dos rate of 156Gy/ . The end-station design817

assumed for a 33.4 MeV/u carbon beam was the same as th t us d for the low-energy in vitro end station818

due to the limited range in water o the carbon beam The intensity of the beam is a factor of 12 less than819

for protons in o der to preserve the same strength of the space-charge effect at injection into the FFA with820

the same beam p ram ters, as the incoherent space charge tune shift is proportional to q2/A and inversely821

proportional to � �3, where q corresponds to the particle charge, A its mass number and �, � its relativistic822

parameters. A single pulse of 8.3⇥ 107 ions, deposits 3.2⇥ 10�3 J at the depth of the pristine Bragg peak,823

leading to an instantaneous dose rate of 9.7⇥ 108 Gy/s and a maximum average dose rate of 730Gy/s.824

The expected maximum dose rates are summarised in table 5. The instantaneous dose rates depend on825

the bunch length which differs depending on the energies. For the low-energy in vitro line a 7 ns bunch826

length is assumed here for all energies. While for the higher energies, a 127 MeV proton beam is delivered827

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 same828

repetition rate of 10 Hz was used for all energies. The minimum beam size at the start of the end station for829

the 12 MeV and 15 MeV proton-beam simulations was 1 cm. A 1 mm beam size was used for the 127 MeV830

proton beam and 33.4 MeV/u carbon-ion beam simulations.831

832

5 CONCLUSIONS
The initial conceptual design of LhARA, the Laser-hybrid Accelerator for Radiobiological Applications,833

has been described and its performance evaluated in simulations that take into account the key features of834

the facility. LhARA combines a laser-driven source to create a large flux of protons or light ions which are835

captured and formed into a beam by strong-focusing plasma lenses thus evading the current space-charge836

limit on the instantaneous dose rate that can be delivered. Acceleration, performed using an fixed-field837

alternating-gradient accelerator, preserves the unique flexibility in the time, spectral, and spatial structure838

of the beam afforded by the laser-driven source. The ability to trigger the laser pulse that initiates the839

production of protons or ions at LhARA will allow the time structure of the beam to be varied to interrupt840
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the chemical and biological pathways that determine the biological response to ionising radiation. In841

addition, the almost parallel beam that LhARA will deliver can be varied to illuminate a circular area with842

a maximum diameter of between 1 cm and 3 cm with an almost uniform dose or focused to a spot with843

diameter of ⇠ 1mm. These features make LhARA the ideally flexible tool for the systematic study of the844

radiobiology of proton and ion beams.845

The laser-hybrid approach, therefore, will allow radiobiological studies and eventually radiotherapy to846

be carried out in completely new regimes, delivering a variety of ion species in a broad range of time847

structures and spatial configurations at instantaneous dose rates up to and potentially significantly beyond848

the current ultra-high dose-rate “FLASH” regime. By demonstrating a triggerable system that incorporates849

dose-deposition imaging in the fast feedback-and-control system, LhARA has the potential to lay the850

foundations for “best in class” treatments to be made available to the many by reducing the footprint of851

future particle-beam therapy systems.852

LhARA has the potential to drive a change in clinical practice in the medium term by increasing the853

wealth of radiobiological knowledge. This enhanced understanding in turn may be used to devise new854

approaches to decrease radio-toxicity on normal tissue while maintaining, or even enhancing, the tumour-855

kill probability. The radiobiology programme in combination with the demonstration in operation of the856

laser-hybrid technique means that the execution of the LhARA programme has the potential to drive a857

step-change in the clinical practice of proton- and ion-beam therapy858
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