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Executive summary

LhARA [1, 2], the Laser-hybrid Accelerator for Radiobiological Applications, is conceived as the new, highly15

flexible, source of radiation that is required to explore the vast “terra incognita” of the mechanisms by which
the biological response to ionising radiation is determined by the physical characteristics of the beam [3].
The LhARA collaboration’s concept is to exploit a laser to drive the creation of a large flux of protons or
light ions which are captured and formed into a beam by strong-focusing plasma lenses. The triggerable,
laser-driven source allows protons and ions to be captured at energies significantly above the proton- and ion-20

capture energies that pertain in conventional facilities, thereby evading the current space-charge limit on the
instantaneous dose rate that can be delivered [4]. The plasma (Gabor) lenses provide the same focusing strength
as high-field solenoids at a fraction of the cost. Post-acceleration, performed using a fixed field alternating
gradient accelerator (FFA), will preserve the unique flexibility in the time, energy, and spatial structure of the
beam afforded by the laser-driven source.

Figure 1: LhARA—the Laser-hybrid Accelerator for Radiobiological Applications.
25

The LhARA collaboration’s vision [5] is to radically transform the clinical practice of proton- and ion-beam
therapy (IBT) by creating a fully automated, highly flexible system to harness the unique properties of laser-
driven ion beams to:

• Deliver particle-beam therapy in completely new regimens by combining a variety of ion species from
proton to carbon in a single treatment exploiting ultra-high dose rates and novel temporal-, spatial- and30

spectral-fractionation schemes; and
• Make “best in class” treatments available to the many by reducing the cost of IBT per patient. The system

we propose integrates patient, soft-tissue, and dose-deposition imaging with real-time treatment planning
in an automatic system that triggers the delivery of dose tailored in real time to the individual patient. Our
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system will reduce the cost per patient by removing the requirement for a large gantry, thereby reducing35

the size (and therefore the cost) of a clinical IBT facility and increasing patient throughput by reducing
the time spent in treatment.

We have created the multi-disciplinary collaboration [6, 7] of clinical oncologists, medical, particle, plasma,
laser, ultrasound, and optical physicists, accelerator, computer, and instrumentation scientists, radiobiologists,
industrialists, and patient representatives required to realise our vision. With this proposal the collaboration40

seeks to initiate its broad and ambitious, multi-disciplinary programme to:
• Demonstrate the feasibility of the laser-hybrid approach in a facility dedicated to biological research; and
• Create the national and international partnerships necessary for LhARA to become a multidisciplinary

research centre of excellence in the UK.
LhARA formed the basis of a recent proposal to the UK Research and Innovation (UKRI) Infrastructure45

Advisory Committee to create an “Ion Therapy Research Facility” (ITRF) [8]. The proposed ITRF “. . . will be
a unique, compact, single-site national research infrastructure delivering the world’s first high-dose-rate ions
from protons through oxygen and beyond, at energies sufficient for both in-vitro and in-vivo studies.” The ITRF
proposal notes that a “. . . laser-hybrid proton/ion source, as proposed by the existing, UK-led, international
LhARA collaboration (see figure 3), can deliver this and meet the needs of the ITRF.” The proposal is for a50

two-year Preliminary Phase activity and identifies the need for a subsequent three-year pre-construction phase.
The timeline for the development of the ITRF defined in the proposal is shown in figure 2.
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Ion Therapy Research Facility 
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Figure 2: Timeline for the development of the Ion Therapy Research Facility presented in the proposal to the
UKRI Infrastructure Advisory Committee [8].

We propose that LhARA be developed to serve the ITRF in two stages [1, 2]. In the first stage, the laser-
driven beam, captured and transported using plasma lenses and bending magnets, will serve a programme of
in-vitro experiments with proton beams of energy of up to 15 MeV. In stage two, the beam will be accelerated55

using an FFA. This will allow experiments to be carried out in vitro and in vivo with proton-beam energies
of up to 125 MeV. Ion beams (including C6+) with energies up to 30 MeV per nucleon will also be available.
The beam energy at LhARA has been specified to allow in-vitro experiments and in-vivo studies using small
mammals. The LhARA collaboration’s hybrid approach will allow the unique properties of the laser-driven
source—extremely high instantaneous flux in an extremely sort pulse over a tiny area—to be preserved and60

exploited to deliver radiobiological investigations in completely new regimens.
LhARA will not be developed or operate in isolation. Proton and ion beams for radiobiological research

are available at a number of laboratories in Europe, the Americas, Africa, and in Asia. A number of clinical
proton- and ion-beam centres (e.g. [9–17]) also provide beams for research. A small number of laboratories
in Europe actively seek to develop laser-driven sources for biomedical applications (e.g. [18]). The LhARA65

collaboration’s vision is to build on this work to demonstrate the feasibility of capturing and manipulating
the flux created in the laser-target interaction to provide a beam that can be accelerated rapidly to the desired
energy. The collaboration recognises the scientific imperative of engaging with partners in the UK and overseas
to develop a state-of-the-art programme of research into the biological effect of ionising radiation. Therefore,
an integral part of the programme we propose is the exploitation of existing proton- and ion-beam facilities at70

home and abroad using techniques co-created by the collaboration and its partners. Modest resources to support
this aspect of the collaboration’s programme are requested.
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With this proposal we seek the resources to deliver the Preliminary and Pre-construction Phases of the pro-
gramme necessary for LhARA to serve the ITRF. Over the first two years the Preliminary Phase will deliver:

• CDR ...75

The Pre-construction Phase will be carried out over years three to five of the programme we propose and will
deliver:

• TDR ...
The five-year programme we propose will lay the foundations for the establishment of an entirely new tech-

nique for the automated delivery of personalised, precision, multi-ion IBT, place the UK at the forefront of80

the field, and establish UK industry as a key player in the delivery of novel clinical equipment. In addition, by
partnering with proton- and ion-beam providers for biomedical research at home and overseas, our research pro-
gramme will allow significantly enhanced access to and exploitation of state-of-the-art IBT research facilities
for researchers across the UK.
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1 Motivation

In the UK it is anticipated that 1 in 2 people will develop cancer [19]. The present incidence of 17 million new
cases per year globally is predicted to increase to 27.5 million new cases per year by 2040 [20]. Radiotherapy
(RT) is used in 50% of cancer patients and is already involved in 40% of cancer cures [21]. The NHS long-term120

plan [22] to increase the rate of diagnosis of cancer in the early, curative stage, implies an increasing need for
therapeutic interventions including RT.

Photons are used most frequently to deliver external-beam RT. There is increasing emphasis on the exploita-
tion of proton and ion beams in proton- and ion-beam therapy (IBT) for which the bulk of the beam energy is
deposited in the Bragg peak that occurs as the beam comes to rest. This allows dose to be conformed to the tu-125

mour while sparing healthy tissue and organs at risk. The benefits of IBT are widely recognised. The NHS has
invested £250M in proton-beam therapy [23] and the Particle Therapy Co-Operative Group (PTCOG) [24, 25]
currently lists 90 proton therapy facilities and 12 carbon-ion-therapy facilities [26]. These facilities are lo-
cated predominantly in high-income countries[26]. Nearly 70% of cancer patients in low-and-middle-income
countries globally do not have access to RT [21].130

The beam characteristics that can be exploited in IBT facilities today are restricted to low dose rates (<
10Gy/min), a small number of temporal schemes (a typical treatment is delivered in “fractions” of 2 Gy per
day over several weeks) and a small number of spatial distributions (predominantly large beams delivering a
homogeneous dose over several square centimetres). Clinical efficacy is dependent on the dose delivered which
in turn is limited to minimise damage to the healthy tissues. The use of novel beams with strikingly different135

characteristics has led to exciting evidence of enhanced therapeutic benefit, e.g. therapy using very high dose
per fraction [27], very high dose rate (> 40Gy/s, ”FLASH”) [28], and “mini-beam” (MBRT) [29, 30]. This
evidence, together with developments in our understanding of personalised medicine based on the biology of
individual tumours, now provides the impetus for a radical transformation of IBT.

Laser-driven proton and ion sources are disruptive technologies that offer enormous potential to satisfy the140

anticipated growth in demand for IBT by providing more flexible, compact and cost-effective high energy
particle sources. We propose to develop a laser-hybrid system, in which novel strong-focusing electron-plasma
(Gabor) lenses capture and focus the large flux of protons or ions created when a short pulse, high-power laser
strikes a target, thereby delivering a wide variety of ion species in almost arbitrary time, spatial, and spectral
structures. The laser-hybrid approach will also evade the instantaneous dose-rate limitation of current sources145

and deliver ultra-high dose rates of up to 109 Gy/s in pulses that can be as short as 10–40 ns [1, 2]. These
short, intense pulses allow novel techniques such as proton- and ion-acoustic imaging to be used to determine
the position of the Bragg peak for each pulse in real time. The capability of the system we propose cannot be
delivered through incremental development of cyclotron-, synchrotron-, or linac-based IBT facilities.

1.1 Scientific case150

Lead authors: J. Parsons, K. Kirkby, Y. Prezado, K. Prise
Indicative page count: 2.5

1.2 Technological advancement

Lead authors: T. Greenshaw, H. Owen, J.B. Lagrange, M. Borghesi, P. McKenna, F. Romano
Indicative page count: 2155
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1.3 Impact

Lead authors: F. Jamieson, W. Luk, P. Price, G. Schettino, S. Towe
Indicative page count: 2

2 LhARA; the Laser-hybrid Accelerator for Radiobiological Application

2.1 Overview160

High-power lasers have been proposed as an alternative to conventional proton and carbon-ion facilities for
radiotherapy [31–33]. The capability of laser-driven ion beams to generate protons and high-LET ions at
FLASH dose rates will provide a significant step forward in the provision of local tumour control whilst sparing
normal tissue. High-power lasers have also been proposed to serve as the basis of electron, proton and ion-
beams for radiobiology [34–39]. More recent projects (e.g. A-SAIL [40], ELI [41] and SCAPA [42]) will165

also investigate radiobiological effects using laser-driven ion beams. These studies will also address various
technological issues [43–47].

The LhARA collaboration’s concept is to exploit a laser to drive the creation of a large flux of protons or
light ions which are captured and formed into a beam by strong-focusing plasma lenses. The laser-driven
source allows protons and ions to be captured at energies significantly above those that pertain in conventional170

facilities, thus evading the current space-charge limit on the instantaneous dose rate that can be delivered. Rapid
acceleration will be performed using a fixed-field alternating gradient accelerator (FFA) thereby preserving the
unique flexibility in the time and spatial structure of the beam afforded by the laser-driven source.

Modern lasers are capable of delivering a Joule of energy in pulses that are 10s of femtoseconds in length at
repetition rates of >∼ 10Hz. At source, a laser-driven electron beam is reproducibly well collimated and has a175

modest (∼ 5%) energy spread. By contrast, laser-driven proton and ion sources create beams that are highly
divergent, have a large energy spread, and an intensity that varies by up to 40% pulse-to-pulse. Multiple ion
species, from proton to carbon, can be produced from a single laser by varying the target foil and particle-
capture optics. The realisation of LHARA requires that each of these issues be addressed.

The LhARA consortium’s vision is that LhARA will prove the principal of the novel technologies required180

for the development of future therapy facilities. The legacy of the LhARA programme will therefore be: a
unique facility dedicated to the development of a deep understanding of the radiobiology of proton and ion
beams; and the demonstration in operation of technologies that will allow particle beam therapy to be delivered
in completely new regimens.

The LhARA facility, shown schematically in figure 3, has been designed to serve two end stations for in-185

vitro radiobiology and one end station for in-vivo studies. Proton beams with energies of between 12 MeV
and 15 MeV will be delivered directly from the laser-driven source to the low-energy in-vitro end station via a
transfer line. The high-energy in-vitro end station and the in-vivo end station will be served by proton beams
with energy between 15 MeV and 125 MeV and by ion beams (including C6+) with energies up to 33.4 MeV/u.
This configuration makes it natural to propose that LhARA be constructed in two stages; Stage 1 providing190

beam to the low-energy in-vivo end station and Stage 2 delivering the full functionality of the facility. The
development of LhARA Stage 1 will include machine performance and optimisation studies designed to allow
in-vitro experiments to begin as soon as possible.

2.2 Conceptual design

To do:195
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Figure 3: Schematic diagram of the LhARA beam lines. The particle flux from the laser-driven source is
shown by the red arrow. The ‘Capture’ section is followed by the ‘Matching and energy selection’ section.
The beam is then directed either into the 90◦ bend that takes it to the low-energy in-vitro end station, towards
the FFA injection line, or to the low-energy beam dump. Post acceleration is performed using the ‘Fixed field
accelerator ring’ on extraction from which the beam is directed either to the high-energy in-vitro end station,
the in-vivo end station, or the high-energy beam dump.

• Add cross references to proposal physics sections;

• Add figures.

The protons and ions for LhARA will be produced through “target normal sheath acceleration” (TNSA) [48,
49] when a high power pulsed laser strikes a thin foil target with a typical thickness above 0.1µm and up to a
few 10’sµm. The TNSA mechanism exploits the intense electric field that is created on the surface of the foil200

by the focused laser beam to accelerate surface electrons into the foil. The most energetic electrons traverse
the material ionising it as they go. As the fast electrons exit the target’s rear surface, a strong space-charge
electric field, the ”sheath”, is generated which accelerates protons and ions deposited on the surface. Such a
sheath acceleration scheme has been shown to produce accelerating gradient >∼ 10GV/m. Proton pulses that
feature broad exponentially decreasing spectra with cut-off energies in excess of 85 MeV have been produced205

through the TNSA mechanism [50] or hybrid schemes [51]. Comment on ion production energies.[ Medium
energy femtosecond class lasers were previously used to investigate the acceleration of carbon ions and generate
maximum ion energies of approximately 5 MeV/u for relatively thin (∼ 100 nm) solid targets [52]. Higher
maximum energies in excess of 30 MeV/u were obtained from femtosecond class lasers with the use of ultra-thin
targets (∼ 10 nm) to selectively accelerate carbon ions [53, 54]. In the TNSA regime, target surface cleaning210

techniques were shown to enable the acceleration of heavier ions including carbon and oxygen to maximum
energies of a few MeV/u [55, 56]. Proof-of-principles experiments aimed at the generation of oxygen ions
investigated the same technique of controlling and removing contaminants from targets that can be used at high
repetition rates [57]. ] For LhARA, a commercially available multi-TW laser has been identified as a suitable
candidate for producing the desired flux of 15 MeV protons. Such a system will deliver > 2.5 J in < 25 fs215

pulses, at a 10 Hz repetition rate with shot contrast of > 1010 : 1. The laser will serve a tape target system or
an alternative advanced targetry developed and optimised as outlined in subsection 3.2.

Simulations of the TNSA interaction have been determined to estimate the typical bunch profile and proton-
energy spectrum. The 2D simulations, performed using the particle-in-cell (PIC) code SMILEI [58], modelled
a focused laser pulse incident on a thin plastic film at a 45◦ angle [59]. A large spread of proton kinetic energies220

3



Figure 4: Left: Proton macroparticles at the final timestep of 1 ps of the 2D simulation of the TNSA interaction
between the laser and the target. Right: 3D sampled proton beam generated from the 2D simulation on the
left. Only protons with a kinetic energy of 15MeV ± 2% are shown as they will not be stopped by the energy
selection section of the LhARA beamline. Colours in both plots correspond to the kinetic energy.

up to 20 MeV was observed primarily in the direction of the target normal. The majority of the accelerated
protons have low (< 5MeV) kinetic energy. The flux of protons with energies larger than 10 MeV which
are of interest here were found to emerge at an angle to the target normal. Simulations to date have been
restricted to 2D PIC codes as full highly resolved 3D simulations are computationally expensive. A sampling
method that generates 3D momentum distributions from the 2D simulation has been developed and is described225

in [59]. Figure 4 shows a typical spatial distributions of protons according to a 2D PIC simulation of the TNSA
interaction and the result of the sampling procedure by which a 3D proton beam is generated. Need a figure.

To capture the beam, we propose to use a series of Gabor lenses developed as outlined in subsection 3.3. Such
devices provide transverse focusing from an electron cloud confined within the lens using a long cylindrical
anode placed inside a uniform solenoidal magnetic field, a configuration commonly known as a “Penning-230

Malmberg trap”. The lens consists of a trapped non-neutral electron plasma that creates a radially focusing
force in both transverse planes simultaneously. The magnetic field required to confine the plasma is significantly
reduced compared to that of a conventional solenoid with the same focusing strength. The focal length of the
plasma lens is proportional to the energy of the particles entering the lens in contrast to conventional solenoid
or quadrupole lenses in which the focal length is proportional to the square root of the particle energy. Thus,235

the Gabor lens is even more advantageous for focusing heavier ions like carbon. Five identical Gabor lenses
will be used; two for beam capture, and a further three for matching and energy selection. A collimator before
the first lens will also contribute to energy selection.

In LhARA’s matching and energy selection section, two rebunching cavities will be installed to provide lon-
gitudinal phase space manipulation. An octupole and collimator will subsequently shape the beam to improve240

transverse dose uniformity. The parallel beam will then be transported to the stage 1 in vitro end station through
a 90◦ vertical matching arc consisting of 2 dipoles and 6 quadrupoles. The vertical arc will contain a collimation
system in a high dispersion region to provide further momentum-selection capabilities.

Start-to-end simulations have been performed in BDSIM and GPT (General Particle Tracer) [60], which
includes the modelling of space-charge forces. A short distance after the laser-target interaction is simulated245

without space-charge as we anticipate the electron cloud created in the interaction to neutralise the ion-bunch
charge. Subsequently, space-charge effects are simulated as the higher energy protons of interest will have
separated from the low energy electrons. Whilst an immediate emittance growth is observed due to the high
proton charge density, the impact on the subsequent beam transport performance is not severe, with the beam at

4



the stage 1 in vitro end station displaying similar characteristics to idealised simulations without space-charge.250

We anticipate that further optimisation of the Gabor Lens strengths can counteract any space-charge induced
emittance growths.

For stage 2 operation, the Gabor lens strengths are modified to provide the lower Twiss beta necessary for
injection into the FFA ring. The 14.6 m long injection line is comprised of a switching dipole after the final
Gabor lens, 10 quadrupoles, 6 dipoles, and an injection septum magnet. Space for a collimation system in a255

dispersive region is provided for further momentum selection. Simulations of the modified Stage 1 and injection
line have shown that the early space-charge induced emittance growth remains present [61] despite the modified
Gabor lens settings. The focusing to a smaller spot size in the matching section compared to nominal stage 1
configuration is susceptible to further space-charge forces. Whilst the beam transport performance is adversely
impacted, it is anticipated that further ongoing optimisation efforts will resolve such issues.260

The Stage 2 FFA ring is comprised of 10 symmetric cells each containing a single combined function spiral
magnet. The design of the ring is a compromise between the size of the orbit excursion and the length of the
straight sections to accommodate injection and extraction systems. Simulations show that the rings dynamic
acceptance for 100 turns is significantly larger than the beam emittance, with a working point of (2.83, 1.22)
chosen for the ring’s tune in the x and z directions respectively. A full aperture, fast injection of the beam265

will be performed using a magnetic septum installed on the inside of the ring, followed by a kicker magnet in
a consecutive lattice cell. The small emittance beam at injection limits the maximum intensity due to space-
charge forces which will be severe immediately after injection, however these will diminish due to debunching
of the beam. Fast beam extraction will be performed using a kicker magnet followed by a magnetic septum
installed in a consecutive lattice cell close to the extraction orbit. We propose to use normal conducting spiral-270

scaling FFA magnets based on a variation of a design recently proposed in studies of the ISIS neutron and
muon source upgrade. Acceleration of the beam to 127 MeV will be done using an RF system operating in a
frequency range of 2.89 to 6.48 MHz. The systems will be operated up to a voltage of 4 kV which provides an
energy acceptance of ± 2%. Two cavities are proposed to provide greater operational stability.

The FFA extraction line is designed with significant flexibility to serve a wide spectrum of beam conditions275

to the in vitro and in vivo end stations, as well as to accommodate uncertainties both in the beam distribution
originating from the Stage 1 beam transport and space-charge effects during acceleration in the FFA ring. The
first section of the extraction line consists of two dipoles and four quadrupoles. This section is designed with
closed dispersion to minimise the impact of off-momentum particles on the downstream beam profile. The
second section of the extraction line contains four quadrupoles and transports the beam up to the first dipole280

of the vertical in vitro beam line. The quadrupoles provide flexibility to produce a range of beam sizes over
three orders of magnitude. Beam transport simulations at both 40 and 127 MeV beams showed the optics and
geometric acceptance of the extraction line are similar at both energies.

High energy beams are delivered to the in vitro end station in a vertical matching arc consisting of two dipoles
and six quadrupoles. This beam line is a scaled version of the Stage 1 low energy vertical arc but with longer285

magnets to ensure peak magnetic fields are below the limits of normal conducting magnets. The arc length
difference compared to the Stage 1 in vitro line will be offset by adjusting the length of the final drifts that
transports the beam to the end station.

If the first dipole in the vertical arc is not energised, the beam is instead transported to the in vivo end
station. This beam transport line provides space for five RF cavities for longitudinal phase space manipulation290

and installation of diagnostic devices. A subsequent section contains four quadrupoles to perform final focusing
adjustments prior to end station delivery. A further straight section is reserved for magnets used in spot scanning
techniques. The in vivo beam line also offers flexibility in the beam sizes that can be delivered, with simulations
successfully transporting beams between 1 and 30 mm in size to the end station. Providing a parallel sub-mm
beam remains an ongoing challenge that may also be susceptible to space-charge effects at the lowest energies.295
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The dose deliverable by LhARA was estimated in performance evaluation simulations with BDSIM. Beams
of various energies were delivered to a water volume corresponding to the sensitive volume of an ion chamber,
thus the stated doses and dose-rates are comparable to those of operational facilities. For simulation of the
low-energy in vitro end station, proton beams with a 7.0 ns bunch length at a 10 Hz repetition rate delivered a
maximum dose rate of 71 Gy/s and 128 Gy/s for 12 MeV and 15 MeV beams respectively. For the high-energy300

in vitro end station, a 127 MeV proton beam delivered an average dose rate of 156 Gy/s. A 33.4 MeV/u Carbon
ion beam delivered a maximum average dose rate of 730 Gy/s.

2.3 Staging the LhARA project within the ITRF

The staging of the LhARA initiative was first discussed in the preparation of the pre-CDR [1]. The pre-
CDR identified the need for a five-year R&D programme to develop critical aspects of the laser-driven proton305

and ion source and the Gabor-lens proton- and ion-capture system as well developing full designs for the
novel end stations and the associated instrumentation. The need for detailed simulation of the facility that
included appropriate consideration of space charge effects was recognised. Further, the pre-CDR included little
consideration of the implementation of the facility or any consideration of site-specific issues.

LhARA formed the basis of the transformative vision presented in the proposal to establish an Ion Therapy310

Research Facility (the ITRF) in the UK [8]. The ITRF proposal identified a two-year Preliminary Phase fol-
lowed by a three-year Preconstuction Phase. The staging scenario presented in the present proposal maps the
five-year R&D programme defined in the LhARA pre-CDR onto the Preliminary and Preconstruction Phases
identified in the ITRF development plan. An overview of the schedule for the development of the LhARA
initiative in the Preliminary and Pre-construction Phases is shown in figure 21.315

2.4 Timeline for the LhARA initiative

Lead authors: T. Kokolova-Wheldon, K. Kirkby, C. Whyte
Indicative page count: 1

3 Preparatory, pre-construction phase proposal

3.1 Project Management320

The overarching goal for the LhARA five-year project described here is to prepare for the start of the LhARA
construction phase. The key technical risks that arise in the implementation of LhARA will be addressed
through the:

• Validation of the simulated laser-generated proton and ion fluxes in test measurements using a represen-
tative laser source;325

• Validation of the simulated properties of the confined electron gas that is the basis of the Gabor lens
and the subsequent design and construction of a second lens prototype as a pre-cursor to an operational
system;

• Development of a direct, real-time, non-destructive dose-profile measurement system based on the acous-
tic signals generated by the deposition of energy in the Bragg peak; and330

• Development of fully automated in-vitro end station, its instrumentation, and the necessary ion-beam
diagnostics.
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Figure 5: Waterfall chart showing the principal milestones that define the project proposed herein. The
block entitled “ITRF timeline submitted to IAC, 15Jun21” shows the timeline for the development of the ITRF
submitted to the UKRI’s Infrastructure Advisory Committee. The block entitled “LhARA Preliminary Activity
and Pre-construction Phase; principal milestones” shows the principal milestones of the LhARA Preliminary
Activity and Pre-construction Phase proposed here. The subsequent blocks present the principle milestones
that serve to specify each of the work packages.
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The project will be managed by the LhARA Project Manager. Management information is presented in the
Annex to this report (see section A.8.3).

The five-year activity proposed here is defined with reference to the larger LhARA Programme which en-335

compasses the implementation of LhARA, the development of the capabilities necessary to exploit the unique
features of the facility, and the identification of opportunities to spin out elements of the full LhARA system as
the R&D programme matures. The LhARA Programme is managed by two Programme Managers: the LhARA
Project Manager who is responsible for the delivery of the LhARA Project and the Biological Science Project
Manager. The Programme Managers, supported by an administrator and the Project Spokespeople form the340

LhARA Programme Office.
The LhARA project is divided into six work packages, one for each of the elements of the risk-management

programme outlined above, one for facility design and integration, and one for the overall project management.
These work packages will support the preparation of the CDR for the full facility and Technical Design Reports
for LhARA Stages 1 and 2. The work-package definitions are detailed in the sections which follow.345

Resources for the management of the LhARA project proposed here are identified in “Work package 1:
Project management”. Together the project management team has responsibility for:

• Project management and planning;
• Reporting to STFC, other funders and stakeholders, including financial reporting. This task includes

planning, organising and supporting all oversight activities requested;350

• Risk management, tracking and deprecation or escalation as appropriate;
• The maintenance of sufficient technical & scientific documentation and drawing repositories to accu-

rately record the project activities and results.
• Stakeholder engagement; and
• Patient and Public engagement.355

The work of the project management team will be driven by the Project Managers supported by the adminis-
trator. The Spokespeople have wider responsibilities and should not be unduly loaded by day to day tasks. The
LhARA project will be organised through the following tasks:

• The development and continuous monitoring of the programme, schedule and cost. In the first two
years of the project spend will be dominated by University salary commitments and will therefore be360

predictable and easily controlled. As the project moves to the purchase of more equipment and STFC
TD commitments to deliverables (particularly in work package 6) increase, management of finances and
spend profile will become more complex and increased monitoring and support is planned. It will be
important to build in appropriate systems to monitor progress at an early stage as financial complexity
will increase substantially when the build phase begins at the end of year 5.365

• The organisation and delivery of reports and presentations required for effective oversight. In all projects
of this type reporting overheads can become onerous if not appropriately managed. The LhARA project
has been planned to progress documents through a preparation process where an initial internal collabo-
ration report can be improved and expanded through, first the internal editing processes, then the project
oversight committee to emerge as a project deliverable.370

• The organisation of regular stakeholder meetings to maintain currency with the latest results in the rele-
vant radiobiological and medical fields. Simultaneously it will be important to communicate the current
status and important future developments in the LhARA programme to the prospective user. These meet-
ing will provide an important opportunity to solicit stakeholder feedback on the programme.

• The evaluation of delivery of the programme through active monitoring of the execution of the LhARA375

project against milestones and the agreed cost profile.
• The tracking of progress and risk by work package, managing effort through monthly progress meetings

with each work package management team.
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Figure 6: Target Normal Sheath Acceleration Mechanism: a) 3D Particle-in-cell simulation showing the Target
Normal Sheath Acceleration mechanism. A high power laser is focused from the left onto a thin foil, forming
a plasma and heating electrons to relativistic energies. These electrons form a sheath around the foil, rapidly
accelerating surface ions. b) Flow diagram showing the transfer of energy from the laser to the ions.

• The organisation of collaboration meetings on a 4 to 6 monthly schedule to provide cross-collaboration
visibility and coordination.380

• The recruitment of appropriate patient representatives to advise as the LhARA programme, the LhARA
project, and potential treatment regimens evolve.

3.2 Laser-driven proton and ion source (Work Package 2)

Laser driven ion sources are an emerging technology offering ion beams with unique properties [62, 63]. The
most widely used technique is known as Target Normal Sheath Acceleration (TNSA) (see figure 6). The in-385

tense fields of focused high-power laser beams are sufficient to suppress atomic potentials and ionise a thin
dense target. Target electrons are accelerated to relativistic energies in micrometre distances [64] and rapidly
leave the target at the rear surface to form a strong electrostatic field which accelerates surface ions to ener-
gies of 10 MeV or more with accelerating gradients of order TeV/m, far higher than possible in conventional
accelerating cavities [48, 49, 65].390

Development of this mechanism towards applications has made significant progress in recent decades and is
now known to be a robust and effective technique for use in laser-driven ion sources. Laser-driven ion beams
are fundamentally ultra-short at source due to the pulse length of the drive laser. The space-charge limitations
of conventional sources is overcome due to co-moving electrons created in the laser-target interaction. This
results in a flexible, high flux beam with a low transverse normalised emittance [66].395

Our research groups have previously spearheaded research into the underpinning physics of this technology
through previous research programmes including A-SAIL (EP/K022415/1) and LIBRA (EP/E035728/1), es-
tablishing the UK as a world-leader in this field. It is only recently, however, that high power laser technology
has developed to a stage where major challenges in continuous operation of the source have be addressed [67].
Therefore, we are now perfectly poised to apply our considerable expertise in laser driven ion acceleration to400

building a 10 Hz repetition rate source suitable for radiobiological applications. In addition, we will access
UK-based world-class facilities, including the SCAPA laser at the University of Strathclyde and the Cerberus
and Zhi laser facilities at Imperial College London, that are ideally suited to performing the work proposed
here. An overview of these facilities is shown in figure 7.

The rapid advance in High-Performance-Computing and algorithm design now enables a programmatic ap-405

proach in silico to detailed high fidelity numerical modelling campaigns over the range of experimental condi-
tions of interest. Simulations are crucial in the experimental design phase to select laser and target parameters
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Figure 7: Facilities that will be used to develop the laser generated ion source in WP2: a) The final vacuum
chambers for a dedicated laser-solid interaction beamline at SCAPA, at Strathclyde University, and b) front end
and typical experimental setup for the Cerberus and Zhi lasers at Imperial College London.

expected to lead to optimum beam quality in terms of charge, energy, energy spread and beam divergence. Sim-
ulations, offering a wide range of diagnostics, are also fundamental to support the interpretation of experimental
results.410

The simulation programme of this work package will be focused on exploring the relevant parameter space
and optimising the interaction conditions. This work will include understanding the effect of the laser contrast
on target. Our first objective (O1) will be to perform two-dimensional hydrodynamic simulations to model the
low-intensity pedestal preceding the main pulse with the solid and liquid targets we will deploy experimentally.
We will use laser conditions available at SCAPA. Through this work, we will determine the minimum target415

thickness required to avoid plasma formation on the target rear side for the expected values of laser contrast.
We will also obtain an estimate of the pre-plasma scale-length, which will be generated at the target front side.
While the presence of plasma on the target rear side must be avoided to maximise TNSA [68], a pre-plasma
in front of the target could aid laser absorption and hot electron generation and ultimately be beneficial for ion
acceleration [69, 70]. Hence, these simulations will allow us to infer the most favourable conditions for TNSA420

to occur. We will use the information provided by the hydrodynamic analysis as input for our multi-dimensional
Particle-In-Cell (PIC) simulations. We will model the interaction of the main pulse with pre-formed plasmas
in a variety of conditions. In a first phase, this will allow us to identify laser and target parameters, which
will enable the generation of 15 MeV proton beams with picoCoulomb charge. In a second phase, through
simulations, we will optimise the acceleration of heavier ions. We will proceed by steps, initially exploring425

a large parameter space with 2D simulations. We will then refine our findings with realistic 3D simulations
to provide more accurate estimation of generated beam parameters. These will be used for a quantitative
comparison with experiments.

After the initial phase of simulation work, the focus will shift to a series of experiments to measure and
optimise the ion source. Our second objective (O2) will be to deliver a comprehensive diagnostic suite for the430

laser-driven ion source suitable for 10 Hz operation. We will implement a time-of-flight diagnostic to enable
rapid spectral reconstruction of proton energies [71]. Reconstruction of heavier ion beams using time-of-flight
is challenging due to the mixture of charge states in the beam. Therefore we will commission a Thomson
Parabola Spectrometer [52]. This device separates ions by charge-to-mass ratio and energy with co-linear
magnetic and electric fields before detection on a scintillator coupled to a high-repetition scientific camera.435

The spatial properties of the ion beam will be measured by direct irradiation of a filtered scintillator [72, 73].
Our research groups have previously led development in all of these techniques, which are now well established.
For LhARA, we will build new optimised versions of these diagnostics configured for high repetition rate and
long term operation. Effective monitoring of the drive laser is also key to the control of the ion source. High
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quality measurements of the relevant quantities, such as pulse energy, spectrum, pulse length and far-field440

quality is required for active stabilisation techniques to be applied. Therefore, we will build a full aperture laser
diagnostics suite measuring these parameters just before the ion source.

To establish the baseline measurements required for completion of later objectives in this work package, and
to benchmark the PIC simulations, our third objective (O3) will be to deliver within the first three years of
the programme a seminal experiment on SCAPA with a repetition 1 Hz. These baseline experiments will also445

enable full commissioning of the diagnostic package developed to deliver O2. We envisage a total of 9-weeks
of beam time with the first 2-weeks delivered in the first year of the programme and used to commission and
calibrate the diagnostics package and optimise the performance of the SCAPA beamline within the requirements
of LhARA, in a single shot operation mode. In the second and third years we will deliver two beam times of
3-weeks and 4-weeks in duration respectively. The first will be focused on testing and the delivery of 1 Hz450

operation, including the optimisation of the tape-based target-replacement system. The second period of 4-
weeks will be used for the baseline data collection and will focus on the comprehensive measurement of key
ion-beam metrics such as cut-off energy, conversion efficiency and beam divergence (both for protons and C6+

ions). The results of the initial simulation programme will be compared to the measurements obtained and used
to inform an updated set of simulations which will support the delivery of future objectives and the design effort455

in other work packages.

The increase in repetition rate of the laser-driven ion source poses technical challenges related to targetry
which need to be addressed for LhARA. Although the current baseline target choice, spooled thin tape, has
been proven at lower repetition rates [74, 75], it is known that debris generated during the laser-target in-
teraction will cause increasing issues for future high-repetition rate systems. Therefore, our fourth objective460

(O4) will be to make experimental measurements of this in LhARA-relevant regimens and apply established
mitigation strategies, including magnetic debris capture, buffer gases, and sacrificial pellicles to protect key op-
tics. In parallel, we will continue to develop new low-debris targetry technologies, in particular a liquid sheet,
which would solve many of the outstanding issues with tape targets. Our consortium includes researchers from
SLAC, CLF and Queen’s University Belfast who have already developed and tested a prototype liquid-sheet465

target [76], which showed generation of protons at higher fluxes, lower divergence and higher energies than
tape targets [77]. These are all key parameters for improving the performance of the laser driven source for
LhARA. We will continue to develop these liquid targets, improve their stability and demonstrate their use on
high repetition rate, 10 Hz, experiments. Regardless of target type, through our studies of high repetition-rate
operation we will build on expertise in our consortium to develop active optimisation and stabilisation tech-470

niques [78] to ensure a constant and controllable source of ions to the downstream accelerator beamline. This
work will use the high repetition rate laser and ion diagnostics developed to deliver O2 to provide fast feedback
to the laser and target delivery systems.

Building on the progress made to deliver objectives O1 to O4 our fifth objectiver (O5) will be to complete a
conceptual design of the integrated ion source system that combines key components for the generation, char-475

acterisation and stabilisation of a laser-driven ion source. This objective will be completed within the final
3-years of the programme and requires 9-weeks of beam time in total. These weeks will enable, for the first
time in SCAPA, the testing and iteration of the targetry system developed to deliver O4. As part of this system
integration we will also test various feedback and beam optimisation methodologies (e.g. control of the ion
beam energy via Bayesian optimisation of the input parameters). Within the collaboration we already have sig-480

nificant experience applying these methodologies both in experiments and in simulation studies. The work to
deliver O5 will include testing the fully integrated ion-source system and its diagnostics (with feedback and sta-
bilisation capability). The source at this stage should meet all of the energy, flux, and divergence requirements
for capture in the Gabor lens system developed in Work Package 3.

Our final objective (O6) will be, in the final year of the 5-year programme, to demonstrate the continuous485
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operation of the ion source at 5 Hz, over extended periods. We will initially operate the system at 5 Hz in 10-
minute bursts. This will enable a rigorous assessment of debris, activation rates, and the longer term stability of
the source to be made. After successful demonstration of the 10-minute operation, a further series of tests with
1-hour continuous operation will then be performed. This would represent a major milestone in the delivery of
a continuous source of laser-driven ions and would enable a final concept design for the LhARA ion source to490

be completed. Although limited to 5 Hz operation by the SCAPA laser, based on measurements of diagnostic
readout rates and target replacement time, we will also demonstrate that the integrated ion source system is,
as a minimum, capable of 10 Hz operation and therefore compatible with future, higher repetition-rate, laser
systems.

Through the programme described above we will demonstrate all the ion-source technology required for495

the integrated LhARA beamline. The deployment of this ion source in a 10 Hz integrated accelerator will be
a landmark demonstration showing the real-life applicability of laser-driven ion sources and will provide the
upstream beamline with novel beams that would be impossible to deliver with alternative source technology.

3.3 Proton and ion capture (Work Package 3)

As long ago as 1947, Gabor [79] suggested using the internal electric field of a trapped, non-neutral, electron500

plasma to focus 100 MeV protons. The proposed device used a known technique [80] to confine the electrons
and had a 9 m focal length, which is to be compared to a value of 900 m for the instrument without the plasma.
Thus, the plasma electric field reduces the focal length to 1% of that produced by a magnetic field alone, and it
is this effect that is to be harnessed in the current work package.

The trapping technique first described by Penning [80], relies upon externally applied magnetic and electric505

fields to provide, respectively, radial and axial confinement of charged particles. Nowadays, this is typically
implemented using the versatile Penning-Malmberg trap, a linear array of electrically biased cylinders arranged
along the axis of a uniform magnetic field (see e.g. [81]). As further particles of the same species (such as
electrons) are added to the trap, the particles interact and collective behaviour is established: a non-neutral
plasma is typically formed [82]. Due to the mutual repulsion of the electrons and the establishment of a space-510

charge potential, fundamental limits exist for the number of charges (or more specifically their density) that can
be stored for the magnetic [83] and electric field strengths used for confinement. While, in theory, such plasmas
can be confined indefinitely [84], real-world practicalities such as contaminants and manufacturing defects limit
the plasma density (see, e.g., [85]) and the length of time for which it can be trapped without critical parameters,
such as its density, changing [86]. However, sophisticated manipulation and cooling techniques (such as those515

involving the use of rotating electric fields, the so-called “rotating wall”, e.g., [87]) have been developed to
circumvent many of these issues.

As a non-neutral plasma within a Penning-Malmberg trap produces a significant internal electric field in the
radial direction, the trajectory of an ion travelling through this field will be modified. In the case of a trapped
electron plasma and a positive ion initially travelling parallel to the aforementioned magnetic field, a radially
inward force will redirect the ion towards the symmetry axis of the trap, i.e. the ion is focused and the electron
plasma acts as a lens. The focal length, f , of this plasma lens is dependent upon the strength of the radial field
(determined by the plasma density, ne), the kinetic energy of the ion, U , and the length of the plasma, l, (i.e.,
how long the force acts on the traversing ion) via

1

f
=
e2nel

4ε0U
, (1)

where e and ε0 are the fundamental electric charge and permittivity of free space, respectively.
Given the common nature of non-neutral plasmas, the establishment of such a lens may be considered routine,

but the difficulties become apparent when one considers that the focal lengths of typical, well-confined, plasmas520
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Figure 8: Example focal lengths, f and the corresponding plasma density ,ne, (and associated space-charge,
φ) for non-neutral electron plasma of varying lengths, 0.26l62 m. Indicated is the focal length of a 15 MeV
proton traversing current typical plasmas (F), and that expected of the final LhARA facility design (N).

are currently in the kilometre region, and are produced using magnetic fields of several Tesla, electric fields
generated with sub-kilovolt potentials, and with particles occupying 61% of the trap volume. Conversely, from
simplified calculation using equation 1, the parameters envisaged for the LhARA facility require metre scale
focal lengths from plasma contained by 60.1T magnetic fields, 10-100’s kilovolt electric potentials, and which
occupy large fractions (> 10%) of a trap volume. These represent the simultaneous improvement by several525

decades of many parameters, with an example scaling illustrated in figure 8.
Due to their high focusing strength, and potential ease of operation, Gabor-type lenses have been imple-

mented for many decades (see e.g. [88, 89]) and have relied upon ionisation of background-gas atoms present
within the lens to form weakly-confined quasi-steady-state electron plasmas. Indeed, the most recent experi-
mental efforts (e.g. [90]) continue to use the technique with the support of modern computational capabilities530

(see e.g. [91, 92]) to model ion beam transport through the lens and understand deleterious plasma phenomena.
While the long-term aim of this work package is to produce a plasma suitable for use within the LhARA

facility, it is the ambitious goal of this project to study well-confined plasma with focal lengths of 100’s of
metres in Phase I (during years 1 and 2) using upgraded existing apparatus and a newly commissioned test
bench. In Phase II (during years 3 and 4), the new test bench will be used to study plasma with focal lengths535

of 10’s of metres. In year 5, this advanced, dedicated, apparatus will be transported and interfaced with a
suitable ion source to test performance expected from accompanying simulation, and identify any issues prior
to finalising a lens design capable of achieving all the requirements of the LhARA facility.

Details of the experimental programme follow:
540

Phase I (years 1 and 2):
1. An existing positron/electron trapping apparatus at Swansea University will be upgraded to operate at a

few hundred volts in order to facilitate the study of plasma at higher density than is currently possible,
and compare the results with Particle-In-Cell (PIC) simulations for validation. As these upgrades have a
short lead time, study is expected to commence at a very early stage.545
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2. A standalone test bench capable of manipulating plasma confined by 2 kV potentials will be designed,
manufactured, and assembled from scratch, using results from the upgraded system and PIC simulations
to guide detailed design decisions.

3. The test bench will be commissioned and electron plasmas established within the apparatus.
550

Phase II (years 3, 4 and 5):
1. Plasma parameters (radius, space-charge, density, and length) will be incrementally increased towards

the expected final design requirement, and the impact of each of these changes on plasma performance
and stability will be carefully studied.

2. The plasma environment (confining magnetic field, electric fields, background gas pressure and its con-555

stitution) will be systematically studied and the impact of these on the performance and stability of the
plasma will be used to guide future beam line design.

3. Plasma manipulation techniques in hitherto unstudied regimes produced within the test bench will be
explored in order to improve and tailor aspects of the plasma for improved performance.

4. An ion beam will be directed into the test bench, with the effect of plasma on properties of the ion beam560

investigated and compared to PIC simulations.

3.4 Real-time dose-deposition profiling (Work Package 4)

The LhARA collaboration has the mission to radically transform the clinical practice of PBT by creating a
fully automated, highly flexible system that harnesses the unique properties of laser-driven particle beams. The
ambition is that the clinical facility will exploit, for a variety of particle species, ultra-high dose rates and novel565

spectral (energy/particle)-, spatial (microbeam)- and temporal (FLASH)-fractionation schemes. Moreover, it
will integrate soft-tissue imaging and in-situ dose-deposition mapping with real-time treatment planning in an
automatic system that triggers the delivery of dose tailored in real time to the individual patient.

Our five-year research objectives are to create the capabilities necessary to deliver a highly flexible infrastruc-
ture to allow and accelerate fundamental research into the biological and biochemical impact of proton and ion570

beams, and to demonstrate in a preclinical context the capability to deliver particle beam therapy using various
ion species and exploring timing, dose rate, and dose of the delivered dose fractions. This vision requires the
real-time measurement of the dose and its spatial distribution delivered by proton and ion beams. We propose
to do this by developing ion-acoustic methodology.

Knowledge of the position of the Bragg peak in relation to anatomy is essential for the automated delivery575

of PBT to the target tumour and for the sparing of healthy tissue. Furthermore, for preclinical research to
provide the radiobiology knowledge needed to take full advantage of novel acceleration techniques, a system is
needed to measure the distribution of energy deposited in tissue or biological samples on a pulse-by-pulse basis.
Measurement of the deposited dose distribution will be particularly demanding for the low energy (12–15 MeV)
beams employed in preclinical radiobiological research where dose varies rapidly on a scale of 100µm.580

The basis of the proton- and ion-acoustic dose measurement technique is similar to that of the emerging tech-
nique of photoacoustic tomography [? ]. Using the ultrasound waves that are emitted when the deposited energy
creates a temporally and spatially localised temperature and pressure increase, the Bragg peak (and indeed the
whole energy deposition path) can be localised with an accuracy that is submillimetre using clinical ultra-
sound frequencies, or sub-100µm preclinically. The LhARA collaboration plans to develop in-vivo real-time585

4D (space and time) proton-acoustic dose localisation and quantitative mapping, for real-time pulse-to-pulse
adaptive treatment as the beam is moved around and the absorbed dose varies. In our long-term clinical vision,
the ultrasound system used for dose mapping will also employ pre-existing or rapidly developing methods to
create simultaneous co-registered multimodal ultrasound images, track tissue motion and register to planning
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CT or MRI images. This approach is suitable for organs where acoustic access is possible, including breast,590

prostate, liver, pancreas, pelvic, head and neck, etc. It is especially applicable to emerging methods of deliver-
ing radiotherapy such as mini/micro-beam (narrow spatial dose distribution) and ultra-fast (FLASH) irradiation
(short temporal dose deposition) which, in combination with the Bragg-peak energy deposition, generates an
acoustic source that can be localised and quantified using passive ultrasound detection and image reconstruction
methods currently employed in photoacoustic imaging.595

The main challenges that must be overcome to deliver a proton- or ion-acoustic dose mapping system capable
of deployment in the clinic, and our proposed solutions to be developed, are:

• The ion-acoustic signals generated by tissue at existing PBT facilities have thus far been extremely weak,
requiring a great deal of signal averaging and hence very long acquisition times for their detection. To
achieve the maximum acoustic pressure signal, and hence dose sensitivity, an isochoric deposition of600

the PB energy is necessary, which requires a sufficiently short PB pulse duration. Pulse durations of
tens of nanoseconds or less, which have been shown in photoacoustics to result in measurable single-
pulse signals, are not achievable with current PBT facilities. Our ion-acoustic dose mapping approach
will therefore take advantage of the unique features of laser-hybrid accelerator technology, which will
facilitate PBT pulses of 10–40 ns duration. The short bunches delivered by future linac-based PBT605

facilities may also generate acoustic signals of sufficient strength. We also propose that, eventually,
advantage will be taken of massively parallel ultrasound receiver electronics and transducer arrays with
tens of thousands of elements, potentially combined with compressive sensing techniques, to record data
for dose mapping. The trend toward such development is present in the literature across many areas
of medical ultrasound imaging. Uncorrelated noise between array elements will be averaged out, and610

signal enhanced, implicitly in the image reconstruction. Furthermore, techniques described below for
overcoming the bandwidth limitations will enhance the signal-to-noise ratio.

• The frequency content of proton- and ion-acoustic signals varies widely, depending on the spatio-temporal
dose distribution, proton energy and direction of acoustic observation, but we will have strong prior
knowledge. Knowing the expected beam shape and dose deposition, we will use flexible acoustic de-615

tector sub-array configurations and novel acoustic image reconstruction algorithms for dose mapping to
take advantage of the natural variation in the frequency content with emitted wave origin and direction.
We will tune the frequency responses, sizes, and positions relative to the beam, of individual transducer
elements to maximise the overall sensitivity (e.g., the signals from waves emitted in the beam’s radial
direction may, depending on beam energy and microbeam width, be higher in frequency than along the620

beam axis). We will also employ the expected shape of the beam and deposited dose, as a prior in the
image reconstruction algorithm. This will allow a good dose map to be obtained with less (or noisier)
data than would be the case if no knowledge of the initial acoustic pressure distribution existed.

• The ultrasound transducers must permit dose mapping and other imaging without disturbing simultane-
ous irradiation, in the treatment room without an operator to do the scanning. Our long-term solution will625

be a flexible ultrasound detector system, based on inter-communicating subarrays with an organ-specific
array configuration that provides acoustic data for volumetric image reconstruction as well as PBT ac-
cess. For specific organs, aspects of existing technology can be used, such as the ring arrays currently
used for whole-body photoacoustic imaging of mice or for clinical breast imaging. For abdominal and
other organs, novel conformable array configurations will be developed. For preclinical in-vitro radio-630

biological studies, we will mount up to 512 individual detector elements in a custom housing, such as
the surface of a spherical sector (cup). One such 3D array may be used, placed beyond the Bragg peak
and looking along the beam axis towards the PBT source. Acoustic coupling to the biological sample
may be via a self-contained water stand-offoff (see Figure 8). Alternatively, with the specimen in a water
bath, more than one such detector array may be configured flexibly around the beam and sample position635
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Figure 9: Schematic illustrating coupling of the hemispherical cup to a biological sample.

with mechanics to scan the detector and acquire datasets at different locations for coherent combination
in dose-map reconstruction.

• The acoustic properties for which compensation is needed to enable accurately localised and quanti-
tative dose imaging, are patient specific. Speed-of-sound and attenuation imaging are currently being
developed for diagnostic imaging. For organs such as the breast, or in a preclinical context, where the640

target region may be surrounded by an array of acoustic detectors, transmission tomography will be
employed. This takes advantage of the outstanding image quality benefits brought about by employing
full-wavefield reconstruction methods initially developed for seismology. In the longer term for other tar-
get sites, backscatter-based speed of sound and attenuation mapping methods will be employed, where
necessary taking advantage of ultrasound contrast microbubbles as beacon signals, to correct for acoustic645

wave aberrations and attenuation for improving dose map resolution, dose measurement precision and
dose accuracy.

To establish laboratory capability for the development of the ion-acoustic technique, we will purchase a
Verasonics Vantage Research Ultrasound Platform with Aspectus Legion multichannel preamplifiers to operate
with a 512-element array. Personnel from UCL’s Photoacoustic Imaging and Biomedical Ultrasound Groups650

(led by Prof. B. Cox), the Institute of Cancer Research (led by Prof. J. Bamber and Dr. E. Harris), and the
Particle Physics Department at STFC RAL (led by Dr. J. Matheson) will exploit the ultrasound laboratory to
make the preliminary measurements necessary to develop a proof-of-principle ion-acoustic system. This system
will be used to measure the temporal, frequency and spatial characteristics of the ultrasound signals detected
from proton beams of various energies from various sources Should probably be more specific here?. The655

measurements will be compared with predictions from combined Monte Carlo and acoustic wave propagation
simulations, develop dose-map reconstruction algorithms and to demonstrate the feasibility of the technique.
The data thus generated will be used to design and commission the spherical cup array for the preclinical dose
mapping system. The laboratory capability will then be used to develop a complete system that will be used to
measure dose profiles at LhARA, the ITRF and/or at other existing facilities. This will lay the foundation for660

the creation of a transformative technique for measuring the dose profile during in-vitro and in-vivo biological
experiments and, eventually, for the real-time measurement of dose delivered to patients in the PBT clinic.

In the first instance, the preclinical dose mapping facility will be used with LhARA as a research tool to
help us further the understanding of the radiobiology of PBT and how it is influenced by the proton source
parameters. LhARA will have unique pulse parameters and as such will generate unique ion-acoustic signals665

both in terms of frequency bandwidth and the spatial variation of signal emissions with respect to the proton
beam direction.

Details of the workplan are described in Annex A.2.4. In brief, the initial development stages of a real-time
ion-acoustic dosimetry system will characterise the acoustic emission signal and use this to build a specification
for the sensors (transducers) and their configuration to be used with LhARA. From Monte Carlo simulations670

(Imperial) and k-WAVE simulations (UCL), we will have the ability to estimate the acoustic emission from
current proton sources and from the specifications of LhARA as they evolve during its development. Initially
we will require methods to emulate these signals using an optical source (laser), as used in photoacoustic
systems (ICR). We will use multiple distributed sensors, which may be single element or multielement (array),
that can be easily configured into different geometrical arrangements to test the detection of ion-acoustic signals675

and how they are attenuated/reflected by candidate biological samples and their holders. The properties of the
signal detected at different locations with respect to the beam and the spatial resolution of dose will inform
the design of the preclinical ion-acoustic sensor array (the size, frequency response of individual sensors and
their positions relative to the beam), which will be used to map the dose distribution generated by LhARA
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on a pulse-by-pulse basis. It is anticipated that suitable sensors for LhARA will have to be custom made in680

collaboration with a sensor manufacturer for optimal sensitivity to the ion-acoustic signal.
The Verasonics Vantage ultrasound research platform is a fully programmable ultrasound scanner that allows

control over all transmit and receive parameters. It is used world-wide in research labs to develop novel ultra-
sound devices and is already used by ICR, who also have code available to control the system and process the
raw data that it generates. The system offers unique flexibility in that it can be coupled to a range of different685

ultrasound sensors, ranging from passive single ultrasound sensors to commercially available multi-channel
medical ultrasound probes. The radiofrequency data may be processed by a GPU in the host controller, es-
sential for reconstructing the dose distribution. The Aspectus preamplifiers are required to detect and amplify
the weak broadband ion-acoustic emissions, and they are already being used successfully with the Vantage for
photoacoustic imaging. Each Vantage provides simultaneous access to 256 channels. Multiple Vantage systems690

used in combination allow a higher channel count. Given the anticipated small signals we will probably require
at least 256 channels to optimise the ion-acoustic technique. A possible solution is a hemi-spherical cup array,
as used at ICR for preclinical photoacoustic imaging, which comprises 384 sensors. The prototype system
will be easily transported in a car and used at existing proton beam facilities to test the sensors and sensing
configuration.695

In order to understand the requirements for the ion acoustic dose profiling instrumentation, a complete sim-
ulation chain is under development. This uses GEANT4 [ref] code to calculate the interaction of the incident
proton beam with water. The resultant energy deposition in space and time is then used as an input to the
program k-Wave [ref], which models the propagation of acoustic waves and their interaction with suitable ul-
trasonic transducers. The complete simulation will allow the design of transducer arrays which are optimised700

for each particular combination of beam and target characteristics.
The simulation must be verified by and calibrated against measurements. For this verification, a water-filled

phantom, known as the SmartPhantom [ref], is under development, which can be transported to suitable proton
beam facilities for beam tests. The SmartPhantom is based around a commercially available water phantom,
with the addition of an ultrasound transducer array as outlined above. In order to reconstruct the Bragg peak705

of the incident beam by an independent method, the phantom is equipped with several insertable planes, each
equipped with two orthogonal layers of plastic scintillating fibre. Each plane therefore allows measurements
of beam profiles in the horizontal and vertical directions and the arrangement of the planes along the beam
direction allows localisation of the Bragg peak. Light from the scintillating fibres is transported via clear fibres
to photodetectors. The photodetectors will be CMOS cameras in the first instance, although silicon photodiodes710

or photomultipliers might also be used, depending on signal size and the timing resolution required.
In the early part of the program the SmartPhantom will be used to verify the simulations against real mea-

surements at proton beam facilities. As the program evolves, it will be used, along with further simulations, in
the design optimisation of the transducer array for the ion acoustic dose profile measurement.

3.5 Novel, automated end-station development (work Package 5)715

To do:

• Editing pass on instrumentation; need to add objectives or deliverables;

• Add text for consultation and automation;

• Distinguish years 1,2 and 3–5.

LhARA has been conceived to serve a definitive programme of in vitro and in vivo radiation biology. The720

novel accelerator system will deliver a variety of ion species in a range of spatial, temporal, and spectral frac-
tionation schemes. To realise the full potential of the facility requires that the beam delivered to the bioligical
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Figure 10: Conceptual layout of a SciWire plane

samples is fully characterised and that sample through put is maximised in both the in-vitro and in-vivo end
stations through appropriate automation. We therefore propose to:

• Develop a full specification for the in-vitro and in-vivo end stations through a process of peer-group725

consultation;
• Develop the suit of instrumentation and diagnostics required to characterise the beam delivered to the

biological samples; and
• Develop fully automated cell-culture handling systems for the in-vitro end stations and appropriately

automated systems for the in-vivo end station.730

3.5.1 Beam-line instrumentation

Characterisation of beam emerging from the vacuum chamber:
SciWire is one proposed instrument and is intended to measure the beam profile in two orthogonal directions,
as the beam enters the end stations. SciWire consists of planes, made up of 250 micron plastic scintillating
fibres. The conceptual layout of a SciWire plane is shown in figure 10. The scintillation light is transported735

to suitable photodetectors via lengths of clear fibre. Currently, the use of CMOS cameras to detect the light
is under investigation, along with photodiodes and fast amplifiers, for higher speed. The beam profile can be
reconstructed from two planes with fibres laid in orthogonal directions, whilst it may be possible to derive the
beam energy from the energy loss in consecutive layers. Multiple consecutive layers could provide a destructive
measurement of beam energy, for calibration purposes.740

Simulations have been carried out of a single plane on the low energy LhARA beam, using GEANT4, which
show that the device does not degrade the beam, despite the low energy, figure 11. Further simulations are
planned and a prototype will be built for test beam work. The SciWire development may exploit synergies with
the SmartPhantom ??CrossRef??, as both make use of scintillating fibre detection.
Emittance measurement of beam delivered to the end station:745

The QUASAR Group is a recognised leader in the use of gas jet technology for characterising charged particle
beams CITE . The Group has pushed this technology for more than a decade and already optimised it for use
with low energy electrons and antiprotons, as well as for the high luminosity upgrade of the Large Hadron
Collider (LHC) at CERN CITE. They will now apply their expert knowledge to design a monitor specifically
for the challenges found in LhARA.750
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Figure 11: Conceptual layout of a SciWire plane

A schematic of the monitor is presented in figure 12 (left). This system has been tested extensively with a
10 mA, 10 keV electron beam and 3 different working gases: nitrogen, neon and argon. Example results from
measurements are shown in figure 12 (right). The monitor is based on fluorescence detection induced in a
supersonic gas jet interacting with the ionising primary beam that shall be characterised. One of the advan-
tages of this monitor type is that its characteristics can be tuned according to the requirements of a particular755

application, including intensity profiling the energetic particles used in a particle beam therapy machine.

The monitor works by generating a supersonic low-density gas jet curtain using a bespoke nozzle-skimmer
arrangement, see figure 12 (left) where the beam is travelling into the page. The gas jet crosses the particle beam
perpendicularly to the direction of travel of the particle beam and excites the gas molecules. This excitation
takes the form of fluorescence, where the light produced can be imaged, or ionisation, where the ions produced760

can be collected and imaged to generate the beam profile. Both methods have been successfully used by
the QUASAR Group for different applications in the past, each having operational challenges and benefits.
Identification of the specific mode of operation and an overall optimised design for integration in LhARA will
be a deliverable of this project. This monitor will then be used to characterise the beam in a non-invasive way
in terms of its position, profile and intensity as well as providing a real time two-dimensional dose map. The765

monitor will thus be capable of running alongside patient treatment without interfering with the beam. Stability
and reproducibility of results will be tested for different working gases. Simulation studies will underpin the
experimental campaigns and help to optimise the overall performance of the monitor. The project will capitalise
on the existing infrastructure at the Cockcroft Institute which leads to very significant cost reduction.

Studies already conducted:770

The Group has carried out extensive studies into gas jet-based monitors for more than a decade and has already
developed a first design for a monitor optimised for medical accelerators CITE, shown in figure 13. It has
also contributed to studies into the technical challenges for proton beam treatment and in particular new high
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Figure 12: Left – schematic of a gas jet profiler. Right – image of electron beam and three different gases.

dose treatment modalities such as FLASH. This work has demonstrated the unique characteristics and indicated
opportunities for simplifying the monitor design for easy integration into a medical accelerator.775

The Group has already modified one existing gas jet monitor for measurements at medical accelerators.
Figure 14 (left) shows a photo of the original setup at the CI’s DITAlab, figure 14 (right) shows a simplified
setup optimised for measurements with beam in proton and ion beam therapy centres and this will form the
basis of this project.
Novelty and expected improvement over current technologies780

Current techniques for dosimetry either provide limited information (one-dimensional dose profile or only total
dose value), or are invasive to the treatment beam such as ionisation chambers (ICs) CITE, which can disturb
the intended dose profile, require daily calibration, provide low spatial resolution (few mm’s, depending upon
spacing between electrodes) and suffer from slow response time. A complete knowledge of the beam properties
delivered to a patient is essential, so calibration measurements are taken at regular intervals. However, currently785

there is no method to monitor the beam parameters to a high 2D fidelity during treatment without disturbing the
beam. ICs and Faraday cups also require regular maintenance which includes replacing components, followed
by calibration to verify their performance, making it time consuming. This is further complicated through the
particular pulse structure found at LhARA and the high time resolution required.

Within the project a new online, non-invasive beam monitor that can provide real time beam characterisation790

and dosimetry with good spatial resolution, requiring no regular maintenance will be developed. The monitor
will not affect the particle beam properties, thus allowing measurement of dose and profile to be taken whilst
the patient is being treated and giving clinicians a detailed view of the 2D dose map delivered to the patient.

3.6 Facility design and integration (Work Package 6)

The LhARA accelerator system is capable of integrating the laser driven ion source with conventional acceler-795

ator systems. This provides a unique capability to perform a broad range of radiobiological experiments with
multiple ion species, utilising a flexible dose profile delivery ranging from conventional hadron therapy facili-
ties to the FLASH regime, and exploring novel ideas like microbeams. These ambitious goals can be achieved
thanks to advances in development of laser driven source and by developing an innovative capture system utilis-
ing Gabor lenses. Gabor lenses allow for a strong focusing simultaneously in both transverse planes necessary800

to efficiently capture the divergent beam emitted from the laser driven source, while simultaneously being cost
efficient and flexible in operation, in particular capable for high repetition rate with fast tunability. Once the
successful capture system delivers beam with reduced divergence and moderate size a conventional focusing
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Figure 13: Conceptual compact design of optimised monitor.

Figure 14: (Left) Existing gas jet system at CI. (Right) Preliminary monitor design for JetDose.
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and guiding system can be used, which allows for easy beam matching to the needs of the experiments with
respect to the beam size, distribution, etc., and easy and flexible operation.805

LhARA aims to deliver the beam to in-vitro station at the Phase I, and in-vitro and in-vivo end stations at
the Phase II for broad spectrum of radiobiological experiments with multiple ion species and variety of dose
profiles. Although the design of the Gabor lenses is the subject of WP3, this work package - WP6 will develop
the mitigation strategy by designing an alternative capture system based on solenoid technology. Although
solenoids can fully replace Gabor lenses in the LhARA case, it is foreseen that in its future upgrades aiming at810

therapy applications the Gabor lenses will be highly beneficial.

A significant design effort for the LhARA facility was already been performed, reviewed, obtained a very
positive outcome and published in a pre-CDR report [1, 2]. Nevertheless, a significant amount of work remains
to be addressed before the construction of the facility can begin. The first objective (O1 and the associated
deliverable D1) of the WP6 in the first two years of the project will be the research towards publishing the815

Conceptual Design Report (CDR) for the LhARA facility. The lattice design will be further optimised using the
updated input from the laser driven source and incorporating new input on the design of the Gabor lenses. The
tracking studies incorporating errors will inform the performance of the facility and will dictate the distribution
of the correctors. The beam diagnostics along the LhARA beamline, necessary to operate the machine, will
be identified including the diagnostics in the FFA post-accelerator. The tracking studies will be also essential820

to optimise the vacuum chamber parameters, knowledge of which will allow the design the vacuum system
for the facility. The radiation protection and shielding requirements will also be studied with initial research
starting early for the needs of the CDR document, but will be scaled up significantly in the later stage of the
project by subcontracting this topic to a professional company. This study will be necessary to inform the
design of the building for the LhARA facility and inform the cost estimate. Mechanical design including the825

support for accelerator elements, in particular for the vertical arcs for in-vitro stations will be also addressed.
The challenging novel FFA-element for the Phase II FFA ring post-accelerator allowing for the variable energy
extraction will be designed together with the Magnetic Alloy (MA) RF cavity for acceleration of various type
of ions in the ring. The design of the control system will be drawn up and the safety systems for the facility
will be specified. RF system requirements, power consumption, etc. will be estimated for the CDR report.830

The next goal of the WP6 will be the Technical Design Report (TDR) for the Phase I of LhARA (O2 and
the associated deliverable D2), aimed to be submitted at the end of the third year of the project. All the design
for the Phase I will need to be updated to contain the necessary details to be ready to start manufacturing.
The design of the focusing and bending elements, vacuum chambers, collimation and diagnostic systems will
be finalised and the CAD drawings will be generated. The control system will be fully developed together835

with the personnel safety systems. RF system will be defined and the technical services including the cooling
system, ventilation and air conditioning will be fully designed. The radiation protection and shielding solutions
for the Phase I will be also fully addressed together with the beam dump. The cable management methodology
for the Phase I will be fully developed.

Next, the design of the FFA main magnet for the Phase II will be finalised and the prototype construction will840

be subcontracted to industry for detailed design and manufacturing. After the construction of the prototype,
magnetic measurements will be performed and the tracking studies will be used to validate the design. This is
the subject of the next objective (O3 and the associated deliverable D3), which is aimed to be finalised towards
the end of the project (after 58 months). On the same timescale the Magnetic Alloy (MA) RF cavity system will
be finalised including the construction of the prototype, which will be tested experimentally and fully validated845

in different modes of operation required for various types of ion species informing the next objective (O4 and
the associated deliverable D4).

The final objective of the WP6 work will be the delivery of the TDR for the Phase II of LhARA facility at
the end of year five (O5 and the associated deliverable D5). The design of the focusing and bending elements,
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including the injection line and high energy beam transport line, injection and extraction systems (kickers850

and septa), vacuum chamber for the FFA ring and for the transport lines, collimation and diagnostic systems,
including the dedicated diagnostics for the ring, will be finalised and the CAD drawings will be generated.
The control system will be further developed incorporating the requirements of the Phase II together with the
personnel safety system. RF system for the Phase II will be defined and the technical services including the
cooling system, ventilation and air conditioning will be fully extended to incorporate the needs of the Phase855

II. The radiation protection and shielding solutions for the Phase II will be also fully addressed together with
the beam dump after the extraction from the FFA. The building design for the entire LhARA facility will be
finalised incorporating the input from the radiation study and including solutions allowing for flexible opera-
tion of both LhARA phases, providing the space for all end-stations and associated space for radiobiological
experimentation. The building design, technology solutions and construction methodology will also address860

the environmental sustainability solutions to save energy and minimise carbon footprint. The technical rooms
and cable management system will be expanded and extended to incorporate the Phase II systems.

The work will be carried out by personnel from Universities by academics and Research Assistants (RA)s,
and STFC by engineers and experts, mainly from the Daresbury Laboratory (DL).

4 Summary865
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A Annex: LhARA preliminary, pre-construction phase project specification1170

A.1 Introduction

The sections which follow define the 5-year programme necessary to deliver the Preliminary and Pre-construction
Phases of the LhARA project to serve the Ion Therapy Research Facility. The principal deliverables are:

1. Conceptual Design Report (CDR) for the facility at the end of the year 2.

2. Technical Design Report (TDR1) for Stage 1, which will provide proton beams with kinetic energy1175

between 12 MeV and 15 Mev to the low energy in-vitro end station, at the end of year 3.

3. Technical Design Report (TFD2) for Stage 2, which will provide proton and ion beams to the high energy
in-vitro and the in-vivo end station at the end of year 5.

The preparation of the CDR and both Technical Design Reports will be supported by the R&D programme
defined through the work-package definitions which follow and which are summarised in section A.8.3. The1180

overarching goal for the programme defined here is to prepare for the start of the LhARA construction phase
by the end of year 5.

The LhARA project is divided into six work packages each managed by a team of 2 or 3 technical experts.
The Work Packages are

• WP1: Project management.1185

• WP2: Laser-driven proton and ion source.

• WP3: Proton and ion capture.

• WP4: Ion-acoustic dose mapping.

• WP5: Novel beam-line instrumentation and end-station development.

• WP6: Design and integration.1190

The costing presented below has been obtained on the following basis:

• The capital and staff costs have been estimated in calendar year 2021. Following STFC guidelines, an
annual inflation rate of 2.5% for equipment and of 3.5% on staff costs has been assumed. The collabo-
ration recognises that the JeS submissions from each of the institutes will need to be submitted against
the usual STFC and institutional rules. The staff estimates presented in the tables that follow, therefore,1195

should be regarded as planning estimates.

• For STFC staff, band-average annual costs have been used. For Universities, the 2021 fEC for the staff
member in question has been used. A unique identifier is used instead of staff names in order to preserve
anonymity. A confidential staff database is being maintained to establish the correspondence between
individuals and the unique identifiers.1200

• VAT (at the rate of 20%) is included in all equipment costs by work package; the total cost of VAT is
summarised by work package.

• A working margin of 10% and a contingency of 20% has been added to the capital costs as well as the
staff costs. The collaboration recognises that the management of working margin and contingency needs
to be agreed with the STFC at the start of the project. Since the project is in its formative stage, the1205

costing for each work package contains a line where resources for particular contingencies are listed
explicitly. The risk analysis includes the cost of mitigation for risks that can not be addressed through
the working margin and contingency.

Each work package is organised in a number of “tasks”. For each work package, the principle objectives of
each work package and each task are summarised in the commentary that precedes the resource request.1210
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A.2 Work package details

A.2.1 Work package 1: Project management

Objectives

The Preliminary and Pre-Construction phases of the LhARA Programme will be carried out in the context of the
Ion Therapy Research Facility (ITRF) development. A pre-CDR [1], published in Frontiers of Physics [2] for1215

LhARA was prepared using resources provided by an STFC Future Opportunities 2019 award. The pre-CDR
identified the key technical risks that needed to be addressed:

• Validation of the simulated laser-generated proton and ion fluxes in test measurements using a represen-
tative laser source;

• Validation of the simulated properties of the confined electron gas that is the basis of the Gabor lens and1220

the design and construction of a second prototype;
• Development of real-time, non-destructive dose-profile measurement system based on the acoustic sig-

nals generated by the almost rapid deposition of energy in the Bragg peak; and
• Development of fully automated in-vitro end station, its instrumentation, and the necessary ion-beam

diagnostics.1225

The LhARA collaboration began to develop the risk management programme by which to address these issues
as soon as the pre-CDR was complete. The next steps in this risk management programme forms the basis of
work packages 2 to 5. The risk-management programme was developed within the framework of an ongoing
“Design and integration” activity. The ongoing programme of design and integration work for the Preliminary
and Pre construction phases is defined in the description of work package 6 below.1230

This work package, “Work package 1: Project management”, identifies the resources required to manage
the LhARA programme in the Preliminary and Pre-construction phases. Resources are requested to support
the Programme Spokes-people and Programme Managers in the execution of the programme. Together the
programme-management team has responsibility for:

• Programme management and planning and the development of the LhARA project;1235

• Reporting to STFC and other funders and stakeholders, including financial reporting and interfacing with
oversight bodies;

• Risk management, tracking, and escalation as appropriate;
• The oversight of the maintenance of appropriate technical and scientific documentation, drawing reposi-

tories, and technical specifications;1240

• Stakeholder engagement; and
• Patient and Public engagement.

The Stakeholder Engagement plan described in section A.7 is an important part of the Preliminary and Pre-
construction activities. Modest resources for travel and engagement activities are included in table 2 to ensure
the success of this activity.1245

Task objectives and deliverables

The work of the Project Management Team will be organised through the following tasks:
• The development and continuous monitoring of the programme schedule and cost. The evaluation of

delivery of the programme through active monitoring of the execution the LhARA programme against
milestones and agreed cost profile;1250
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• The organisation and delivery of reports and presentations required for effective STFC and stakeholder
oversight;

• The tracking of progress and risk by work package, managing effort through monthly progress meetings
with each work package management team;

• The organisation of collaboration meetings on a 4 to 6 monthly schedule to provide cross-collaboration1255

visibility and coordination;
• The organisation of regular stakeholder meetings by which to maintain currency with latest the results

in relevant radiobiological and medical fields; to communicate the current status and important develop-
ments in the LhARA programme to future user; and to solicit stakeholder feedback on the programme;
and1260

• The recruitment of appropriate patient representatives to advise as the LhARA programme, its specifica-
tion, and potential treatment regimens evolve.

Resources requested

LhARA is a complex project composed of several interacting work packages the coordination of which will
require considerable management effort. Resources are requested to support the LhARA spokespeople and1265

full time programme managers. STFC financial staff assistance at 0.2FTE is requested to support the project
management team. Funds are requested to support travel and subsistence costs for two patient representatives.
Resources to support STFC Oversight Committee activities also been identified.

Travel and subsistence are requested to allow three collaboration meetings to be held per year. The collab-
oration meetings have been and will continue to be important to drive the programme forward and monitor1270

progress. Project office consumables are requested, this resource will cover incidental expenses for the project
office, both Spokespersons and the WP1 work package managers. A modest travel budget is requested; with
work packages managed in 4 different cities, and experimental projects planned in all of these locations as
well as at the national laboratories and elsewhere it is important that the programme spokespersons and the
programme managers have the resources to make visits as required. Travel should also be expected for Stake-1275

holder and patient-engagement meetings. This request has been increased as the programme enters years 4 and
5 to reflect the increased workload as the programme moves towards completion of the pre-construction phase.
A a modest annual budget is requested for public engagement and outreach.

Gantt chart and principle milestones

Risk register1280

The principal technical risks in the LhARA project relate to the components that enable the facility’s unique
performance characteristics: the laser particle source in combination with the ion capture system. These risks
are managed through rigorous theoretical analysis and simulation coupled with an extensive experimental in-
vestigation led by an expert teams (work packages 2 and 3). The unique LhARA beam properties lead to a
unique set of challenges in the ion acoustic dose mapping project (work package 4). Simulation software is1285

capable of addressing the issues raised and guiding the purchase of suitable hardware. LhARA has access to
the principal authors of that software. Project management risks post mitigation are dominated by those occa-
sioned by funding and staff retention. LhARA has adopted a system where each work package has co-leads,
mitigating this risk.

An extract of the LhARA Top Level risk register is shown in table 2.1290

34



Table 1: LhARA WP1 costingProject management
Work package number 1

PROJECT: LhARA Cost Profile
Issue Date: 01/11/2021

Manager: J. Parsons & C. Whyte
Start Date: 2022
End Date: 2027

Staff 2022/23 2023/24 2024/25 2025/26 2026/27
Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k

Project office support
Imperial Physics

IC-Phys-Support-1 1 100.00 1 100.00 1 100.00 1 100.00 1 100.00 5 500.00
Strathclyde Physics

Strathclyde-Phys-Stf-1 1 100.00 1 100.00 1 100.00 1 100.00 1 100.00 5 500.00
STFC-PPD

STFC-Finance-Support 0.2 20.00 0.2 20.00 0.2 20.00 0.2 20.00 0.2 20.00 1 100.00
Cost of risk mitigation, staff (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Staff total: 2.2 220.00 2.2 220.00 2.2 220.00 2.2 220.00 2.2 220.00 11 1100.00
Non-staff £k £k £k £k £k £k

Project office support
Collaboration meetings - 3 per year 15.00 15.00 15.00 15.00 15.00 75.00
Equipment total: 15.00 15.00 15.00 15.00 15.00 75.00
Inflation (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
PPI, engagement, and outreach 10.00 10.00 10.00 10.00 10.00 50.00
Patient representative and other seconded advisor expenses 6.00 6.00 6.00 6.00 6.00 30.00
Review-committee expenses 5.00 5.00 5.00 5.00 5.00 25.00
Consumables 10.00 10.00 10.00 10.00 10.00 50.00
Travel 15.00 15.00 15.00 20.00 20.00 85.00
Cost of risk mitigation, equipment (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Working margin: 23.50 23.50 23.50 23.50 23.50 117.50
Contingency, equipment: 3.00 3.00 3.00 3.00 3.00 15.00
Contingency, CG staff: 0.00 0.00 0.00 0.00 0.00 330.00
Contingency, all staff: 66.00 66.00 66.00 66.00 66.00 0.00

Total: 373.50 373.50 373.50 378.50 378.50 1877.50

Total

Table 2: LhARA Top level risk register showing only risks scoring 5 or more post mitigation
,

Number Name Description Likelihood Impact Score Mitigation
Mitigated 
Likelihood

Mitigated 
Impact

Mitigated 
score

Comments
Significant 

Dates
Retirement 

date

1
Stakeholder 
engagement

Insufficient stakeholder engagement leading 
to a deterioration in relationships that impact 
on the project success.

3 5 15
Develop a multidiscipline stakeholder engagement plan for the 
project. Include relevant radiobiology, medical and patient 
representation in core project management 

3 3 9

3
Performance 
specification 
parameters

Inadequate ion beam parameters 
specification to meet the Physics and 
Biolology requirements for the facility.

3 5 15
The project consortium consists of all the multidiscipline experts to 
understand the required parameters.

2 4 8

5 Resources 
Insufficient resources secured to deliver the 
project aims, project scope, quality or 
specifications to the required timescale.

5 4 20

Request adequate resources based on experience of delivering 
similar multidiciple facilities with comparable technical complexity, 
address key callenges in the  Conceptual Design Report (CDR) to 
those identified in the pre - CDR phase.

4 4 16

9
Key specialist 
staff

Availability of  key specialist staff critical to 
delivering the project.

4 5 20
Identify potential single point failure risks, apply cover and 
succession planning where appropriate. 

2 5 10

10
Safety, Health 
& Enviroment

SHE related issues arising during the project. 3 5 15

Construct facility at appropriately resourced site, enforce 
comprehensive SHE policy to STFC standards or better. Establish 
and communicate codes of practice. Procure appropriately 
experienced staff in Radiation Test Facility management, skills to  
include risk assessment, method statements, permit to work 
systems and RTF operational systems and methodology.

1 5 5

14
Particle source 

and capture

Integration of source and Lens requires 
compromises which impact on final 

performance
3 5 15 Early and continuing engagement with WPM teams for WP2&3 2 4 8

15 Dose
Photo-acoustic signal cannot provide required 

fidelity 
2 5 10

Use expertise in modelling of interaction to guide optimisation of 
detection hardware frequencies. Exploit options offered by parallel 

arrays of detectors.
2 4 8
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A.2.2 Work package 2: Laser-driven proton and ion source

Objectives

The overarching objective for Work package 2 is to deliver a design for a stable laser-driven high-flux proton
and ion source capable operating at 10 Hz together with the instrumentation necessary for its characterisation.
The source will be optimised to maximise coupling efficiency with the capture system designed in WP3. To1295

achieve the overarching goal, the work has been divided into two principal themes:

1. Source demonstration and characterisation with existing technology; and

2. Development of underpinning technology towards stable and sustainable 10 Hz operation.

The work within the two themes will be carried out through 6 distinct tasks, each designed to deliver a particular
objective (objectives O1–O6, defined below).1300

Six UK groups (STFC CLF, Imperial, Lancaster, Queen’s, and Strathclyde, & STFC Scientific Computing
Department) and one overseas group (Stanford/SLAC) will contribute to the work. The links between these
groups are shown in figure 15. The “Work package 2 consortium” includes the principal UK University groups
with expertise in the experimental and numerical development of laser driven proton and ion sources. These
University groups have forged a collaboration with the STFC Central Laser Facility (CLF) and brought in1305

key expertise from SLAC to achieve Work-package objectives. Tests will be carried out as appropriate at the
facilities listed in table 3.WP2 involves collaboration between major UK laser ion source groups

Lancaster Imperial Strathclyde

� 2D/3D PIC Simulations 
� Hydrodynamic modelling

� LhARA baseline high power 
laser experiments via SCAPA

� Diagnostics & active feedback

� High repetition rate ion 
generation on Zhi/Cerberus 

� Diagnostics & active feedback

CLF (STFC)

Scientific Computing (STFC)

Dr. Rajeev Pattahill
� Machine Learning/Active Feedback

� High-rep diagnostic techniques

Stanford/SLAC

Dr. Siegfried Glenzer

CLF/Scitech Precision Ltd.

Christopher Spindloe

High repetition rate targetry/ Water sheet

Queen's

� Development of high 
rep rate targetry

Figure 15: Principal contributors to the execution of work package 2 and the relationships between them.

Task objectives and deliverables

The objectives are defined for each of the two themes are defined below.
1310

Theme 1: Source demonstration & characterisation with established technology
O1: Perform Full 3D PIC +hydro baseline simulations using optimised LhARA baseline conditions:
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Table 3: Facilities at which test experiments will be carried out in the execution of work package 2.
MS1 (Baseline sims ʹ Lanc)

MS2 (Diagnostic package ʹ
Strath-SCAPA/ICL-Zhi)

MS3 (Baseline SCAPA expt @ 1 Hz 
& PIC benchmarking ʹ Strath-
SCAPA/Lanc)

MS4 (advanced targetry/stabilization/debris study 
@ 10 Hz ʹ ICL-Zhi/ICL-Cerberus/QUB/Lanc)

2022/23 2023/24 2024/25 2025/26 2026/27

MS5 (Complete design source, 
integrate with capture ʹ Strath-
SCAPA/ICL-Zhi/ICL-Cerberus/Lanc)

MS6 (Repetitive operation @ 
5 Hz and full spec ʹ Strath-
SCAPA/all)

Facility SCAPA 
(Strath)

Zhi 
(ICL)

Cerberus 
(ICL)

Max. laser 
energy (J)

10 0.2 0.1 / 20

Pulse 
length (fs)

30 40 450

Rep. rate 
(Hz)

5 >10 10 / .001

Est. H+ 
energies 
(MeV)

> 15 > 2 > 1 / > 10

Associated 
MS

2, 3, 5, 6 2, 4, 5 4, 5

Experimental facilities:

1. Programme of hydrodynamics and particle in cell simulations in 2D and 3D to identify key laser
plasma requirements to generate 15 MeV protons;

2. Conduct an extended programme of simulations to optimise conditions for ion production.1315

O2: Deliver a diagnostic platform for proton and heavy ion beam characterisation:
1. Design and test 10 Hz ion diagnostics packages:

• Thomson parabola spectrometer with appropriate spectral resolution/time-of-flight spectroscopy
system;

• Proton and ion sensitive 2D scintillator imager diagnostic.1320

2. Implement a comprehensive laser diagnostics package at 10 Hz to monitor drive fluctuations and its
impact on ion source stability.

O3: Perform baseline experiment for proton and carbon beams at 1 Hz using optimised conditions on SCAPA
laser;
1. Produce and measure proton and carbon beams on SCAPA at 1 Hz using PIC defined optimal condi-1325

tions;
2. Use results to benchmark PIC simulation output to help define future design concepts.

Theme 2: Development of Underpinning Beamline Technology
O4: Complete conceptual design of sustainable repetitive target system:

1. Perform feasibility study of advanced targetry concepts (e.g. thin liquid sheet) by deployment on1330

high repetition laser system and PIC modelling;
2. Experimental measurements of debris and activation and application of mitigation strategies at 10 Hz;
3. Development of active stabilisation techniques of laser, target and ultimately ion source properties at

10 Hz.

O5: Completed conceptual design of integrated ion source system:1335

1. Complete design and testing of a combined laser and source diagnostic platform including active
feedback for source stabilisation at 1 Hz for 15 MeV protons and 10 Hz at 1 MeV protons;
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Table 4: Resources required to execute work package 2.

Laser-driven proton and ion source
Work package number 2

PROJECT: LhARA Cost Profile
Issue Date: 01/11/2021

Manager: E. Boella, N. Dover, R. Gray
Start Date: 2022
End Date: 2027

Staff 2022/23 2023/24 2024/25 2025/26 2026/27
Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k

Task 1
Strathclyde Physics

Strathclyde-Phys-PDRA-1 1 100.00 1 100.00 1 100.00 1 100.00 1 100.00 5 500.00
Strathclyde-Phys-RF-Eng-1 0.5 50.00 0.5 50.00 0.5 50.00 0.5 50.00 0.5 50.00 2.5 250.00

Strathclyde-Phys-Tech-1 0.1 10.00 0.1 10.00 0.1 10.00 0.1 10.00 0.1 10.00 0.5 50.00
Strathclyde-Phys-PG-1 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00

Imperial Physics
IC-Phys-PDRA-1 1 100.00 1 100.00 1 100.00 1 100.00 1 100.00 5 500.00

IC-Phys-RF-Eng-1 0.5 50.00 0.5 50.00 0.5 50.00 0.5 50.00 0.5 50.00 2.5 250.00
IC-Phys-Tech-1 0.1 10.00 0.1 10.00 0.1 10.00 0.1 10.00 0.1 10.00 0.5 50.00

IC-Phys-PG-1 0.25 25.00 0.25 25.00 0.25 25.00 0.25 25.00 0.25 25.00 1.25 125.00
Lancaster

Lanc-Phys-Stf-1 0.25 25.00 0.25 25.00 0.25 25.00 0.25 25.00 0.25 25.00 1.25 125.00
Lanc-Phys-PDRA-1 1 100.00 1 100.00 1 100.00 1 100.00 1 100.00 5 500.00

Lanc-Phys-PG-1 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00
Queens

Qns-Phys-Stf-1 0.05 5.00 0.05 5.00 0.05 5.00 0.05 5.00 0.05 5.00 0.25 25.00
Qns-Phys-PG-1 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00

Cost of risk mitigation, staff (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Staff total: 4.75 475.00 4.75 475.00 4.75 475.00 4.75 475.00 4.75 475.00 23.75 2375.00
Non-staff £k £k £k £k £k £k

Task 1
F/4 Parabola 40.00 0.00 0.00 0.00 0.00 40.00
Storage/ Analysis Cluster 30.00 0.00 0.00 0.00 0.00 30.00
Custom Ion TOF spectrometer 20.00 0.00 0.00 0.00 0.00 20.00
Custom Ion TP spectrometer 50.00 0.00 0.00 0.00 0.00 50.00
Custom Proton/Ion imager 30.00 0.00 0.00 0.00 0.00 30.00
Laser  Diagnostic Platform 150.00 0.00 0.00 0.00 0.00 150.00
Advaced Target Characterisation 50.00 0.00 0.00 0.00 0.00 50.00
Advaced Target Platform 100.00 0.00 0.00 0.00 0.00 100.00
Equipment total: 470.00 0.00 0.00 0.00 0.00 470.00
Inflation (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
SCAPA Access 40.00 80.00 120.00 120.00 120.00 480.00
Imperial Access 40.00 40.00 30.00 20.00 20.00 150.00
Birmingham Accelerator 2.00 2.00 2.00 2.00 2.00 10.00
Simulation/HPC time 20.00 20.00 20.00 20.00 20.00 100.00
Consumables 20.00 20.00 20.00 20.00 20.00 100.00
Travel 20.00 20.00 20.00 20.00 20.00 100.00
Cost of risk mitigation, equipment (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Working margin: 94.50 47.50 47.50 47.50 47.50 284.50
Contingency, equipment: 94.00 0.00 0.00 0.00 0.00 94.00
Contingency, CG staff: 0.00 0.00 0.00 0.00 0.00 712.50
Contingency, all staff: 142.50 142.50 142.50 142.50 142.50 0.00

Total: 1418.00 847.00 877.00 867.00 867.00 4876.00

Total

2. PIC simulation driven ML optimisation/stabilisation studies targeting high repetition rate and long
run time

3. Complete design and testing of source with integrated capture capability at 1 Hz.1340

O6: Demonstration of full specification continuous operation of ion source:

1. Demonstrate stable source at 5 Hz (and 10 Hz capable) within beam capture specifications and sus-
tainable debris/activation rates in burst mode over 10 minutes and in continuous mode for 1 hour;

2. Produce a final concept design/cost/setup including targets, laser, diagnostics etc.

Resources requested1345

The resources required to execute work package 2 are summarised in table 4. The costs are broken down as
follows.

Directly Incurred Staffing:
• Management and supervision for the research will be provided by academics at Queen’s University1350

Belfast and Lancaster University and research fellows at Imperial College London and University of
Strathclyde.
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• One PDRA and PhD student at Lancaster University will be dedicated to the required numerical mod-
elling. One PDRA and PhD student and part-funded technician at Strathclyde will focus on implementa-
tion of LhARA equivalent laser driven ion source experiments on the SCAPA laser system.1355

• A PhD student at Queen’s and a PhD student, PDRA and part-funded technician at Imperial will focus
on the investigation of high repetition rate techniques and advanced targetry using the Zhi and Cerberus
high power laser facilities at Imperial.

Equipment:1360

• An off-axis parabolic mirror for use on SCAPA (£40k) which will be suitable for long term high-
repetition use.

• Comprehensive laser diagnostic suites for both SCAPA, Zhi and Cerberus laser systems, essential for
active source stabilisation (total £150k).

• A targetry characterisation system for existing tape target systems to enable high-repetition rate opera-1365

tions (£50k)

• A water sheet target amenable to sustainable high-repetition rate operation (£100k).

• A diagnostic system for measuring the ion beams generated from the laser source, including a time-of-
flight spectroscopy system (£20k), a Thomson Parabola Spectrometer suitable for measuring different
ion species (£50k), and a spatial beam imaging system (£30k).1370

• High volume, rapid access data acquisition and storage systems at Strathclyde and Imperial (total £30k).

Facilities Usage:
• 24 weeks SCAPA access (£20k p/w) spread over 5 years (total £480k) to complete major experimental

testing working in O3, O5 and O6.1375

• 75 weeks between the Zhi and Cerberus lasers at Imperial (£2k p/w) (total £150k) to complete experi-
mental work in O4.

• Calibration activities at Birmingham cyclotron (10 days, £1k per diem) to support design and develop-
ment work in O2.

1380

Consumable items:
• (£50k p/y) include single-use detectors, filters, optics and optomechanics and targets (total £250k).

Travel:
• Travel funding (£20k p/y) is requested to facilitate travel to experiments, including inviting our collab-1385

orators at SLAC National Laboratory to attend experiments at Strathclyde/Imperial, as well as travel to
relevant domestic and international conferences for staff funded by the grant.

Cost of risk mitigation:
• Resource estimates for the cost of mitigating risks included over the course of the project have been made1390

including risks associated with lack of access to simulation resources and laser facilities (total £160k).

Gantt chart and principle milestones

The planned schedule for work package 2 is given in the Gantt chart in figure 16.
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MS1 (Baseline sims ʹ Lanc)

MS2 (Diagnostic package ʹ
Strath-SCAPA/ICL-Zhi)

MS3 (Baseline SCAPA expt @ 1 Hz 
& PIC benchmarking ʹ Strath-
SCAPA/Lanc)

MS4 (advanced targetry/stabilization/debris study 
@ 10 Hz ʹ ICL-Zhi/ICL-Cerberus/QUB/Lanc)

2022/23 2023/24 2024/25 2025/26 2026/27

MS5 (Complete design source, 
integrate with capture ʹ Strath-
SCAPA/ICL-Zhi/ICL-Cerberus/Lanc)

MS6 (Repetitive operation @ 
5 Hz and full spec ʹ Strath-
SCAPA/all)

Facility SCAPA 
(Strath)

Zhi 
(ICL)

Cerberus 
(ICL)

Max. laser 
energy (J)

10 0.2 0.1 / 20

Pulse 
length (fs)

30 40 450

Rep. rate 
(Hz)

5 >10 10 / .001

Est. H+ 
energies 
(MeV)

> 15 > 2 > 1 / > 10

Associated 
MS

2, 3, 5, 6 2, 4, 5 4, 5

Experimental facilities:

Figure 16: (Placeholder) Gantt chart for WP2

Risk register

The risks associated with work package 2 have been carefully evaluated and mitigation strategies developed, as1395

shown in table 5. The risks are related to three overall issues: access to laser test sources HPC resources, the
ability to deliver the required ion flux, and the ability to provide an ion-source design that meets the LhARA
requirements.

An inability to secure laser beamtime or technical issues with the laser during beamtime would significantly
hamper progress on the technical demonstrations of objectives 2-6. To mitigate these risks, resources have1400

been included to pay access fees by which to purchase beam time directly. We have also developed a work
programme including three different laser facilities (SCAPA, Zhi, Cerberus). Although each facility provides
different beam parameters, many of the objectives can be achieved at multiple facilities, providing redundancy
in case of laser failure. Additional risk comes from lack of high performance computing access for numerical
simulations, and we have mitigated this by including the resources required to pay for access.1405

The second main area of risk involves the source output. In order to supply the downstream beamline the
laser driven source needs to deliver the beam energy and proton and ion flux into the required solid angle.
Numerical simulations indicate this is possible using the laser specification given in the pre-conceptual design
report [1, 2]. There is a risk that the actual experimental performance is not as good as predicted by simulations
and therefore we will test this at the earliest opportunity using the SCAPA laser system. This will provide1410

time to adjust the laser conditions, test experimentally the required laser specifications for the LhARA design
and, if needed, investigate techniques to maximise the particle flux in the required energy band. There is also
significant risk that the stability of the source is not sufficient for the desired LhARA applications. This is
linked to the stability of the drive laser and targetry system. The focus will therefore be on the development of
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Number Name Description Likelihood Impact Score mitigation Mitigated Impact Mitigated score

1 PM - Unable to secure laser beamtime SCAPA schedule does not allow for beamtime access 2 4 8
Pay for beamtime access/ Perform 
scaled experiments at other laser 

systems (e.g. Imperial)
3 6

2
Laser - Technical issues with laser prevent 

access 
SCAPA/Imperial laser has technical issues that cause 

delays
3 4 12

Use different laser facility for similar 
experiments/ pay for beamtime access

3 9

3 Simulations - Insufficient HPC resource
Simulations take long or are more costly than 

planned 
1 3 3

Included mitigation costs to pay for 
access to the Hartree HPC system 

0 0

4 Source output - Energy Unable to deliver sufficient beam energy from source 2 4 8 Early testing regime. Adjust laser cond 2 4

5 Source output  - Intensity Unable to deliver sufficient beam intensity. 3 3 9
Early testing regime. Multiple shot 

treatment
2 6

6 Source output  - divergence
Unable to capture sufficient particles in beam due to 

un/mis understood source dynamics
3 3 9

Early testing regime. Close engagement 
with WP3

2 6

7 Source output  - particle type C6 / other ion yield low 4 3 12
Investigate experimental techniques to 

increase yield (i.e target cleaning) 
2 8

8 Source output - stability is too low Source parameters are unstable shot-to-shot 4 4 16 Apply active stabilisation techniques 2 8

9 Source design - Target debris
Target debris for optimal source is too high for long 

term operation 
2 4 8

Reduce target thickness, capture as 
much debris as possible 

2 4

10 Source design - activation 
Unsustainable activation of materials surrounding 

interaction
2 4 8

Change design to minimise potential for 
activated materials around interaction 

point 
2 4

11 Source design - vacuum 
Targetry unable to perform in vacuum required by 

capture system
2 4 8

Design differential pumping system 
capable of maintaining adequate 

vacuum levels
2 4

Table 5: LhARA WP2 risk register.

active stabilisation and optimisation techniques to ensure consistent beam delivery.1415

The final area of risk involves technical issues with the design of the source. This includes the production of
target debris which can coat fragile optics in the target vacuum chamber, activation of the materials surround-
ing the target, and vacuum quality issues for coupling into the beam capture system. These risks will all be
addressed by careful and methodical studies, and optimisation of the target and vacuum design to minimise
issues, as detailed in the risk register.1420

A.2.3 Work package 3: Proton and ion capture

The overarching objective for Work Package 3 is to deliver a second prototype of the electrostatic, Gabor [93],
lens that will provide low-cost, cylindrically symmetric, strong focusing in the LhARA proton and ion beam-
line [1, 2]. A plasma of electrons contained within a so-called Penning-Malmberg trap, which uses a combi-
nation of electric and magnetic fields to achieve confinement of the charge in three dimensions, will be used1425

to provide the electric field required to focus the positive ion beam. The large aperture and short focal length
make it the ideal device to capture and focus the proton and ion flux generated from the pulsed-laser source.

The five-year programme has been developed in two phases: the initial two-year programme of measurement
and simulation is designed to provide the understanding and tools required to design a lens capable of meeting
the LhARA specifications; the programme in years three to five builds on this programme to create the second1430

Gabor lens prototype.

Objectives

Two-year programme:
1. To perform experiments using an upgraded electron trapping apparatus based at Swansea by which to

test and validate numerical simulations of the plasma dynamics simulations=, thereby developing the1435

confidence necessary to exploit the simulations in the design of a second lens prototype; and
2. The design and construction of a Gabor lens test bench based upon state-of-the art plasma techniques

and diagnostics. The first iteration of the test bench will be capable of operation at trapping voltages of
up to 2 kV.

Five-year programme:1440
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1. To design, build and test a second Gabor lens prototype. The programme will include the consideration
of plasma loading, stabilisation and reproducibility. The required apparatus and the design parameters of
a Gabor lens that meets the LhARA specification will be identified. This will require the development
of a lens with a focal length of approximately 1 m, corresponding to trapping voltages of approximately
20 kV.1445

Task objectives and deliverables

Methodology: We will use guidance from validated Particle-in-Cell (PIC) simulations of plasma properties
and behaviour. The programme will chart unexplored regions of trapped plasma density and length, such that
the PIC data will be an invaluable predictive guide. Of particular importance is the need to understand and
control plasma instabilities.1450

Two-year programme:

• Exploitation of an existing and slightly upgraded apparatus at Swansea University to make measurements
on trapped electron plasmas. This programme will involve the installation of a medium voltage (up to
a few hundred volts) trap in the existing apparatus to allow results from the PIC code to be validated
with measurements. The validated PIC model will be employed to simulate plasma manipulations and1455

instabilities which will offer important extensions to current PIC capabilities. This new trap will also
allow us to test hardware and control for the 2 kV device.

• Concurrently, a high voltage (up to 2 kV) plasma apparatus will be designed, manufactured and assem-
bled. This will be a new, stand-alone device intended to be a test bench and prototype for the LhARA
Gabor lens. This constitutes a considerable piece of work, as the creation of high space charge, stable1460

plasmas requires careful consideration of loading and diagnostic capabilities, as well as the configuration
of the trapping electrodes and the uniformity requirements of the magnetic field.

5-year programme:

• Detailed studies of high voltage (10–20 kV) plasma apparatus as a Gabor lens prototype, establishing
conditions for the creation of a reproducible and stable plasma.1465

• Interface, if possible, of the high-voltage device with a test source apparatus.

• Finalise design parameters for a Gabor lens capable of meeting the LhARA specifications. It is envisaged
that plasmas at densities around 5 × 1015 m−3, with lengths and radii of the order of 1 m and 3 cm
respectively will be confined within electrodes of 10 cm radius, biased at up to 50 kV and that a suitably
large magnet with better than 0.1% field uniformity will be required.1470
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Resources requested

Proton and ion capture
Work package number 3

PROJECT: LhARA Cost Profile
Issue Date: 01/11/2021

Manager: M. Charlton & W. Bertsche
Start Date: 2022
End Date: 2027

Staff 2022/23 2023/24 2024/25 2025/26 2026/27
Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k

All
Manchester Physics

Man-Phys-PDRA-1 1 100.00 1 100.00 1 100.00 1 100.00 1 100.00 5 500.00
Man-Phys-Stf-1 0.2 20.00 0.2 20.00 0.2 20.00 0.2 20.00 0.2 20.00 1 100.00

Swansea Physics
Swns-Phys-PDRA-1 1 100.00 1 100.00 1 100.00 1 100.00 1 100.00 5 500.00

Swns-Phys-Stf-1 0.3 30.00 0.3 30.00 0.3 30.00 0.3 30.00 0.3 30.00 1.5 150.00
Swns-Phys-PG-1 1 100.00 1 100.00 1 100.00 0.5 50.00 0 0.00 3.5 350.00
Swns-Phys-PG-2 0 0.00 0.5 50.00 1 100.00 1 100.00 1 100.00 3.5 350.00

Swan-Phys-Tech-1 0.5 50.00 0.5 50.00 0.5 50.00 0.5 50.00 0.5 50.00 2.5 250.00
Swan-Phys-Tech-2 1 100.00 1 100.00 0 0.00 0 0.00 0 0.00 2 200.00

Berkeley
Consultant 0.04 4.00 0.04 4.00 0.04 4.00 0.04 4.00 0.04 4.00 0.2 20.00

Task 1 - Preliminary Measurements
Task 2 - Gabor testbench

Cost of risk mitigation, staff (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Staff total: 5.04 504.00 5.54 554.00 5.04 504.00 4.54 454.00 4.04 404.00 24.2 2420.00
Non-staff £k £k £k £k £k £k

All
Task 1 - Preliminary Measurements

Vacuum Generation 23.00 0.00 0.00 0.00 0.00 23.00
Vacuum  Hardware 2.50 0.00 0.00 0.00 0.00 2.50
Trap/Expt. Hardware 16.50 0.00 0.00 0.00 0.00 16.50
Diagnostics 54.50 0.00 0.00 0.00 0.00 54.50
Control 28.00 0.00 0.00 0.00 0.00 28.00
Magnet(s) 10.00 0.00 0.00 0.00 0.00 10.00
Misc. 1.00 1.00 1.00 1.00 1.00 5.00

Task 2 - Gabor testbench
Vacuum Generation 80.20 0.00 0.00 0.00 0.00 80.20
Vacuum hardware 40.46 0.00 0.00 0.00 0.00 40.46
Trap/Expt. Hardware 33.00 0.00 0.00 0.00 0.00 33.00
Diagnostics 41.50 0.00 10.00 10.00 0.00 61.50
Control 158.00 0.00 0.00 0.00 0.00 158.00
Magnet(s) 135.00 0.00 0.00 0.00 0.00 135.00
Misc. 1.00 1.00 1.00 1.00 1.00 5.00
Equipment total: 624.66 2.00 12.00 12.00 2.00 652.66
Inflation (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
PPI, engagement, outreach 2.00 2.00 2.00 2.00 2.00 10.00
Consumables 186.00 13.00 13.50 18.00 14.50 245.00
Travel 32.00 32.00 32.00 32.00 42.00 170.00
Cost of risk mitigation, equipment (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Working margin: 112.87 55.60 51.60 46.60 40.60 307.27
Contingency, equipment: 124.93 0.40 2.40 2.40 0.40 130.53
Contingency, CG staff: 0.00 0.00 0.00 0.00 0.00 726.00
Contingency, all staff: 151.20 166.20 151.20 136.20 121.20 0.00

Total: 1737.66 825.20 768.70 703.20 626.70 4661.46

Total

Staff:
Swansea We have requested a 30% PI contribution. This is necessary to effect the hands-on involvement of a
senior scientist. In addition, a full PDRA position is requested to undertake both the demanding experimental1475

runs with the existing/upgraded apparatus, and the design and construction of the 2 kV testbench. In this, aid
will be provided by 2 PhD students, with start dates slightly offset to ensure continuity within the laboratory
over the 5 year programme.

Since the apparatus development and construction will largely take place at Swansea, 1.5 FTE technical
assistance is requested in the initial phase, decreasing to 0.5 FTE in the later phase–mainly to provide electrical1480

and mechanical workshop, design, repair and maintenance assistance. Highly specialised manufacturing is
expected to be outsourced.
Manchester
Again, 20% PI time is requested to promote the involvement of a senior scientist with the PIC simulations,
design of apparatus (e.g., appropriate magnet uniformity), and interpretation of experimental results. The main1485

body of the computational work will be undertaken by the PDRA. Its scope is sufficiently ambitious and wide-
ranging to require skills beyond the postgraduate level.
Non-staff:
Task 1
This involves upgrades to existing apparatus at Swansea to include: replacement of vacuum hardware (such1490

as pumps); new and updated charged particle trapping apparatus (such as power supplies, and the manufacture
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and assembly of the medium voltage apparatus); diagnostics, including a replacement multi-channel plate/CCD
imaging system and a purpose-built solenoid to study field uniformity conditions.

Milestones of task 1:

• The generation and confinement for several seconds of a medium voltage electron plasma;1495

• The study of deleterious effects (such as lifetime and expansion rates) for a range of plasma and environ-
mental parameters to inform hardware decisions of task 2.

Task 2
This is the major hardware deliverable of Work Package 3. The apparatus will be developed in its entirety from
scratch, so all the vacuum and trap hardware needs to be purchased and/or machined, and dedicated diagnostics1500

and control systems have to be incorporated. A new 0.1 T solenoid is required. This device will have a field
uniformity in the region of 0.1% over a large (to be specified, but of the order of 1 m long, and 5 cm radius)
volume, with a wide enough bore to house a vacuum chamber incorporating trapping electrodes (to be specified
from task 1 milestones).

Milestones of task 2:1505

• The generation and confinement for several seconds of a high voltage plasma;

• The quantification of deleterious effects (such as lifetime and expansion rates) for an extended range of
plasma and environmental parameters;

• To attempt the transport and interface of the apparatus to a test ion source to confirm PIC models;

• To develop a computationally verified design specification for a lens, with 1 m focal length, utilising1510

protons delivered from the ion source.

Gantt chart and principle milestones

2022/23 2023/24 2024/25 2025/26 2026/27
Description of Sub-task Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1

Task 1

Order & install low voltage plasma hardware
Investigate low voltage plasma with existing apparatus
Order & install medium voltage hardware in existing apparatus
Study medium voltage plasma in existing apparatus

PIC modelling validation
PIC modelling guidance

Task 2
Order and assemble high voltage plasma hardware
Commission high voltage plasma apparatus
Study high voltage plasma
Interface & test testbench with test source
Finalise design for 'usable' Gabor lens

Risk Mitigation
Install existing Magnet until new Magnet is available
Obtain custom electronics
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Risk register

Blank Number Name Description Likelihood Impact Score Mitigation
Mitigated 

Impact
Mitigated score Comments

Significant 
Dates

Retirement 
date

Plasma lifetime

A short lifetime might 
adversely effect the 
ability to suitably study 
the plasma

3 4 12

Careful design and study 
to increase lifetime.  
Multiple causes can be 
identified:

Plasma Density
A low density will result 
in too long a focal 
length (& beamline)

4 4 16
Careful design and study 
to ensure a suitable 
density can be reached:

Pressure 3 4 12

Monitoring the source 
pressures (& constituents) 
and independently 
studying the effect on the 
plasma

2 6

Baffles, pumping restrictions, pumps, getters, etc. can be implemented 
to reduce background pressure within the testbench when the nature of 
the source pressure issue is understood.
          Worst case scenario will likely result in a reduced plasma 
confinement time, and associated duty cycles.
          These will provide invaluable information for the final 
Gabor/beamline design

Yr 5 Yr 5

Secondary electrons 3 4 12 Band pass filter 2 6

In addition to the ions, two populations of electrons are expected from 
the source.  Both are expected to have different characteristics & 
potentially destabilise the Gabor plasma
          ExB-like filtering to allow transmission only of the ions from the 
source into the Gabor plasma is a likely mitigation.  Details will develop 
as the ion source is characterised.

Yr 5 Yr 5

Solenoid fringe field 
affecting source

3 2 6

Effect of B-field on the 
source, and extent of 
fringe field can be 
measured.

Source / solenoid can be 
shielded.

1 3
Space limitations may make mitigation complicated, and shielding may 
introduce deleterious B-field asymmetries.
          There would be costs & delays associated with B-field shielding.

Yr 5 Yr 5

WP2 test source 
unavailable

1 3 3
Utilise beamport at a 3rd-
party facility 

2 1
Although beam parameters will likely be different at a 3rd-party facility, 
the Gabor lens testbench can be tested and results compared to 
simulations.

Yr 5 Yr 5

Note: The risks identified below are specific to the Gabor 5 year preliminary and testbench measurements, NOT the final Gabor lens
Note: Mitigated score is product of Likelihood & Mitigated impact

1515

Risk: Achievement of desired plasma properties
Mitigation: We envisage a gradual build-up in complexity and technical demand from current state-of-the-art,
through intermediate stages to the final LhARA lens design. The main issues are addressed in detail in the risk
register.
Risk: Delivery delays:1520

Mitigation: Utilising existing and off-the-shelf components in the first instance is expected to reduce the impact
of delivery delays. The gradual increase in complexity, identification of associated scaling laws, and discussions
with community-based colleagues is expected to mitigate modest supply-chain issues.
Risk: Source interface issues:
Mitigation: With regular two-way discussions, potential interfaces issues (such as high pressures, high diver-1525

gence, or co-propagating electrons) can be identified, and appropriate design changes made, at early stages.
Should no LhARA-based ion test source be available, beam time at external 3rd-party facilities can be used to
verify performance against simulations.

A.2.4 Work package 4: Ion-acoustic dose mapping

Objectives1530

The overarching objective for Work package 4 over the five years of the programme defined here is to deliver
an ion-acoustic system capable of recording shot-by-shot the dose profile delivered in LhARA Stage 1. The
system will be capable of development to allow the dose profile to be measured shot-by-shot in the in vivo
measurements that will be made in LhARA Stage 2. Further, the development of the systems required for
LhARA will be carried out with a view to their deployment at other facilities for radiobiology and with the aim1535

of developing a system capable of clinical deployment.
To achieve the overarching goal, the work has been divided into two principal themes:
1. The design construction, and operation of a proof-of-principle system in years 1 and 2; and
2. The development of a device capable of serving in the fully automated Stage 1 in vitro end station.
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The work within the two themes will be carried out through 8 distinct tasks, each designed to deliver a particular1540

objective (objectives O1–O8, defined below).
The work of Work Package 4 will be led by expert personnel from four UK groups, each with particular

responsibilities. The Institute of Cancer Research (ICR) is expert in acoustic-signal measurement and acoustic
sensor deployment and will take primary responsibility for the design of the ion-acoustic signal detection. The
STFC Particle Physics Group is expert in detector construction, readout, and data management and will take1545

responsibility for the construction of a sintillating-fibre dose-measurement device that will be used to validate
the proof-of-principle and in vitro ion-acoustic systems. The Imperial HEP Group is expert in simulation
and analysis and will provide the Geant4-based simulation of the proof-of-principle and in vitro ion-acoustic
systems and the beams with which they will be illuminated. The simulation will be used to optimise the designs
and to interpret the results of test-beam exposures. The UCL Bioengineering Group is expert in the simulation1550

and reconstruction of acoustic waves generated by the deposition of energy in tissue and will take responsibility
for developing modes of the response of the proof-of-principle, in vitro and in vivo systems.

Task objectives and deliverables

Task objectives and deliverables

The objectives are defined for each of the two themes are defined below.1555

Theme 1: Proof of principle demonstration
O1: Development of Geant4 simulation of the forward model:

1. Development of the forward simulation consisting of a simulation in Geant4 of the beam impinging
on an instrumented water phantom (the SmartPhantom) and the deposition of energy resolved in four1560

dimensions (three space and one time);
2. Exploitation of the forward simulation to optimise the performance of the SmartPhantom and to

provide the power-density spectrum required as input to the acoustic model.
O2: Development of k-wave forward acoustic model:

1. Development of a k-wave-based simulation of the acoustic wave generated by by the energy de-1565

posited by the beam. The simulation will be used to quantify the magnitude of the pressure wave and
to estimate the expected acoustic-sensor response;

2. Exploitation of the forward acoustic model to optimise the specifications for the acoustic-sensor
array.

O3: Development of inverse dose-map reconstruction software:1570

1. Development of direct ion-acoustic reconstruction software capable of handling a range of sensor-
array configurations;

2. Development of iterative ion-acoustic reconstruction exploiting spatio-temporal and angular-frequency
priors derived from O1;

3. Implementation of the most appropriate ion-acoustic reconstruction algorithms on the Varisonics1575

acoustic readout and signal-processing system.
O4: Assembly of apparatus for validation of models and approach:

1. Assessment and choice of most suitable acoustic sensors for the proof-of-principle system and initial
consideration of sensor-specification for LhARA Stage 1 system;

2. Characterisation and test of acoustic sensors in the laboratory using a laser source with parameters1580

that approximate the beam to be used in the proof-of-principle beam test;
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3. Design, build, test and commission SmartPhantom and acoustic-sensor system to validate its perfor-
mance prior to beam test.

O5: Forward-model validation experiments:

1. Measurement of ion-acoustic signal as a function of dose, position, and a variety of beam param-1585

eters. The forward model developed in O1 will be exploited to evaluate the available test-beam
facilities. The results will inform negotiations with the beam providers to ensure that appropriate
beam parameters can be delivered;

2. Comparison of the reconstructed ion-acoustic dose profiles with the measurements made using the
scintillating-fibre detector and with the predictions of the forward models developed in O1 and O2.1590

Theme 2: Development of ion-acoustic system for LhARA Stage 1

O6: Design and specification of ion-acoustic dosimeters for use in in vitro radiobiological studies in LhARA
Stage 1:

1. Specify and order sensor array, assemble the system, initial received-signal testing using alternative
emission sources;1595

2. Experimentally evaluate algorithms to reconstruct dose maps using alternative emission sources;

3. Design, construct and test the sensor array in a reconfigured SmartPhantom;

4. Integrate ion-acoustic rig with high-throughput radiobiology experimental system;

5. Integrate ion-acoustic dosimeter and smart phantom for comparison measurements.

O7: Acoustically compatible biological sample holders for high-throughput radiobiological studies;1600

1. 8.1 Consult with biologists, identify and evaluate materials, design and execute demonstrator exper-
iments, discuss findings;

2. Construct, characterise and test single and multiple units;

3. Systems for multi-well/chamber read out of biological effects;

4. Systems for two-dimensional dose pattern and spatial biology read out;1605

5. System for three-dimensional dose pattern and spatial biology read out;

6. Design and construct high throughput system dosimeters for use in in vitro radiobiological studies in
LhARA Stage 1.
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Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1
1. Review - Current state of the art: ionacoustics / modelling of ionacoustics / proton dosimetry ICR, ICL, UCL, PPD ALL 

2. Development of GEANT 4 Monte Carlo part of the forward model
2.1.Simulation of current beam line and smart phantom ICL, PPD PDRA-ICL (input from PDRA-PPD)
2.2.Updated simulation of Lhara and smart phantom, as the specifications are developed in WP X ICL, PPD PDRA-ICL (input from PDRA-PPD)

3. Development of k-Wave forward acoustic model
3.1.Simulation of  ionacoustic source, propagation and sensing, and design of array configuration for validation experiments UCL, ICR PDRA-UCL (input from PDRA-ICR)
3.2.Updated simulation of ionacoustic source, and development of sensor array specification as Lhara specifications are developedUCL, ICR PDRA-UCL (input from PDRA-ICR)

4. Implementation, simulation evaluation and development of inverse dose-map reconstruction software
4.1. Direct ionacoustic reconstruction with handling of sensor array configurations UCL, ICR PDRA-UCL (input from PDRA-ICR)
4.2. Iterative reconstruction methods with model-based priors from 2 UCL, ICR PDRA-UCL (input from PDRA-ICR)
4.3. Iterative reconstruction methods with angular frequency dependence from 2 and 3 UCL, ICR PDRA-UCL (input from PDRA-ICR)
4.4. Implementation of various dose-map reconstruction programs on Verasonics ICR, UCL PDRA-ICR (input from PDRA-UCL)

5. Assembly of apparatus for validation of models and approach 
5.1.Choice/assessment of suitable sensors to confirm the acoustic output modelled ICR, UCL PDRA-ICR (input from PDRA-UCL)
5.2.Testing of sensors in lab with alternative emission sources which approximate output from beam line ICR, UCL PDRA-ICR (input from PDRA-UCL)
5.3. Building and testing of components of smart phantom and field-standard dosimeter PPD, ICL PDRA-PPD (input from PDRA-ICL)
5.4. Building and testing of mechanical rig for ionacoustic testing at validation beam line PPD, ICR PDRA-PPD/PDRA-ICR

6. Forward-model validation experiments
6.1.Measurement of ionacoustic signal as a function of dose and position in validation apparatus ICR, PPD, ICL PDRA-PPD/PDRA-ICR
6.2.Compare with scintillation array measurements PPD, ICR, ICL PDRA-PPD/PDRA-ICR

7. Assembly and integration of dosimeters for use in radiobiological studies
7.1.Specify and order sensor array, assemble the system, initial received-signal testing using alternative emission sources ICR, UCL PDRA-ICR (input from PDRA-UCL)
7.2. Experimentally evaluate algorithms to reconstruct dose maps using alternative emission sources ICR, UCL PDRA-ICR (input from PDRA-UCL)
7.3. Design, construct and test the smart phantom PPD, ICL PDRA-PPD (input from PDRA-ICL)
7.4. Integrate ionacoustic rig with high-throughput radiobiology experimental system ICR, UCL PDRA-ICR (input from PDRA-UCL)
7.5. Integrate ionacoustic dosimeter and smart phantom for comparision measurements PPD, ICR PDRA-PPD/PDRA-ICR

8. Acoustically compatible biological sample holders for high-throughput radiobiological studies
8.1 Consult with biologists, identify and evaluate materials, design & execute demonstrator experiments, discuss findings ICR, Liv, Ox, ICL, UCL PhD Student-ICR (input from all others)
8.2 Construct, characterise & test single and multiple units
       8.2.1 Systems for multi-well/chamber read out of biological effects ICR, Liv, Ox, ICL, UCL PhD Student-ICR (input from all others)
       8.2.2 Systems for two-dimensional dose pattern and spatial biology read out ICR, Liv, Ox, ICL, UCL PhD Student-ICR (input from all others)
       8.2.2 System for three-dimensional dose pattern and spatial biology read out ICR, Liv, Ox, ICL, UCL PhD Student-ICR (input from all others)
8.3 Design and construct high throughput system ICR, Liv, Ox, ICL, UCL PhD Student-ICR (input from all others)
8.4 Testing at Lhara ICR, Liv, Ox, ICL, UCL PhD Student-ICR (input from all others)

2024 2025 2026WP4: Ion-acoustic dose mapping Institutions (lead in bold) Staff 2022 2023

Figure 17: (Placeholder) Gantt chart for WP4

Resources requested

Ion-acoustic imaging
Work package number 4

PROJECT: LhARA Cost Profile
Issue Date: 01/11/2021

Manager: J. Bamber, E. Harris, J. Matheson
Start Date: 2022
End Date: 2027

Staff 2022/23 2023/24 2024/25 2025/26 2026/27
Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k

Final design and procurement
ICR

ICR Staff 1 0.1 10.00 0.1 10.00 0.1 10.00 0.1 10.00 0.1 10.00 0.5 50.00
ICR Staff 2 0.1 10.00 0.1 10.00 0.1 10.00 0.1 10.00 0.1 10.00 0.5 50.00

ICR Staff/PhD 0 0.00 0.5 50.00 1 100.00 1 100.00 1 100.00 3.5 350.00
UCL Biomedical Engineering

UCL Staff1 0.25 25.00 0.25 25.00 0.25 25.00 0.25 25.00 0.25 25.00 1.25 125.00
UCL PDRA 0.5 50.00 0.5 50.00 0.5 50.00 0.5 50.00 0.5 50.00 2.5 250.00

UCL PhD 0.5 50.00 1 100.00 1 100.00 1 100.00 0 0.00 3.5 350.00
STFC-PPD

STFC staff 0.25 25.00 0.25 25.00 0.5 50.00 0.5 50.00 0.5 50.00 2 200.00
Cost of risk mitigation, staff (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Staff total: 1.7 170.00 2.7 270.00 3.45 345.00 3.45 345.00 2.45 245.00 13.75 1375.00
Non-staff £k £k £k £k £k £k

Final design and procurement
Work package management 1.50 1.50 2.50 2.50 2.50 10.50

Vantage 256 5.00 5.00 120.00 5.00 5.00 140.00
Equipment total: 6.50 6.50 122.50 7.50 7.50 150.50
Inflation (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
PPI, engagement, and outreach 2.00 2.00 2.00 2.00 2.00 10.00
Consumables 15.00 15.00 30.00 30.00 30.00 120.00
Travel 3.00 3.00 3.00 3.00 3.00 15.00
Cost of risk mitigation, equipment (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Working margin: 17.65 27.65 46.75 35.25 25.25 152.55
Contingency, equipment: 1.30 1.30 24.50 1.50 1.50 30.10
Contingency, CG staff: 0.00 0.00 0.00 0.00 0.00 412.50
Contingency, all staff: 51.00 81.00 103.50 103.50 73.50 0.00

Total: 266.45 406.45 677.25 527.75 387.75 2265.65

Total

1610

Gantt chart and principle milestones

The planned schedule for Work package 4 is given in the Gantt chart in figure 17.
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Risk register

A.2.5 Work package 5: Novel end-station development

Lead authors: R. McLauchlan, T. Price, C.P. Welsch1615

Objectives

The principle objective for this work package, ”Work package 5 (WP5): Novel end-station development”, is to
produce a feasible design for the beam diagnostics and dosimetry alongside instrumentation for the novel in-
vitro and in-vivo end-station. Alternative technologies to work package 4 will be explored to develop a robust
solution capable of delivering a novel end-station unlike anything currently available.1620

Task objectives and deliverables

A series of tasks and deliverables has been established in order to design and construct end-stations capable
of allowing world leading science to be conducted at LhARA. The end-stations will be delivered at the end of
a 60 month programme with deliverables and limitations identified at 24 months, and an R&D programme to
overcome these obstacles by the end of the programme as detailed below.1625

• O1: Technology developed and tested which capable of monitoring LhARA beams on a pulse-by-pulse
basis in real time with a plan for integration into the accelerator feedback

D1: Assess current beam monitoring technology and identify the required R&D for Lhara beams
[24 months]

D2: Undertake required R&D on technologies identified in D1 and integrate with beam delivery1630

system [60 months]

• O2: Demonstrate experiments using the end-stations including cell irradiations, cell imaging and dose
monitoring from WP4

D1: Design automated cell dish handling system and required environmental system [24 months]

D2: Engage with cellular imaging community to assess the room and end-station requirements [241635

months]

D3: Construct beam delivery room including end-station and cellular imaging capabilities [60
months]

• O2: Identify/Develop a facility capable of delivering LhARA-like beams for R&D purposes

D1: develop a vertical beamline at the University of Birmingham MC40 cyclotron to allow irradia-1640

tion of samples horizontally [24 months]

Develop a beam delivery system capable of mimicing LhARA time profiles [60 months]

• O4: Develop the layout of LhARA beam delivery system with Beam Position Monitors, magnets, and
dosimetry apparatus locations identified and technology developed [60 months]
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Resources requested1645

Novel instrumentation and endstation development
Work package number 5

PROJECT: LhARA Cost Profile
Issue Date: 01/11/2021

Manager: R. McLauchlan, T. Price, C. Welsch
Start Date: 2022
End Date: 2027

Staff 2022/23 2023/24 2024/25 2025/26 2026/27
Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k

Final design and procurement
BHM Physics

BHM-Phys-Stf-1 0.25 25.00 0.25 25.00 0.5 50.00 0.5 50.00 0.5 50.00 2 200.00
BHM-Phys-PDRA 0.1 10.00 0.1 10.00 1 100.00 1 100.00 1 100.00 3.2 320.00

BHM-Phys-PhD 0 0.00 0.5 50.00 1 100.00 1 100.00 1 100.00 3.5 350.00
IC NHS HC Trust

IC-NHS-HC-Trst-Stf-1 0.25 25.00 0.25 25.00 0.5 50.00 0.5 50.00 0.5 50.00 2 200.00
Liverpool Physics

Liv-Phys-PDRA 0.1 10.00 0.55 55.00 1 100.00 1 100.00 1 100.00 3.65 365.00
Liv-Phys-PhD 0 0.00 0.5 50.00 1 100.00 1 100.00 1 100.00 3.5 350.00

Cost of risk mitigation, staff (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Staff total: 0.7 70.00 2.15 215.00 5 500.00 5 500.00 5 500.00 17.85 1785.00
Non-staff £k £k £k £k £k £k

Final design and procurement
2D Detector 0.00 0.00 600.00 20.00 20.00 640.00
Equipment total: 0.00 0.00 600.00 20.00 20.00 640.00
Inflation (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Consumables 7.00 7.00 22.00 22.00 22.00 80.00
Travel 3.00 3.00 3.00 3.00 3.00 15.00
Cost of risk mitigation, equipment (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Working margin: 7.00 21.50 110.00 52.00 52.00 242.50
Contingency, equipment: 0.00 0.00 120.00 4.00 4.00 128.00
Contingency, CG staff: 0.00 0.00 0.00 0.00 0.00 535.50
Contingency, all staff: 21.00 64.50 150.00 150.00 150.00 0.00

Total: 108.00 311.00 1505.00 751.00 751.00 3426.00

Total

Gantt chart and principle milestones

Risk register

A.2.6 Work package 6: Design and integration

Lead authors: N. Bliss, J. Pasternak1650

Objectives

The principle objective for this work package, ”Work package 6 (WP6): Design and integration ”, is to prepare
feasible design for the LhARA facility, which will integrate the laser driven ion source followed by an innova-
tive capture system utilising Gabor lenses with accelerator system fully exploiting its advantages of the flexible
dose capability, delivering the beam to in-vitro station at the Phase I, and in-vitro and in-vivo end stations at1655

the Phase II for broad spectrum of radiobiological experiments. Although the design of the Gabor lenses is the
subject of WP3, WP6 will develop the mitigating strategy by designing alternative capture system based on
solenoids. WP6 will explore the radiation protection and shielding requirements, which will inform the design
of the building for the LhARA facility. Mechanical design including the support for accelerator elements, in
particular for the vertical arcs for in-vitro stations will be addressed. The challenging novel FFA-element for1660

the Phase II allowing for the variable energy extraction will be designed and the prototype construction will
be subcontracted to industry for manufacturing. The Magnetic Alloy (MA) RF cavity system for Phase II ring
post-accelerator will be designed and its prototype constructed. Work of WP6 will also include the design
of the vacuum system, controls, electrical and RF engineering, beam diagnostics, technical services including
environmental sustainability solutions and the safety system design.1665

The work of WP6 will inform the Conceptual Design Report (CDR) for the LhARA facility followed be the
Technical Design Reports (TDRs), firstly for the Stage 1 and later for the Stage II.
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The work will carried by the personnel from Universities and STFC, mainly from the Daresbury Laboratory
(DL) as shown in the resource table 6.

Task objectives and deliverables1670

Objectives (Os) and associated Deliverables (Ds) for the WP6 are listed below:

• O1: Conceptual design of the LhARA facility, accelerator systems and its integration with the source
and the end stations;

D1: CDR for the LhARA facility (24 months).
• O2: Technical design of LhARA accelerator systems for Stage I and its integration with the source and1675

the end station;
D2: TDR for the LhARA accelerator systems for Stage I (36 months).

• O3: Design, construction and validation of the FFA magnet prototype for LhARA Phase II post-accelerator;
D3: Technical report on the design and performance of the FFA main magnet prototype (58 months).

• O4: Design, construction and validation of the MA RF cavity prototype for LhARA Phase II post-1680

accelerator;
D4: Technical report on the design and performance of the MA RF cavity prototype (58 months).

• O5: Technical design of accelerator systems for Stage II and its integration with the source and the end
stations;

D5: TDR for the LhARA accelerator systems for Stage II (60 months).1685

Resources requested

The resources requested for the work package 6 are shown in table 6.

Gantt chart and principle milestones

The schedule for work package 6 is shown in table 7 as a Gantt chart. The schedule extends beyond the five
years to illustrate the schedule for the potential construction project of the LhARA facility.1690

Risk register

Risk register for work package 6 is shown in table 8.
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Table 6: LhARA WP6 resources request.

Design and intergration
Work package number 6

PROJECT: LhARA Cost Profile
Issue Date: 01/11/2021

Manager: N. Bliss & J. Pasternak
Start Date: 2022
End Date: 2027

Staff 2022/23 2023/24 2024/25 2025/26 2026/27
Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k

Final design and procurement
Imperial Physics

IC-Phys-Stf-1 0.1 10.00 0.1 10.00 0.1 10.00 0.1 10.00 0.1 10.00 0.5 50.00
IC-Phys-PDRA-2 1 100.00 1 100.00 1 100.00 1 100.00 1 100.00 5 500.00
IC-Phys-PDRA-3 1 100.00 1 100.00 1 100.00 1 100.00 1 100.00 5 500.00

RHUL Physics
RHUL-Phys-PDRA-1 1 100.00 1 100.00 1 100.00 1 100.00 1 100.00 5 500.00

STFC-TD
Mech 0.5 50.00 0.8 80.00 1 100.00 1.2 120.00 1.2 120.00 4.7 470.00
Elec 0 0.00 0.6 60.00 0.9 90.00 1.1 110.00 1.1 110.00 3.7 370.00

Controls 0 0.00 0.5 50.00 0.5 50.00 0.5 50.00 0.5 50.00 2 200.00
Tech Serv 0 0.00 0.4 40.00 0.5 50.00 0.5 50.00 0.5 50.00 1.9 190.00

Vacuum 0 0.00 0.2 20.00 0.3 30.00 0.1 10.00 0.1 10.00 0.7 70.00
Radiation 0 0.00 0.6 60.00 0.4 40.00 0 0.00 0 0.00 1 100.00

Cost of risk mitigation, staff (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Staff total: 3.6 360.00 6.2 620.00 6.7 670.00 6.5 650.00 6.5 650.00 29.5 2950.00
Non-staff £k £k £k £k £k £k

Final design and procurement
Widget 10.00 10.00 10.00 10.00 10.00 50.00
Equipment total: 10.00 10.00 10.00 10.00 10.00 50.00
Inflation (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Consumables 3.00 3.00 3.00 3.00 3.00 15.00
Travel 5.00 5.00 10.00 10.00 10.00 40.00
Cost of risk mitigation, equipment (not yet implemented): 0.00 0.00 0.00 0.00 0.00 0.00
Working margin: 37.00 63.00 68.00 66.00 66.00 300.00
Contingency, equipment: 2.00 2.00 2.00 2.00 2.00 10.00
Contingency, CG staff: 0.00 0.00 0.00 0.00 0.00 885.00
Contingency, all staff: 108.00 186.00 201.00 195.00 195.00 0.00

Total: 525.00 889.00 964.00 936.00 936.00 4250.00

Total
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Table 7: LhARA WP6 schedule.

ID Task

Mode

WBS Task Name Duration Start Finish

0 0 LhARA WP6 schedule 2501 days Fri 01/04/22 Fri 31/10/31
1 1 LhARA 2501 days Fri 01/04/22 Fri 31/10/31

2 1.1 Project Start 0 days Fri 01/04/22 Fri 01/04/22

3 1.2 Conceptual Design Report (CDR) - 2 years 521 days Fri 01/04/22 Fri 29/03/24

13 1.3 Stage 1 Technical Design Report (TDR) - 1 year 261 days Mon 01/04/24 Mon 31/03/25

20 1.4 Stage 1 Procurement & testing 831 days Wed 01/04/26 Wed 06/06/29

25 1.5 Stage 2 Technical Design - 2 years 522 days Tue 01/04/25 Wed 31/03/27

35 1.6 STAGE 2 Procurement & Testing 1129 days Tue 01/04/25 Fri 27/07/29

36 1.6.1 Tender & award contract for FFA main magnet & MA Cavity 
prototypes

131 days Tue 01/04/25 Tue 30/09/25

37 1.6.2 FFA main magnet & MA Cavity prototypes construction, test and 
finalise technical report

348 days Wed 01/10/25 Fri 29/01/27

38 1.6.3 FFA main magnet & MA Cavity prototypes technical report complete 0 days Fri 29/01/27 Fri 29/01/27

39 1.6.4 Stage 2 Equipment Procurement 520 days Mon 01/02/27 Fri 26/01/29

40 1.6.5 Stage 2 Offline Assemby & Testing 450 days Mon 08/11/27 Fri 27/07/29

41 1.7 Building Specifiation & Architect Design 386 days Mon 02/09/24 Mon 23/02/26

44 1.8 Construction project funded 0 days Wed 01/04/26 Wed 01/04/26

45 1.9 Building Construction 392 days Wed 01/04/26 Thu 30/09/27

49 1.10 Radiation Shielding & Technical Services 450 days Fri 01/10/27 Thu 21/06/29

54 1.11 Equipment Installation in Building & Commissioning with Beams 805 days Mon 02/10/28 Fri 31/10/31

55 1.11.1 Stage 1 Equipment installation & testing in building 300 days Mon 02/10/28 Fri 23/11/29

56 1.11.2 Install Laser 10 days Mon 02/10/28 Fri 13/10/28

57 1.11.3 Laser, target & capture testing 350 days Mon 16/10/28 Fri 15/02/30

58 1.11.4 Stage 1 Commissioning with beam 140 days Mon 18/02/30 Fri 30/08/30

59 1.11.5 Start stage 1 scientific programme 0 days Fri 30/08/30 Fri 30/08/30

60 1.11.6 Stage 2 Equipment installation, PS system and testing in building 462 days Fri 22/06/29 Mon 31/03/31

61 1.11.7 Stage 1 Commissioning with Beam complete 0 days Fri 30/08/30 Fri 30/08/30

62 1.11.8 Construction Project complete, ready to start Stage 2 Commissioning
with Beams

0 days Mon 31/03/31 Mon 31/03/31

63 1.11.9 Stage 2 Commissioning with beam 154 days Tue 01/04/31 Fri 31/10/31

64 1.11.10 Start stage 2 scientific programme 0 days Fri 31/10/31 Fri 31/10/31

01/04

29/01

01/04

30/08

30/08

31/03

31/10

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

Task

Split

Milestone

Summary

Project Summary

Inactive Task

Inactive Milestone

Inactive Summary

Manual Task

Duration-only

Manual Summary Rollup

Manual Summary

Start-only

Finish-only

External Tasks

External Milestone

Deadline

Progress

Manual Progress

Page 1

Project: LhARA WP6 schedule

Date: Thu 06/01/22
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Table 8: LhARA WP6 risk register.
,
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A.3 Overview of preliminary, pre-construction phase project costs

Need to add comments on: basis of costing, inflation, working margin and contingency, match to Preliminary
and Pre-construction phases . . .1695
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A.4 Staff effort

Because individuals have been removed from tables which only shows totals, need some narative about what is
in the table basis of costing etc. Also WWW link to full table.

Staff 2022/23 2023/24 2024/25 2025/26 2026/26
Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k Fraction £k

BHM Physics
Total 0.35 35.00 0.85 47.50 2.50 175.00 2.50 175.00 2.50 175.00 8.70 607.50
IC NHS HC Trust
Total 0.75 37.50 1.25 50.00 1.50 75.00 1.50 75.00 0.50 50.00 5.50 287.50
ICR
Total 0.20 20.00 0.70 32.50 1.20 45.00 1.20 45.00 1.20 45.00 4.50 187.50
Imperial Physics
Total 4.95 476.25 4.95 476.25 4.95 476.25 4.95 476.25 4.95 476.25 24.75 2381.25
Lancaster Physics
Total 1.25 125.00 1.25 125.00 1.25 125.00 1.25 125.00 1.25 125.00 6.25 625.00
Liverpool Physics
Total 0.10 10.00 1.05 67.50 2.00 125.00 2.00 125.00 2.00 125.00 7.15 452.50
Manchester Physics
Total 1.20 120.00 1.20 120.00 1.20 120.00 1.20 120.00 1.20 120.00 6.00 600.00
Queen's Physics
Total 0.05 5.00 0.05 5.00 0.05 5.00 0.05 5.00 0.05 5.00 0.25 25.00
RHUL Physics
Total 1.00 100.00 1.00 100.00 1.00 100.00 1.00 100.00 1.00 100.00 5.00 500.00
Strathclyde Physics
Total 2.60 260.00 2.60 260.00 2.60 260.00 2.60 260.00 2.60 260.00 13.00 1300.00
STFC-PPD
Total 0.45 45.00 0.45 45.00 0.70 70.00 0.70 70.00 0.70 70.00 3.00 300.00
STFC-TD
Total 0.50 50.00 3.10 310.00 3.60 360.00 3.40 340.00 3.40 340.00 14.00 1400.00
Swansea Physics
Total 3.80 305.00 4.30 317.50 3.80 230.00 3.30 217.50 2.80 205.00 18.00 1275.00
UC Berkeley (USA)
Total 0.04 4.00 0.04 4.00 0.04 4.00 0.04 4.00 0.04 4.00 0.20 20.00
UCL Biomedical Engineering
Total 1.25 87.50 1.75 100.00 1.75 100.00 1.75 100.00 0.75 75.00 7.25 462.50
Grand total 18.49 1680.25 24.54 2060.25 28.14 2270.25 27.44 2237.75 24.94 2175.25 123.55 10423.75

Total

1700

A.5 Schedule and milestones

Lead authors: K. Long, C. Whyte: digested from WP schedules.

A.6 Risk

Lead authors: K. Long, C. Whyte: digested from WP risks

A.7 Stakeholder outreach and engagement plans1705

Through the LhARA programme the collaboration seeks to establish an entirely new technique for the auto-
mated delivery of personalised, precision, multi-ion PBT. The present proposal is a step on the way and will
bring together novel technologies, each developed for, or demonstrated in, unrelated fields. This programme
carries significant technical risk. The high-risk approach is justified by the high level of reward and will place
the UK at the forefront of the PBT field, establish UK industry as a key player in the delivery of novel clinical1710

equipment, and allow significantly enhanced access to state-of-the-art PBT across the UK.
In addition to the long-term transformation of clinical practice in PBT, the importance the programme derives

from the breadth of impact it will generate:
Clinical: incremental deployment of automated on-the-couch patient-imaging and patient-positioning systems

and development of fast, optimised treatment-planning software. Definitive in vitro and in vivo biological1715

measurements that will be used to enhance the accuracy of treatment planning software in the short,
medium, and long term.
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Technological: Prototypes of novel accelerator technologies, novel real-time “proton-acoustic” dose-deposition
imaging; automated robotic systems that can be developed for clinical application, optimised image-
processing and treatment-planning systems, and a simulation of the full clinical facility to be used to1720

optimise its efficacy and to inform its development, construction, and operation. Exploitation of the
biological facility and incremental development of the novel technologies.

Industrial: The R&D prototypes and components of the PoP system will be developed and produced in part-
nership with the industrial members of the collaboration. Active involvement in the R&D and PoP
activities will position UK industry to take a leading role in the implementation phase.1725

Scientific: Direct scientific impact will be generated in the fields of laser-driven acceleration, imaging, instru-
mentation, diagnostic-technology, and software-system development during the initial R&D phase. Sci-
entific impact in the field of biology will be delivered during the PoP phase. Key technologies developed
and proved in operation can be spun-out to accelerator-based infrastructure for science and innovation.
Execution of the proposed programme will maintain and enhance the UK’s internationally recognised1730

position of leadership in the provision of intense, pulsed ion beams.

Over the Preliminary Activity in years 1 and 2 we propose to engage with each of the key stakeholder groups
to build on the engagement and outreach work that the collaboration has done to date. We propose to engage
with the peer groups in the biomedical and natural sciences through peer-reviewed publications, presentations at
conferences, seminars, and by organising national and international workshops on the biomedical science that1735

LhARA will deliver, the plasma and accelerator science that underpins the LhARA facility, and the development
of the technologies that underpins its success.

The long-term, transformative nature of the LhARA initiative calls for a sustained Patient and Public Involve-
ment (PPI) programme. The collaboration takes this aspect of its work very seriously; two PPI representatives
attend the LhARA meetings and sit on the Institute Board. We propose a staged build up of patient and public1740

involvement the emphasis of which will change as the project evolves. The modest resources requested in Work
package 1 to support the PPI activity will be used to support meetings and other activities. Initial discussion
has led the identification of the following involvement themes:

Patient involvement:

• The discussion of the benefits of techniques that will provide precise, targeted radiotherapy which1745

efficiently kills cancer cells while avoiding significant radiation damage to healthy tissue. Research
in this area is presently focused on ultra-high dose-rate “FLASH” radiotherapy (RT) and the delivery
of non-uniform dose distributions in mini- and micro-beam RF. The flexibility of the LhARA system
will allow these effects to be studied as well as more advances temporal, spatial, and ion-species
fractionation schemes.1750

• The discussion of use of automation and feedback to increase patient throughput to allow PBT to be
delivered to more patients at less cost and in less time.

• The exploration of the use of the unique flexibility of the laser-hybrid approach in terms of the
develop of new strategies and therapies in difficult to treat, rare, or tumours that were previously not
responsive to RT.1755

• Discussion of the enhancements in treatment that can be derived from the biological insights gained
through the execution of the LhARA programme over the next 5–10 years. These will include
FLASH, MBRT, RT in combination with immunotherapy, and other cancer-treatment regimens. The
potential for insights into dormancy and the biology of late effects will also be addressed.

• Discussion of the importance of supporting treatment developments in rare cancers, difficult to treat1760

tumours, and where side effects need to be reduced.

Public involvement:
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• Discussion of the need to enhance the education and training within and across all disciplines, includ-
ing clinical practitioners and scientists. The development of a cohort of scientists and clinicians with
the multidisciplinary expertise required to realise the full potential of the unique flexibility provided1765

by the laser-hybrid technique.
• Discussion of the mechanisms by which the unique opportunity provided by LhARA will allow the

UK to maintain and enhance its international reputation for scientific excellent and leadership.
• Discussion of the case for sustained UK investment in big biomedical science initiatives and the

degree to which the impact of the uniquely flexible facility justifies the substantial technical risk that1770

execution of the project implies.
To inform these discussions we propose to engage with social scientists and health economists to:

• Build an operational model for a fully automated laser-hybrid system of the type that will be prototyped
in LhARA. This model will be used to identify critical aspects of the LhARA R&D programme and to
estimate the possible gains in terms of patient throughput and quality adjusted life years (QALYs) or1775

equivalent.
• Using the model outlined above the operational costs of the future clinical laser-hybrid facility will be

evaluated in order to establish the health-economics benefits of the LhARA initiative. This assessment
will include consideration of the possibility that reduction in long-term side effects will yield substantial
economic benefit.1780

• Quantify the benefit to be derived from the creation of a lasting infrastructure for experimental work on
a wide range of ions and energies; unique in the world which is destined to have huge scientific output
and provide a step change in our understanding of radiation cell damage.

Communication strategy

To ensure maximum stakeholder and patient/public involvement, we will need ultimately need a communi-1785

cations and engagement manager. Reaching out to wider stakeholders such as the international community,
Business Schools with their involvement in financial models and health economist, and higher education policy
to promote physical sciences will be important. Clinical involvement of the NIH BRC network and cancer
charities will widen the patient engagement. This is seen as a 4 nation project and links with MPs and their
constituents particularly around R&D and jobs will be key.1790

A.8 Management plan

A.8.1 Programme organisation

The multidisciplinary LhARA collaboration’s mission [5] is to harness the disruptive potential of laser-driven
proton and ion sources to create a ground-breaking biomedical research facility [1, 2]. The collaboration’s
ambition is that the technologies demonstrated in LhARA will be transformative in the automated delivery of1795

personalised, precision, multi-Ion Beam Therapy (IBT).
The LhARA programme encompasses the:

• Execution of the LhARA project by which the Laser-hybrid Accelerator for Radiobiological Applications
will be realised;

• Development of a cutting-edge radiobiology research programme in which the novel techniques devel-1800

oped by the collaboration play an ever increasing role and which culminates in the exploitation of the
uniquely flexible LhARA facility; and
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Executive Board
LhARA ProjectImpact:

clinical & industrial
Biological Science

Institute Board

LhARA Project Management Board

LhARA collaboration Programme 
Organisational Breakdown Structure

Figure 18: The LhARA collaboration organisational chart. The organisation structure has been defined by the
collaboration to deliver the LhARA programme. The functions of the Institute Board and Executive Board are
described in the text. The LhARA project is defined in the context of the overarching programme, see ??.

• Generation of clinical and other impact through incremental deployment of the novel techniques and
technologies developed by the collaboration.

The organisation of the LhARA collaboration has been modelled on that of a large, successful particle-1805

physics collaboration that, in partnership with a host laboratory or institute, delivers a complex scientific in-
frastructure. Successful execution of the LhARA programme will generate substantial societal and economic
impact. Therefore, the organisational structure includes representation from key stakeholder groups beyond
the direct scientific and technology-development communities. The collaboration places great importance on
maintaining the multidisciplinarity of the programme. The essential nature of the life science/natural science1810

partnership is therefore manifest at all levels.

The organisational structure of the LhARA collaboration is shown in figure 18 and has the following key
Boards, roles and resonsibilities:

The Institute Board represents the interests of the institutes, industrial partners, and patient groups that make
up the collaboration (see figure 19 and Annex B). Each collaborating institute and stakeholder group is1815

represented on the Institute Board. All positions of responsibility within the collaboration are approved
by the Institute Board. The collaboration’s spokespeople and programme managers attend the Institute
Board.

The Institute Board (IB) is co-chaired by a life-scientist and natural scientist chosen from among the IB
membership. The inaugural chairs of the IB have responsibility for drafting the collaboration’s constitu-1820

tion. Once agreed, the IB will reviews and amend the organisational structure of the collaboration from
time to time as the programme evolves.

The Institute Board reviews and approves the technical options and distribution of responsibilities among
the participating institutes proposed by the LhARA Executive Board. It ratifies major strategic and tech-
nical decisions and supports the collaboration management team in the preparation of reports, funding1825
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proposals, and other documentation required to drive the programme forward.

Particle Physics Department
ISIS Neutron and Muon Source

ASTeC

Figure 19: Graphical representation of the institutes that make up the LhARA collaboration. The list of
collaborating institutes is reproduced in Annex B.

The Executive Board provides the management of the LhARA collaboration and is responsible for governance
of the delivery of the programme, performing both an oversight and top-level management function. The
Executive Board (EB) will have the authority to make cost, scope and schedule decisions. The member-
ship of the board will consist of collaboration co-spokespeople, the IB co-chairs and the collaboration1830

programme managers. Other expertise may be co-opted as required. The programme managers will de-
liver status reports on progress, finance, risks and issues at the EB. The board will meet approximately
every 2–4 weeks or as required. It has overall responsibility for managing the LhARA initiative. It
EB represents the collaboration in its relations with outside bodies. The EB is chaired by the LhARA
spokespeople.1835

The key roles in the LhARA programme management team are:
Institute Board co-chairs: The LhARA Institute Board has two co-chairs. The co-chairs are chosen from the

Institute Board membership such that their expertise and experience cover the natural and biomedical
science and technology development aspects of the collaboration’s programme.
The present co-chairs are:1840

• Yolanda Prezado, Institut Curie, Paris;
• Timothy Greenshaw, Liverpool.

Spokespeople: The LhARA collaboration has two Spokespeople who jointly lead the collaboration. The
spokespeople are chosen such that their expertise and experience cover the natural and biomedical science
and technology development aspects of the collaboration’s programme.1845

The present spokespeople are:
• Amato Giacca, Oxford Institute of Radiation Oncology;
• Kenneth Long, Imperial College London and STFC.

Programme managers: The LhARA collaboration has two programme managers who are jointly responsible
for coordinating all technical, financial, and programme-planning activities. The programme managers1850
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Figure 20: The organisational chart for the LhARA project. The functions of the Project Management Board
are described in the text. The key roles within the project structure are indicated. The preliminary phase project
is executed through six work packages, as indicated in the figure. The work content of each work package is
defined in section A.2.1 to A.2.6.

are chosen such that their expertise and experience cover the natural and biomedical aspects of the col-
laborations programme.
The present project managers are:

• Jason Parsons, University of Liverpool;
• Colin Whyte, University of Strathclyde.1855

Programme administrator: The LhARA collaboration’s programme administrator assists the LhARA pro-
gramme management team in the execution of their functions.
The present programme administrator is:

• Dionysia Kordopati, Imperial College London

A.8.2 Project organisation1860

The scope of the LhARA project is to deliver the Laser-hybrid Accelerator for Radiobiological Applications.
The present proposal is being prepared in the context of the dvelopment of the Ion Therapy Research Facility
(ITRF) and defines the programme and resources required during the Preliminary and Pre-construction phases.

The organisation of the LhARA project will be carried out in accordance with the STFC Project Manage-
ment Handbook [94, 95] in partnership by the STFC Daresbury and Rutherford Appleton Laboratories and the1865

LhARA collaboration.
The organisational structure of the LhARA project is shown in figure 20 and has the following key Boards,

roles and resonsibilities:
The Project Management Board oversees all aspects of the facility design, schedule development, project plan-

ning and execution, cost estimation, software development, and computing matters. It serves as an advi-1870
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sory body for the Executive Board and Project Sponsor.
The PMB will be chaired by the project manager and include the principle investigator, work package
leaders and Project Management Office representatives that collectively manage all aspects of the project
management of the LhARA project. The project management plan (PMP) will include all the plans and
reference all the key project-management documentation required to deliver the project successfully; in-1875

cluding specifications, scope, finance, resources, schedule, objectives and deliverables, risk management,
stakeholder plan, procurement plan, quality assurance management, benefits realisation and impact plan,
safety health and environment plan. The PMB will meet monthly. Focussed specific technical and plan-
ning meeting will meet more regularly with progress reported at the monthly project group meetings by
work package managers.1880

The LhARA project has been underway for several years and produced a pre Conceptual Design Re-
port [1, 2]. Further definition is proposed by developing the Conceptual Design Report followed by the
Implementation phase of the project. During the implementation phase the LhARA project will baseline
the project and adopt strict project management methodology including the management of:

• Stakeholders;1885

• Planning;
• Scope;
• Quality;
• Finance and Cost;
• Resources;1890

• Schedule;
• Change control;
• Risk and value-engineering issues;
• Procurement;
• Health, safety and environment;1895

• Off line assembly and testing;
• Installation and testing; and
• Commissioning with beams.

During the LhARA project’s lifecycle decision gates will review and confirm the continued viability of
the work. Design review will be implemented during the concept and definition phases of the project.1900

Gates will also be implemented at the end of each phase of work. The review focussing on; what has
been achieved, what are the key requirements for the next phase, what are the key decisions to be made,
and is the business case still viable; i.e. can the desired benefits be achieved for an acceptable level of
cost and risk?

The Project Management Office (PMO) provides project management administration support to the LhARA1905

project and collaboration. The PMO will standardise the project-related management processes in sup-
port of the project manager, principle investigator and project delivery team.

Roles in the project management team have been defined to ensure appropriate expertise is broght to bear on
the executio of the work package. The key roles in the LhARA management team are:
Project sponsor: who will champion the project, and provide the essential links between the LhARA collabo-1910

ration, STFC Project Board and the project management team. The sponsor is the owner of the business
case and develops the business case throughout the project lifecycle. There will be a close relationship
between the sponsor and the project manager to ensure that the business case remains viable. That it
continues to deliver the project deliverables and benefits. The sponsor will chair the Project Board (or
Oversight Committee). The sponsor will represent the LhARA User Facility interests and requirements,1915
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agree the project management plan with the project manager and ensure that the project is actively man-
aged and meets its vision and objectives.

The Principle Investigator: will lead the science team requirements and deliverables for the LhARA project
and be responsible for the scientific success of the LhARA project.
The present Principle Investigator is:1920

• Kenneth Long; Imperial College London/STFC.
The Project Scientist: is responsible for ensuring that the specifications for the LhARA beam delivered to the

endstations, the beamline instrumentation, the diagnostics and endstation capability remains aligned with
the scientific requirements of the LhARA user community. team requirements and deliverables and be
responsible for the scientific success of the project.1925

The present Project Scientist is:
• Kenneth Long; Imperial College London/STFC.

Project manager: is accountable to the project sponsor. Together they will maintain a continuous dialogue with
the laboratory, the collaboration and the work package managers to ensure a common understanding of
the; 1work, cost, risk, schedule and deliverables. The role and responsibilities of the project manager is1930

well understood and clearly defined in the STFC Project Management Framework [94, 95].
The present Project Manager is:

• Colin Whyte, University of Strathclyde.
Project manager: The Project Manager will be accountable to the project sponsor. Together they will maintain

a continuous dialogue with the laboratory, the collaboration and the work package managers to ensure1935

a common understanding of the; 1work, cost, risk, schedule and deliverables. The role and responsi-
bilities of the project manager is well understood and clearly defined in the STFC Project Management
Framework [94, 95].
The present project manager is:

• Colin Whyte, University of Strathclyde.1940

Project administrator: The LhARA collaboration’s project administrator assists the LhARA management team
in the execution of their functions.
The present project administrator is:

• Dionysia Kordopati, Imperial College London
The LhARA collaboration recognises the importance of independent scrutiny of its activity. Therefore, the1945

collaboration has established the principle of formal reviews of its programme by independent experts of inter-
national standing. The first such review [96] was held before publication of the pre-CDR [1] for the facility.
A committee is being established to review the Preliminary and Pre-construction Phase programmes proposed
here. The recommendations of the review committee will be considered in the completion of the present pro-
posal and the review committee’s report will be made public.1950

A.8.3 Project specification

The R&D programme necessary to deliver a full Conceptual Design Report (CDR) for LhARA was first pre-
sented in the pre-CDR [1]. This proposal builds on the pre-CDR and is designed to establish the conditions
for the technical-design phase of the LhARA project to begin. The five-year programme defined above and
summarised in the sections which follow will significantly improve the definition of the project, remove uncer-1955

tainties, mitigate risks and deliver the principal milestone defined in the proposal for an Ion Therapy Research
Facility (ITRF) [97] submitted to the UKRI Infrastructure Advisory Committee on the 15th June 2021, namely
the completion of a full CDR for the facility at the end of the two-year Preliminary Phase. The present proposal
also defines the work that must be carried out in the subsequent three-year Pre-construction Phase. An overview
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of the schedule for the development of the LhARA initiative in the Preliminary and Pre-construction Phases is1960

shown in figure 21.

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: Laser-driven source

WP2: Project Management

WP3: Proton and ion capture

WP4: Ion-acoustic dose mapping
Development of experimental validation setup

Execute caharacterisataion/validatiaon experiments
Baseline design for "Stage 1 ion-acoustic system"

With company procure and build prototype sensor system

WP5: End-station development

WP6: Facility design and integration

LhARA Preliminary Activity and Pre-construction Phase; principal milestones

2028 2029 2030 20312022 2023 2024 2025 2026 2027

Figure 21: Waterfall chart showing the principal milestones that define the project proposed herein. The
block entitled “ITRF timeline submitted to IAC, 15Jun21” shows the timeline for the development of the ITRF
submitted to the UKRI’s Infrastructure Advisory Committee. The block entitled “LhARA Preliminary Activity
and Pre-construction Phase; principal milestones” shows the principal milestones of the LhARA Preliminary
Activity and Pre-construction Phase proposed here. The subsequent blocks present the principle milestones
that serve to specify each of the work packages.

The specification of the Preliminary and Pre-construction Phase programmes has been split into two streams:
Facility design and integration encompasses the preparation of full conceptual and technical designs for all

aspects of the LhARA facility. The implementation of LhARA has been conceived in two Stages:
• Stage 1: Proton beam to the low-energy in-vitro end station; and1965

• Stage 2: Proton and ion beams to the high-energy in-vitro and the in-vivo end station.
Risk management encompasses the R&D programme necessary to address the principal risks attendant on the

implementation of LhARA.
An overview of the project schedule is presented in figure 21. The Preliminary Phase is assumed to take place

over the first two years of the project while the Pre-construction Phase is assumed to take place over years three1970

to five. The principal deliverables that define the project are:
Preliminary Phase:

• Facility design and integration:
1. Full conceptual design for LhARA Stage 1 and LhARA Stage 2 (work package 6).

• Risk management:1975

2. Characterisation of the proton phase space produced by the laser-driven source and the compar-
ison of the measured spectra to simulation (work package 2);
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3. Detailed design of the second Gabor lens prototype based on the study of non-neutral plasma
dynamics and benchmarked simulation (work package 3);

4. Proof-of-principle demonstration of Bragg peak localisation using acoustic signals (work pack-1980

age 4); and
5. Specification of end-station diagnostics and instrumentation (work package 5).

Pre-construction Phase:
• Facility design and integration:

6. Technical Design Report for Stage 1 at the end of year three (work package 6); and1985

7. Technical Design Report for Stage 2 at the end of year five (work package 6).
• Risk management:

8. Complete design and initial characterisation of laser-driven proton and ion source (work package
2);

9. Detailed design and initial characterisation of plasma lens (work package 3);1990

10. Design and initial characterisation of acoustic dose-profile measurement system for the Stage 1
low-energy in-vitro end station (work package 4); and

11. Initial evaluation of in-vitro end-station diagnostics and instrumentation (work package 5); and
12. Specification and design of high throughput automated sample-handing system for Stage 1 low-

energy in-vitro end station (work package 5).1995

A.8.4 Safety, health and environment (SHE) Plan

The LhARA collaboration has adopted a “safety-first” culture. The project team will deliver the SHE manage-
ment plan for the project in collaboration with the SHE representatives of each institute and the project delivery
teams throughout all phases in the project lifecycle.

Safety management at the definition stage of the project will include:2000

• Radiation Shielding (IRR17) estimated thicknesses, material selection and construction methods;
• Personnel safety system compliance with IRR17 and Accelerator Code of Practice in accordance with

IEC61508; Adopting current best practise for accelerator access control and key exchange systems, that
will shielded areas to be searched prior to operation of the laser and accelerator system;

• Local Exhaust Ventilation requirements–Extract/Exhaust systems (COSHH 2002).;2005

• HAZoP Process outline for systems integration; and
• Emergency Lighting, Fire Alarm and Fire suppression systems.

The person responsible for managing the technical work will be responsible for producing the risk assessment
and method statement (RAMS) for each task with risks in conjunction with the staff performing the work.
Contractors will provide RAMS prior to work conducted that will be approved by the construction site manager,2010

who oversees and coordinates all the multidiscipline construction work. All work on the construction site will
be conducted under a permit to work system.

It is the responsibility of the LhARA management team (Project Office and Project Group) to support the
Work Package managers in this task and to ensure that it is done. The Project Group is responsible for ensuring
that special issues such as radiation, the presence of magnetic fields, etc. are widely discussed and addressed2015

and that a full safety analysis is performed.
A Project Safety Manager will be appointed to take responsibility for delivering a coherent safety case for

LhARA and submitting it at appropriate times for review by STFC and/or other relevant institutions. The
Project Management Group will commission independent safety reviews as appropriate where the perceived
risks are considered high or to meet the eventual goal of obtaining permission to operate. The Project Group2020
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will be responsible for defining, carrying out, and documenting appropriate component- and system-level ac-
ceptance tests.

Final permission to operate the stages and sub stages of the facility under construction will be based on a
Safety Readiness Reviews with checks and sign-off sheets by the technical leads of each discipline. Documen-
tary evidence of adherence of the agreed safety procedures and methods, evidence of materials certification,2025

and engineering calculations will also be required. The operation of LhARA will be based on best practise
of similar complex laser-accelerator complex’s managed by STFC radiation test facility processes, procedures,
roles and responsibilities.

The projects influence on the environment will be a key consideration through the project lifecycle. Min-
imising energy consumption and energy losses will be essential. Design, technology choices and construction2030

techniques of the building, its technical services and accelerator systems to reduce the projects carbon footprint
will be crucial. Design for mitigating decommissioning impact and cost on the environment will be established
during the planning stages of the project to reduce the use of raw materials and enable the re-use of the building,
shielding materials and generic components.

A.8.5 Work breakdown structure2035

Top level, refer to Gantt charts, say needs to be refined in first 2 years, anticipate growth in yrs 3-5.

A.8.6 Critical path

A.8.7 Project schedule and milestones

Including key review/decision points

Cull from Gantt charts.2040

A.8.8 Risk management plan

The Project delivery team is required to keep the Project Office apprised of potential risks, their consequences
and the development of appropriate contingency plans. The Project Manager and Work Package Managers s
will report regularly on the evolution of the project risk register to the Project Management Office. Where
appropriate costs will be assigned to the risk-mitigation strategies and recorded in the risk register. “Trigger2045

levels” will be set in the risk register so that potential problems are highlighted and reported to the Project
Management Office in a timely manner. Risk Management will be a standing agenda item at the Project
Delivery Team Committee, Project Board and Steering Group meetings. Risks will be identified, captured, have
mitigation controls implemented to reduce the risk likelihood or impact (or both), and recorded and monitored
by a Risk Register process. Risks that become an issue will be captured in an Issue Log to be monitored and2050

resolved.

A risk analysis at the Work Package level has been performed by the Work Package managers. Project risks
and the principal risks identified in the work-package analysis have been presented above. The list will be
updated in preparation for each Institute Board meeting; significant changes will be presented by the Project
Managers in their report to the Institute Board.2055
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A.8.9 Quality assurance plan

Quality assurance will be delivered as described in the projects Quality Assurance Management Plan (QAMP)
that will be written during the definition phase of the project.

To assure the success of the project, the integration of quality will be critical throughout the project lifecycle.
The QAMP will set the management arrangements for people, processes and tools to provide the structure for2060

assuring that LhARA requirements will be met and the risks of not meeting requirements minimised. The
QAMP will be reviewed and updated throughout the lifecycle of the project. The QAMP will include the
following sections:

• Project Quality Policy, Purpose and related documents;
• Quality Management Roles and Responsibilities;2065

• Deliverables;
• Communication;
• Configuration Management and Change Control;
• Procurement Management and Assurance;
• Product Identification and Traceability;2070

• Document and Data Management;
• Software Assurance;
• Component Handling, Storage and Transportation;
• Transfer of Ownership;
• Design Reviews;2075

• Product Acceptance;
• Manufacturing Inspection Plans;
• Non-Conformance Management;
• Measurement and Analysis; and
• Continuous Improvement.2080

The Quality assurance management plan is based on the project-management methodology presented in [94,
95]. The following tools will be used:

• The evaluation through simulation of the design performance of components of the LhARA system;
• The benchmarking of the simulations against published data, measurements on model systems, and the

characterisation of appropriate prototypes;2085

• The documentation of designs and their evaluation at appropriate intervals in Technical Notes held in the
document repository described below; and

• Independent verification of engineering drawings, engineering calculations and documentation through
both internal and independent design reviews.

The initial Work Breakdown Structure (WBS) has been developed and is summarised above. Of particular2090

concern is the issue of integration; there are three levels at which particular attention to the interfaces and
system integration will be given:

• The interfaces between adjacent modules;
• The internal interfaces in a module where the responsibilities are shared between different institutes; and
• The interfaces required at the time of installation and the overall integration of with the environment.2095

The WBS is overseen by the Project Managers and reviewed by the Project Group which includes the managers
of the “Design and integration” work package (WP6). One of the managers of WP6 is and will continue to
be an experienced expert in accelerator-system integration. This individual will take the lead in discussions
leading to the identification, specification, and documentation of system interfaces within the Project Group.
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The various bodies that form the formal LhARA management structure use action lists to initiate and track2100

issues of design, interface, installation, and integration. Changes to the project specification, cost and schedule
are also considered by the Project Group and in turn by the Project Office. A change control mechanism will
be established as the project enters the Pre-Construction Phase.

A.8.10 Document control plan

Project documentation, including engineering drawings and specification documents, is collected in the “Tech-2105

nical Note” repository [98] that is maintained as part of the CCAP wiki [99]. The documentation source files
(WORD, LaTeX, figures, spreadsheets etc.) are stored in a GIT repository [100]. The GIT repository is used to
maintain a detailed version history of the individual documents.

Documents are organised by category and labelled with the date, subject and revision numbers. Technical
Note numbers are issued by the Project Managers and review of the content of the notes is provided by the2110

Project Group and Project Office.

A.8.11 Staffing strategy

A.8.12 Consideration of diversity issues

A.8.13 Procurement plan

LhARA is a collaborative project, with devolved responsibilities for procurement. The overall procurement plan2115

is established by discussion within the collaboration; the Project Office is responsible for proposing strategy.
Collaborating institutions along with the appropriate funding agencies will develop their own procurement plan.
The responsibility for the procurement of the parts of the LhARA system is to be established by MoU between
STFC and the individual collaborating institutes against this plan.

A.8.14 Supplier market2120

The significant components, both novel and off-the-shelf will be required during the Pre-construction Phase.
These will be obtained through competitive tender based on a design specification worked-out in the Preliminary
or Pre-construction Phases. As part of the Quality assurance management (section A.8.9), the documentation
of specifications, designs, and the design evaluation will be subjected to independent technical review prior to
the initiation of the tender process.2125

A.8.15 Impact plan and benefits realisation

The LhARA collaboration seeks to establish an entirely new technique for the automated delivery of person-
alised, precision, multi-ion PBT. To achieve this novel technologies, each developed for, or demonstrated in,
unrelated fields will be brought together in a single system. This LhARA programme carries significant tech-
nical risk. The high-risk approach is justified by the high level of reward and will place the UK at the forefront2130

of the PBT field, establish UK industry as a key player in the delivery of novel clinical equipment, and allow
significantly enhanced access to state-of-the-art IBT across the UK.

In addition to the long-term transformation of clinical practice in IBT, the programme has the potential to
generate a substantial breadth of impact in the R&D and pre-construction phases:
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Clinical: incremental deployment of automated on-the-couch patient-imaging and patient-positioning sys-2135

tems and development of fast, optimised treatment-planning software. Definitive in vitro and in vivo
biological measurements that will be used to enhance the accuracy of treatment planning software in the
short, medium, and long term.

Technological: Prototypes of novel accelerator technologies, novel real-time “proton-acoustic” dose-deposition
imaging; automated robotic systems that can be developed for clinical application, optimised image-2140

processing and treatment-planning systems, and a simulation of the full clinical facility to be used to
optimise its efficacy and to inform its development, construction, and operation. Exploitation of the
biological facility and incremental development of the novel technologies.

Industrial: The R&D prototypes and components of the various proof-of-principle (PoP) systems will be
developed and produced in partnership with the industrial members of the collaboration. Active involve-2145

ment in the R&D, PoP, pre-construction, and construction activities will position UK industry to take a
leading role in the implementation phase.

Scientific: Direct scientific impact will be generated in the fields of laser-driven acceleration, imaging, instru-
mentation, diagnostic-technology, and software-system development during the initial R&D phase. Sci-
entific impact in the field of biology will be delivered during the PoP phase. Key technologies developed2150

and proved in operation can be spun-out to accelerator-based infrastructure for science and innovation.
Execution of the proposed programme will maintain and enhance the UK’s internationally recognised
position of leadership in the provision of intense, pulsed ion beams.

This proposal includes a robust Stakeholder development plan (see section A.7. The early engagement with
all stakeholder groups will allow opportunities to deliver impact to be exploited as the project evolves. The2155

development of proposals to spin-out elements of the LhARA technology-development programme to benefit
patients through the incremental enhancement of clinical IBT facilities the collaboration will expand its intel-
lectual impact and attract additional investment into its core programme. Regular stakeholder consultation will
inform the development of the R&D programme and the impact-generation activities of the collaboration.

Through the stakeholder-engagement activities a benefits-realisation plan will be developed during the Pre-2160

liminary Phase and implemented during the Pre-construction and subsequent construction phases. Maximising
the potential for the LhARA initiative to generate impact at all stages of its development is a high priority for
the collaboration.

A.8.16 Evaluation strategy

The evaluation of the designs for the various components and sub-systems will be through careful and sys-2165

tematic evaluation of simulations, comparison of the results of simulation with measurements made on ap-
propriately specified prototypes, and beam tests. The technical evaluation that ensures that components meet
their specification will be through design review prior to production and the implementation of QA and QC
procedures documented and agreed prior to the production and receipt of the item. The evaluation will be car-
ried out through specialist sub-group meetings, collaboration meetings and, where appropriate, the simulations,2170

measurements, and conclusions drawn will be subjected to external expert review.

The progress of the project will be carried out using the appropriate project management tools to the standard
defined in [95]. The tools will include Gantt and slip charts, milestone tracking, the routine review of the project
and work package risk registers, and wherever possible earned-value analysis. Appropriate risk escalation and
contingency management processes will be agreed with the funding agencies at the start of the Preliminary and2175

Pre-constriction phases.
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A.8.17 Monitoring and reporting

The LhARA collaboration meets by video every fortnight to review the status of the initiative in general. In
addition to status reports from the Work Package managers particular scientific or technical contributions are
regularly made. Both the Project Office and Project Group meet fortnightly; the individual meetings taking2180

place on alternate weeks. Details of the development of the project, the evolution of cost, schedule, and risk
are addressed in the Project Group meetings, the Project Office providing oversight and taking responsibility
for organising formal technical and scientific reviews.

In addition to the regular fortnightly meetings, the collaboration has begun to establish a pattern of plenary,
in person meetings. The objective will be for a plenary, in person, collaboration meeting to take place at least2185

three times a year. The transition to a regular in-person meeting pattern will depend on the collaboration’s
success in attracting resources and the development of the Covid-19 pandemic.
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