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ABSTRACT

In the UK, one in two people will develop cancer during their lifetimes and radiotherapy (RT) plays a key role in effective 
treatment. High energy proton beam therapy commenced in the UK National Health Service in 2018. Heavier charged 
particles have potential advantages over protons by delivering more dose in the Bragg peak, with a sharper penumbra, 
lower oxygen dependence and increased biological effectiveness. However, they also require more costly equipment 
including larger gantries to deliver the treatment. There are significant uncertainties in the modelling of relative biolog-
ical effectiveness and the effects of the fragmentation tail which can deliver dose beyond the Bragg peak. These effects 
need to be carefully considered especially in relation to long- term outcomes.
In 2019, a group of clinicians, clinical scientists, engineers, physical and life scientists from academia and industry, 
together with funding agency stakeholders, met to consider how the UK should address new technologies for RT, espe-
cially the use of heavier charged particles such as helium and carbon and new modes of delivery such as FLASH and 
spatially fractionated radiotherapy (SFRT).
There was unanimous agreement that the UK should develop a facility for heavier charged particle therapy, perhaps 
constituting a new National Ion Research Centre to enable research using protons and heavier charged particles. 
Discussion followed on the scale and features, including which ions should be included, from protons through helium, 
boron, and lithium to carbon, and even oxygen. The consensus view was that any facility intended to treat patients must 
be located in a hospital setting while providing dedicated research space for physics, preclinical biology and clinical 
research with beam lines designed for both in vitro and in vivo research. The facility should to be able to investigate and 
deliver both ultra- high dose rate FLASH RT and SFRT (GRID, minibeams etc.). Discussion included a number of accel-
erator design options and whether gantries were required. Other potential collaborations might be exploited, including 
with space agencies, electronics and global communications industries and the nuclear industry.
In preparation for clinical delivery, there may be opportunities to send patients overseas (for 12C or 4He ion therapy) 
using the model of the National Health Service (NHS) Proton Overseas Programme and to look at potential national 
clinical trials which include heavier ions, FLASH or SFRT. This could be accomplished under the auspices of NCRI CTRad 
(National Cancer Research Institute, Clinical and Translational Radiotherapy Research Working Group).
The initiative should be a community approach, involving all interested parties with a vision that combines discovery 
science, a translational research capability and a clinical treatment facility. Barriers to the project and ways to overcome 
them were discussed. Finally, a set of different scenarios of features with different costs and timelines was constructed, 
with consideration given to the funding environment (prer- Covid-19) and need for cross- funder collaboration.
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INTRODUCTION
Background
In April 2019, a group of clinicians, clinical scientists, engineers, 
physical and life scientists from academia, industry and the clinic 
met with stakeholders from the funding agencies for a 2- day 
workshop to examine the potential of new technologies for UK 
radiotherapy (RT). This paper documents their discussions and 
provides a starting point for future work. During the meeting, 
those involved were asked a series of questions, first discussed 
in multidisciplinary groups and then in subject- specific groups 
to combine a broad overview with in- depth detailed discussion 
and understanding. This paper summarises the deliberations and 
discussions that took place during this meeting.

It should be noted that the UK is not alone in having these 
discussions and brainstorming sessions. Most notably the 

debate on bringing charged particle therapy (using ions heavier 
than protons) back to the USA has resulted in two NIH explor-
atory programmes: North American Particle Therapy Alliance 
(NAPTA) led by the University of California San Francisco 
and a programme led by University of Texas Southwestern for 
a National Particle Therapy Research Centre (NPTRC). More 
recently in November 2019, the Mayo clinic announced that it 
would partner with Hitachi to build a carbon ion centre.

Charged particle therapy for treating cancer
Introduction:
In the UK, one in two people are diagnosed with cancer during 
their lifetimeand of those who survive 40% can attribute their 
cure to a treatment including radiotherapy (RT).1,2 After surgery, 
radiotherapy is the most effective cure for cancer in the UK2, but 
accounts for less than 10% of the UK cancer budget, making it an 
extremely cost- effective form of treatment. However, all current 
cancer treatments give rise to side- effects, and as more patients 
are living with and beyond cancer, reducing both acute and long- 
term side- effects is paramount. Avoidance of side- effects will 
also allow some improvement in tumour control through dose 
escalation to the tumour.

Charged particle therapy
One of the newer types of RT treatment uses protons or heavier 
ions. Unlike X- rays, protons (and heavier charged parti-
cles) deliver most of their dose in a well- defined Bragg peak 
(Figure 1A). This allows more dose to be delivered to the tumour 
whilst sparing the healthy tissues, surrounding it. In particular, 
for protons, there is no exit dose beyond the target. For heavier 
charged particles, a fragmentation tail is observed and this is part 
of the reason why proton beam therapy (PBT) is considered pref-
erable for treating childhood cancers, through reduced effects 
on growth, organ function and second malignancy risk later in 
life. Charged particle beams also offer the potential for treating 
tumours which lie close to critical organs, such as the brain or 
spinal cord. Heavier ions, such as carbon, have a substantially 
smaller (sharper) penumbra, potentially providing a significant 
advantage in this setting.

Figure  1A shows the Bragg peaks for protons, helium and 
carbon ions, at a single energy. It can be seen that as the ion mass 
increases, the Bragg peak becomes sharper. By modulating the 
energy and position of the Bragg peak, the dose can be distrib-
uted over the entire tumour volume in a spread out Bragg peak 
(SOBP) (Figure  1B). In Figure  1A and B, the dose has been 
normalised but when compared to photons it can be seen that 
the relative damage in the tumour with respect to normal tissues 
increases for charged particle beams. In many countries, PBT 
has been the preferred option for particle therapy, for several 
reasons. Firstly, both the equipment and the build costs are 
cheaper and there are off- the- shelf, turn- key solutions for both 
the equipment and treatment planning software from a number 
of suppliers. Secondly, PBT equipment has a much smaller foot-
print than equivalent heavy charged particle facilities. Thirdly, 
the currently accepted view is that the most advanced treatments 
are more effectively delivered with gantries that can ideally rotate 
through 360° and which, when combined with robotic couches, 

Figure 1. (A) Depth–dose curves for photons (6 MV), protons 
(1H), helium (4He) and carbon (12C) ions. For 1H, 4He and 12C 
ions pristine Bragg peaks (single energy) are shown in Fig-
ure  1Aa (normalised to the same physical dose to the same 
depth within the in tumour). (B) shows biologically weighted 
(using LEM IV) SOBP for 1H, 4He and 12C (again normalised to 
the same depth within the tumour) SOBP, (spread out Bragg 
peaks).
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are able to treat the patient from almost every angle. For heavier 
charged particles such as carbon larger heavier gantries need to 
be used because much larger magnets are needed in the gantry to 
deliver the beam to the treatment nozzle. For example, the gantry 
in the Heidelberg Ion- Beam Therapy Centre (HIT) weighs 640 
tonnes Figure 2; although the new superconducting carbon ion 
gantry at the National Institute of Radiological Sciences (NIRS) 
in Japan weighs 300 tonnes, this is still larger and heavier than 
the “state- of- the- art” Varian gantry at The Christie Proton Beam 
Centre, which weighs 180 tonnes. Although there are commercial 
suppliers of systems that can deliver carbon and lighter charged 
particle beams such as helium (He), the systems are bigger, more 
expensive and ‘less turn- key’ than the equivalent PBT systems. 
Despite this, Japan has invested in carbon ion therapy with six 
centres and while these centres are also able to provide PBT (as 
they use synchrotron rather than cyclotron systems), the main 
treatment modality offered is 12C. Similarly, Germany, Italy and 
Austria have made significant investment in 12C ion centres at 
the Heidelberg Ion- beam Therapy Centre (HIT) (shown under 
construction in Figure  2) and the Marburg Ion- beam Therapy 
Centre (MIT) in Germany, CNAO in Italy and MedAustron 
in Austria. As mentioned previously, three 12C ion centres are 
planned in the USA, but it is unclear at the moment whether they 
will have gantries.

More recently, interest has turned to helium ions, which may 
represent the optimum compromise solution for charged particle 
therapy, with greater tumour control than PBT, a smaller frag-
mentation tail, smaller gantries and less cost than carbon with 
an intermediate penumbra. However, at present, there is no 
commercial supplier of equipment for solely delivering helium 
ion therapy (although it is available with a range of other ions 
using synchrotrons) nor are there any clinical trials to support 
the hypothesis that He provides an optimum solution, although 
HIT is starting to undertake clinical trials with He.

Linear energy transfer (LET) and relative biological 
effectiveness (RBE):
The linear energy transfer (LET) for mono- energetic beams 
of charged particles increases with depth (as the energy of the 
particle decreases). The complexity and lethality of the DNA 
damage produced increases with LET.3 In the entrance/plateau 
(lower LET) region, before the Bragg peak, single strand DNA 
breaks predominate (SSB, similar to X- ray damage), whilst 
complex, clustered DNA double strand breaks (DSB) are the 
predominant lesions in the high- LET region of the Bragg peak4,5 
and immediately distal to it. The biological effect, quantified as 
the relative biological effectiveness (RBE),* increases with depth 
and LET.

For PBT, most clinical treatments (worldwide) are given 
assuming that the same dose of protons delivers 1.1 times the 
biological effect of X- rays irrespective of depth, tissue type and 
oxygenation. RBE has become a “hot topic” in PBT with propo-
nents arguing the need for a variable value6 and pointing out 
that many of the experiments on which an RBE of 1.1 is based 
were carried out on rodents (or cells derived from them) whilst 
opponents have cautioned that successful clinical experience 
is based on this value and that there are dangers of overdosing 
normal tissue and under dosing the tumour if the value of 1.1 
is changed.7,8 Careful in- vitro and in- vivos tudies9–11 have indi-
cated a rise in the RBE at the distal end of the Bragg peak and 
this is confirmed by mechanistic mathematical modelling.12–14 
Some authors have questioned if this rise in RBE may be the 
cause of brain necrosis observed in a minority of patients.8 Some 
recent retrospective studies15 appear to have confirmed this link, 
although similar correlations are not seen in all PBT centre.16 
Retrospective studies17 on 430 patients found that in over 96.7%, 
there was less brain necrosis with PBT than with comparative 
X- ray RT. In 3.3% of patients an effect was observed; in all cases, 
this occurred when the distal end of the Bragg peak overlaps the 
periventricular region of the brain.

For carbon ions, a variable RBE is normally included in the 
clinical treatment plan. In Europe, this is largely based on the 
local effect model (LEM).18 In Japan, the mixed beam model19 
was used until 2011 when it was replaced by the microdosim-
etric kinetic model (MKM).20 The way in which RBE is reported, 
and thus the way in which dose is prescribed,differs significantly 
between most centres in Europe and Japan, making comparison 
of outcomes and data from trials difficult. Although significant 
steps are being taken, e.g. collaboration between CNAO in Italy 
and NIRS in Japan, there is an urgent need for further interna-
tional collaboration and agreement on the physical parameters 
that are reported and the format in which this should be done.21 
The uncertainty in RBE and how it relates to long- term outcomes 
still needs to be addressed. Some commercial providers of treat-
ment planning systems (RaySearch) now include treatment plan-
ning for carbon as well as protons and photons in their treatment 
planning software.

* RBE is defined as the ratio of the doses of a test and a reference 
radiation that have equal biological effect. This is a ‘horizontal’ comparator of 
effect, on a dose- response graph. Traditionally, the comparator was 250 keVp 
X- rays, although modern treatments are referenced to 60Co MeV gamma 
rays.

Figure 2. The HIT centre under construction in 2005. Note 
that this photograph was taken 15 years ago, and shows the 
construction of a full- scale clinical plus research facility includ-
ing both proton and carbon ion delivery; helium delivery is 
currently under development. HIT, Heidelberg Ion Therapy.
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Particle therapy in the UK
In the UK, low- energy PBT (up to 62 MeV) has been available at 
the National Health Service (NHS) centre in Clatterbridge near 
Liverpool for over 20 years. It has been used for the treatment of 
superficial tumours, particularly those of the eye and has been 
outstandingly successful.22 In 2018, the NHS (in England) started 
treating patients with state- of- the- art, active spot scanning, high- 
energy (at energies up to 250 MeV) PBT at The Christie NHS 
Foundation Trust in Manchester. This centre uses a Varian super-
conducting (2.4 Tesla) cyclotron to supply three clinical treat-
ment rooms, each equipped with a 360° gantry. There is also a 
purpose- built research room, which occupies the fourth gantry 
space, funded by the Christie Charity.23 This room is designed 
to enable the translation of discovery science into the clinic and 
thereby keep the NHS treatment of patients at the forefront of 
technology. A second, high- energy NHS PBT centre will open 
in 2021 in London at University College London Hospitals NHS 
Foundation Trust (UCLH). At UCLH, three gantries will be used 
to treat NHS patients. The fourth gantry space is funded by a 
private provider and will also have some capacity for research. A 
number of private PBT centres also exist in the UK (the majority 
operated by Proton Partners International) and others are at the 
planning stage. These are single- room IBA solutions with partial 
gantries. An entirely different design concept using a linac- based 
technology with a fixed beam line is also being developed by 
AVO and is intended to operate at maximum energies between 
200 and 250 MeV. A test site for this equipment is being devel-
oped at the Science and Technologies Facilities Council (STFC) 
laboratory in Daresbury in the north west of England.

UK overseas referral programme and PBT clinical 
trials
Since 2008, the NHS has been referring patients overseas for 
high energy PBT under the auspices of the Proton Overseas 
Programme22,23 .The number of patients now treated abroad on 
this programme has dropped dramatically since The Christie 
started treating in 2018, but until UCLH opened and was fully 
ramped up it was planned that this programme would remain 
open. Covid-19 changed all of this and most UK PBT patients 
are now being treated at the Christie. Referral for PBT is via a 
national panel (originally for the overseas programme and now 
also addressing referrals for treatment at The Christie) which, 
to date, has referred over 1400 patients22 . These patients were 
referred to PBT centres in Switzerland (Paul Scherrer Institute), 
USA (especially Jacksonville in Florida, with some treated in 
Oklahoma) and Germany (Essen). The NHS uses a prescribed 
list of indications, in combination with pragmatic national 
Multidisciplinary Team meetings, to select those patients who 
are most likely to benefit most from PBT treatment. In the 
clinical research arena, the National Cancer Research Institute 
(NCRI) Clinical and Translational Radiotherapy Working Group 
(CTRad) has been organising national meetings to develop 
national PBT clinical trials. The first of these – TORPEDO,24 a 
Phase III randomised trial comparing protons and X- rays for 
patients with oropharynx cancer is funded by CRUK and the 
Taylor Family Foundation and opened during 2020. Three other 
Phase III randomised trials on breast (PARABLE), good prog-
nosis glioma (APPROACH) and oesophagus (PROTEUS) have 

recently been submitted for funding. A number of other smaller 
trials will also be undertaken through evaluative commissioning, 
e.g. the oropharynx trial NIPRO, or through links with the phar-
maceutical industry, e.g. an immunotherapy radiotherapy trial 
which includes PBT. Through the CTRad initiative, a number of 
other trials ideas are in development, including a sinonasal Phase 
III trial, a re- irradiation study and large- scale trials on lung, liver, 
skull base meningioma and pancreas.

FLASH and spatially fractionated radiotherapy 
(SFRT)
Another area of worldwide interest that has the potential to 
transform radiotherapy is FLASH RT. FLASH is delivered at 
ultra- high dose rates (normally >40 Gy/s mean dose rate vs 
conventional RT dose rates ~0.16 Gy/s) and in large doses per 
fraction (so would require fewer fractions). The transformative 
potential of FLASH RT stems from experimental results obtained 
across different species (mouse, pig, cat, zebrafish) and various 
organs (lung, brain, skin, gut) that appear to show that FLASH 
RT significantly reduces damage to the healthy normal tissues 
surrounding the tumour.25–38 Although there is also growing 
evidence that FLASH RT delays tumour growth, more evidence 
(over longer time periods) is needed to support claims of equiv-
alent or increased tumour control.26–29

If validated preclinically and clinically and after very careful 
clinical evaluation, FLASH RT could mean a faster recovery 
and improved quality of life for patients. FLASH RT also has 
the potential to revolutionise the way in which we deliver RT to 
patients (larger and fewer fractions) and thus shorter treatment 
course - for patients and lower costs for the NHS. The FLASH RT 
effect appears to be dependent on a number of parameters which 
broadly fit into three categories.30 These are:

• beam delivery: dose, dose rate, time of exposure, volume 
exposed etc;

• biology: the impact on tumour/normal tissue environment: 
effective oxygen diffusivity, cellular/metabolic oxygen 
consumption, reaction rates etc;

• radiolytic: radiation- induced oxygen depletion, reactive oxygen 
species etc. all of which still need to be fully characterised.

Several studies report that FLASH is agnostic of radiation quality 
(electrons, protons, X- rays) although most studies to date25,31,32 
have been undertaken with low- energy electrons (LEE). The 
mechanism(s) behind FLASH are still the subject of debate, the 
reduction of reactive oxygen species (ROS) after FLASH- RT has 
been measured33 and tends to support the hypothesis, dating 
from the 1970s, that local oxygen depletion may be responsible 
for normal tissue sparing during FLASH RT.34,35 The biolog-
ical effect of FLASH RT in normal tissue has been the subject 
of significant worldwide interest36,37 including in early clinical 
trials36,37 . The efficient anti- tumour response described for 
FLASH RT remains to be investigated, as does lasting tumour 
control as opposed to simple tumour growth delay.

Similarly, SFRT38,39 is an area of significant worldwide interest. 
The oldest form of SFRT is GRID therapy in which high doses 
(15–20 Gy) are delivered in one fraction with beams of around 
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1 cm2, approximately spaced by 1 cm.39 In SFRT, some areas 
of tumour and normal tissue receive low doses while others 
receive very high doses indeed. The observation of a highly 
non- linear inverse relationship between normal tissue radio-
sensitivity and tissue volumes40 started to be exploited in 
the 1990s thanks to third- generation synchrotron sources 
providing kilovoltage X- ray beams with negligible beam diver-
gence and high brilliance. This was the origin of the most 
extreme form of SFRT, the so called microbeam radiation 
therapy (MRT).41 MRT uses 25–100 µm- wide beams spaced by 
200–400 µm.

In such situations, physiologically induced tissue motions (such 
as blood pulsing) can easily be larger than the beam dimensions, 
necessitating ultra- high dose rate delivery to effectively “freeze” 
this motion. This domain therefore has clear cross- overs with 
FLASH delivery. At larger beam dimensions (in the mm range 
of so- called mini- beams), experimental data are also available in 
situations where target/tumour tissues receive approximately a 
“standard” dose but the mini- beam structure allows intervening 
target volumes to receive a greatly boosted dose. Studies with 
X- rays, electrons and protons are producing very exciting results, 
sparing normal tissue whilst still maintaining tumour control, 
even when parts of the tumour receive low doses. Some of these 
studies have been performed at conventional radiotherapy dose- 
rates, allowing a separation of this delivery mode from research 
into FLASH RT.

These are important topics for consideration in the context of a 
future charged particle facility since:

• technologically, it is currently possible to deliver FLASH PBT 
beams using the clinical cyclotron technology available in the 
PBT centres across the UK. Synchrotron centres such as GSI 
are also able to deliver experimental FLASH beams of heavier 
charged particles. It would be expected that any UK clinical or 
research facility would have a FLASH capability. For photon 
and electron FLASH, commercial clinical solutions are still in 
the development phase.

• the reduced lateral scattering of heavier charged particles 
compared with protons (and electrons) can in principle deliver 
a much sharper beam penumbra and so may be more amenable 
for mini- beam applications42 than electrons or protons.

Questions considered
The meeting agreed that for the UK to continue to offer the very 
latest RT and the widest range of treatment options, there was a 
need to investigate the potential of heavy charged particle treat-
ment, in combination with FLASH and SFRT, alongside PBT and 
X- ray RT.

It was agreed that any future clinical facility needs to be based 
within or adjacent to a hospital, mirroring the NHS provision 
of PBT. It was also agreed that this facility should be developed 
in partnership with a multidisciplinary research community, 
as there are still a large number of questions to be answered to 
define which treatment modalities would offer the greatest bene-
fits for patients in the UK. This would need to include the ability 

to conduct preclinical research. Research would be needed to 
understand:

• the best ions to use for which treatment, including whether 
different ions might be better for different types of tumour. 
It should also include the effects of mixed charged particle 
treatment and where it could be best be utilised clinically. This 
is already being considered at HIT and NIRS;

• what type of accelerators should be used;
• whether gantries are needed and what other hardware and 

software options are available;
• what in vitro and in vivo pre- clinical research is required;
• the impact of FLASH RT and what research is needed to take 

it towards the clinic;
• the impact of SFRT and what research is needed to take it 

towards the clinic;
• and support the development of instrumentation and software 

platforms to meet the challenges of these new treatment 
methodologies;

• the need for a flexible approach to future- proof such a 
development.

It was agreed that different funding scenarios and timescales 
should be investigated. The group also agreed that competi-
tion about where any facility should be sited was not going to 
be helpful at this stage, following the lead of the previous UK 
PBT initiative. Instead, the group needs to work together to build 
a national case and only when the key requirements for such a 
facility have been identified would it be appropriate for different 
groups to bid to host it.

METHODS
To generate discussion and formulate, the recommendations 
summarised in this paper, individuals with a background in 
particle therapy research were invited to attend a 2- day meeting 
in March 2019 in Birmingham led by Prof Karen Kirkby and Prof 
Stuart Green. Representatives from all of the disciplines involved 
in heavy charged particle therapy, PBT, SFRT and FLASH in 
RT were invited. This included specialists in accelerator and 
particle physics and representation from CERN. It also included 
academic engineers, life and physical scientists, clinical scien-
tists, clinicians, industrial representatives and representatives 
from funding bodies (STFC- UKRI, EPSRC, CRUK) and policy 
makers. The group included representatives from the NHS and 
private providers. It is appreciated that this group (41 people) 
only represents a snapshot of interested parties and it is envis-
aged that further meetings will be held to widen and deepen the 
discussions contained here.

The meeting consisted of presentations from experts in the field 
and discussions around predetermined questions, as shown in 
Table 1 . Trained facilitators were in attendance for the duration 
of the meeting to ensure the discussions involved everyone and 
stayed on topic. To generate a range of answers and in- depth 
discussions, attendees were first divided into multidisciplinary 
groups and posed a question.They were then split into profession- 
specific groups where they answered the same question, but now 
in depth. For the next question, the multidisciplinary groups 
were mixed so that no question was answered by the same 
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multidisciplinary group but the profession- specific groups obvi-
ously remained the same. The outcome of these discussions is 
covered in the body of this paper. To ensure that everyone was 
heard, facilitated brainstorming sessions were used with each 
participant invited to add one point in each go- around. During 
the brainstorming sessions, interruptions were not allowed and 
the brainstorming “go- arounds” continued to allow everyone to 
make their points and to be listened to. After this, those in each 
group were allowed to discuss the points made.

RESULTS AND DISCUSSION
Options and timeline
The group reached a general consensus about the need for a 
charged particle facility within the UK that also had the ability 
to deliver FLASH and SFRT. This was discussed principally for 
4He and 12C ions, although ions as heavy as 16O and lighter 
ions such as 11B and 6Li were also considered. The group also 
concluded that a flexible approach was needed which could 
adapt to potential future funding calls and which could also 
generate an evidence base. Although the options and timeline 
came out at the end of the discussions, these are shown below 
as they impact on the following sections. The options, detailed 
in Table 2, are:

• a clinical and research facility, incorporating new accelerator 
and gantry design, offering a full range of ions, full gantry- 
based clinical capability and a research room equipped with 
both pre- clinical and in vitro beam lines;

• a clinical and research facility, using existing technology, with 
a small range of ions (H, He, C), with a clinical capability 
including a carbon gantry and the ability to test alternative 

patient positioning technologies; this option also includes a 
research room (as Option 1 above);

• a clinical and research facility similar to two above, using 
existing technology, He and H ions only, including a gantry 
and a research capability;

• a preclinical research facility (50–60 MeV/u*) that incorporates 
new aspects of accelerator and gantry design (or alternatives) 
for a range of ions (H, He, Li, B, C, O) with both an in vitro and 
in vivo capability;

• as Option 4 above but operating at a lower energy (20 MeV/u*) 
using existing technology such that heavy ions such as 12C can 
only be used preclinically in vivo for superficial tumours. Also 
has an in- vitro capability.

*Energies are given in MeV/u (MeV per atomic mass unit) to aid 
comparison with protons.

The timeline is obviously faster for the solutions which use 
existing technology and, e.g. if funding was available now, 
Option 5 could probably be available in 2–3 years, and Options 
2 and 3 in 5 years. For Options 1 and 4, many of the designs 
for new accelerators already exist and in some cases partial 
testing has taken place. For Option 1, it may be better to start 
by developing Option 4 as a proof of principle as this could 
probably be realised on a timescale of 5 years. The full devel-
opment of Option 1, depending on the technology used, could 
be in 10–15 years.

As a reference, to develop the NHS- England PBT centres, the 
period of awareness- building was begun by key figures in the 
clinical community in 2003/4, and this gathered pace and 

Table 1. Key questions presented to the meeting participants.

Is there a need for the UK to have a clinical facility for Heavier Ions?

If so, why?

Which would be the optimum ion?

Might different ions be better for different types of tumour?

What type of accelerators should be used?

What typeof delivery equipment (e.g., gantry or not)?

How large should a facility be, and what should be its key features?

What is the potential timeline?

How can a facility be future- proofed?

How do we make this facility happen?

What are the potential barriers?

How can the barriers be overcome?

What are the research opportunities?

What facilities would be needed to undertake this research?

What is the potential impact of FLASH RT and what research is needed to take it towards the clinic?

What is the potential impact of SFRT and what research is needed to take it towards the clinic?

Define additional key questions based on scientific talks.

RT, radiotherapy; SFRT, spatially fractionated radiotherapy.
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influence over the subsequent 5–6 years. NHS- England made 
the first formal announcement of an intention to commis-
sion facilities in England in 2010 and the decision to proceed 
with two centres in Manchester and London was announced 
towards the end of 2011. The first NHS patients began treat-
ment in Manchester in 2018 and London is due to start treating 
in 2021.

Is there a need for the UK to have a clinical facility 
for heavier charged particles and if so on what 
scale?
General considerations
The answer from all groups to this question was an emphatic 
YES. The groups then went on to outline the sort of research that 
should be undertaken and the sort of facility that was needed to 
undertake it. The UK has a strong heritage of research in this field 
and there is a huge opportunity to build a world- leading national 
facility, which draws in strengths from across the academic, 
industrial and clinical sectors.

The discussions highlighted the need to have a flexible response 
to potential funding and to draw up timelines to achieve 

this (see above and Table  2). It is important to consider the 
possible accelerators that could be used for such a facility. At 
the moment, cyclotrons are the de- facto technology choice 
for PBT, while for heavier charged particles all existing clin-
ical centres utilise synchrotrons. IBA does have a design for a 
carbon cyclotron which is being developed by a consortium in 
Caen in France (ARCADE). These, and the emerging technol-
ogies (discussed below), have advantages and disadvantages, 
and part of the research that will need to be undertaken for 
such a facility would be analysing which accelerator and gantry 
technology to use. The difference for heavier charged particles 
with respect to protons is the increased beam rigidity (which 
determines the strength of magnet required to bend the beam), 
which for 425 MeV/u carbon ions (30 cm range) is nearly three 
times that of equivalent- depth protons; thus more rigid ions 
require larger magnetic fields for an accelerator (or gantry) of 
the same size. Technologically, helium ions offer the advan-
tage of lower rigidity and smaller, more compact accelerators 
(225 MeV/u helium gives 30 cm range). He, C and O ions can 
be readily obtained from conventional ion sources, which use 
gaseous species. Elements such as Li and B require more special-
ised source construction and operation.

Table 2. Different options for a UK heavy ion facility, considering capabilities, flexibility and cost, in descending order

Option Characteristics Ions Estimated cost Timeline¶

1. Clinical and research facility incorporating new 
accelerator and gantry design. Beams capable of 
penetrating 30 cm in water, so up to 425 MeV/u 
for Carbon ions. Two or more clinical treatment 
rooms and one research room containing both 

pre- clinical and in vitro beam lines where clinical 
beam delivery can be emulated.

H, He, Li, B, C, O £400M 10 years

2. Clinical and research facility using existing 
accelerator technology. Beams capable of 

penetrating 30 cm in water. One or more clinical 
treatment rooms with one or more gantries 

to deliver C ions. Capability to test alternative 
technologies for patient treatment (e.g. chairs) 
Possible smaller gantry for H or He treatment. 

Research room containing both pre- clinical and 
in vitro beam lines where clinical beam delivery 

can be emulated (as one above).

H, He, C £200M 5 years

3. Clinical and research facility similar to two 
above, using existing technology, but only 

delivers H and He ions; with gantry for both 
H and He ions. Beams capable of penetrating 
30 cm in water. Capability to test alternative 

technologies for patient treatment (e.g. chairs) 
Research room containing both pre- clinical and 
in vitro beam lines where clinical beam delivery 

can be emulated (as 1 and 2 above).

H, He £150M 5 years

4. Pre- clinical research facility (50–60 MeV/u), new 
accelerator and gantry design (or alternatives). 
Capability for in vitro research. Not suitable for 

clinical treatment.

H, He, Li, B, C, O £100M 5 years

5. Preclinical research facility, lower energy (20 
MeV/u), existing technology (similar to Option 

4). Heavy ions, such as C, only preclinical for 
superficial tumours. Not for clinical treatment.

H, He, Li, B, C, O £50M 2–3 years

SFRT, spatially fractionated radiotherapy.
Timeline does not include time to identify asuitable site and obtain planning permission.
Although the consensus focussed on protons and 12C ions, B and Li ions (intermediate in mass) and heavier O ions, were also discussed. A facility 
should also have capability for FLASH and SFRTdelivery.
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The funders and policy makers also agreed that – yes – there is a 
need for the UK to have a heavier charged particle facility. There 
is a unique opportunity to understand biology, including DNA 
damage, which would provide a major opportunity for research. 
The facility would have to have a flexible research focus; e.g. 
it should have the option for using multiple charged particle 
species.

Clinical
There is a need for high- quality clinical data. At present, there is 
comparatively little high- quality data available for protons and 
even less for heavier charged species (He & C). X- ray RT is also 
continuing to improve, especially with increasing use of image- 
guided IMRT (intensity modulated radiotherapy), and MR 
(magnetic resonance) image guidance. This means that deter-
mining the clinical advantage of any new and emerging tech-
nology becomes harder and requires more sophisticated data 
collection and analysis. Thus, it is important to carefully define 
which cohorts of patients would be most likely to benefit from 
each form of treatment. This can start with PBT, as a first step, 
using initiatives such as the workshops on national PBT clinical 
trials being organised by CTRad. These could be extended to the 
use of heavier ions and new technologies such as FLASH and 
SFRT. Clinical “benefit” includes improving local control and 
reducing both acute and late toxicities. It also involves under-
standing the mechanisms which operate during FLASH and 
SFRT, and how all of these technologies can be combined with 
immunotherapy and chemotherapy.

A heavy charged particle facility for He might be more prag-
matic, realistic and achievable. It would be smaller in physical 
size than a full- blown 12C facility. However, is helium sufficiently 
different from protons? Is helium just protons but with a sharper 
penumbra? If so, is the likely clinical advantage large enough for 
the investment required? Should we be considering 12C from the 
outset? Again, this relates back to funding and what is available 
within a relevant timescale (Section 3.1). Helium has a definite 
advantage in some particularly difficult anatomy, e.g. in menin-
gioma where He might be used to reduce dose to optic nerve and 
pituitary because it has: a) lower LET than carbon which may 
spare normal tissue such as the pituitary; (b) the penumbra for 
He is sharper than for protons and therefore achieves better dose 
coverage of tumour adjacent to critical normal structures, as 
demonstrated in planning studies undertaken at HIT.43 If the UK 
decided that it needed to include the ability to deliver 12C ions, 
then there would probably need to be three gantries to allow for 
demand, based on the Heidelberg HIT experience. However, a 
mixed helium and carbon facility could be smaller and poten-
tially cheaper, if one of the gantries was designed just for helium 
(see Option 2 in Table  2). A consideration of physics and 
commercialisation opportunities would be important. A “mixed” 
helium and carbon facility might have additional novelty, which 
might enhance the funding possibilities. Such a facility might be 
designed to compare gantry technology although a facility with 
two entirely different gantry technologies could also be deemed 
to be inefficient. Similarly, it could also incorporate a fixed beam, 
to allow comparisons between gantries and fixed beam. At least 
one gantry would be needed to investigate rotational charged 
particle therapy, including provision for research in arc- therapy 

treatment. Improvements in software and patient couch move-
ments may enable novel adaptive technology to be incorporated 
into the design. A clinical facility would also need access to 3D 
imaging in the treatment position.

The clinical group were unanimous in their view that such a 
facility must be located in a hospital setting and provide dedi-
cated research space for a range of research activities. Some 
consideration was given to commercial opportunities espe-
cially for translating technology solutions in to the clinic. Such 
a facility, concentrating on R&D, would expect to treat relatively 
small numbers of patients and would provide the research envi-
ronment for developing an innovation pipeline from discovery 
research to the clinic. It would also provide the evidence base 
for the development of clinical trials. Such an R&D environ-
ment would be‘high risk and high reward’ (though entirely 
safe for patients). This means that not all research avenues will 
succeed and there needs to be robust management in place, with 
the courage to turn off unproductive avenues of research. This 
is analogous to the approach adopted by the big pharmaceu-
tical companies who do not expect all compounds to succeed. 
Without this breadth, we may not be investigating enough 
science or exploiting the resource put in to it.

Clinical medical physics
There is a need for a UK initiative to develop a compact facility 
containing at least a single gantry room and quality assurance 
(QA) room that is capable of using protons and He (or heavier 
ion) SFRT and FLASH. This is broadly in agreement with the 
conclusion of the clinical group described above although it does 
add in a FLASH and SFRT capability together with QA. This 
group again highlighted the need for excellent imaging capabil-
ities, both online and pretreatment and for adaptive planning. 
Patient pathways should be considered to ensure streamlined 
high throughput with adaptive functionality.

With regard to treatment planning, it would not be appro-
priate to develop our own planning system, as there are already 
commercial solutions in this field. It is essential to build biologi-
cally augmented planning into these planning systems. The latest 
generation of mechanistic models12–14 allows a much better 
linkage to the tumour and normal issue microenvironment and 
real biological end points. Carefully designed studies will allow 
these be to validated clinically. There may be opportunities 
to send patients overseas (for 12C or 4He ion therapy) using a 
similar model to that used for protons in the Proton Overseas 
Programme. This would generate a clinical evidence base which 
could be used to make the case for such a facility. As discussed 
above, there may also be an opportunity, via CTRad, to develop 
clinical trials (with clinical partners in Europe) where an arm of 
the trial uses C or He ions.

Acceleratorand enabling technologies
In the discussion of future infrastructure, it is useful to mention 
that the UK already has access to a number of low- energy beam 
lines, which are capable of delivering a range of ions for research 
purposes. These are either university- based cyclotrons (e.g. 
Birmingham, protons and He up to 40 MeV), or systems based 
around ion implantation or tandem accelerators for ion beam 
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analysis or nuclear research. These include University of Surrey 
(2keV–2MeV, singly charged), Dalton Cumbria Facility (up to 
5MeV singly charged). Higher- energy clinical proton beams 
are available from cyclotrons at Clatterbridge (62 MeV), and 
The Christie (250 MeV). Through Varian’s FLASHForward™† 
consortium, FLASH proton beams have been demonstrated 
from the Varian clinical equipment and Varian and IBA are 
developing the dosimetry for FLASH beams as part of the EU 
project INSPIRE.‡ Within INSPIRE, The Paul Scherrer Institute 
in Switzerland is developing transmission FLASH treatment 
planning,44 while University of Manchester and The Christie 
have been developing an understanding of the parameter space 
for PBT FLASH30, and Varian are developing new dosimetry 
systems to accurately measure the doses being delivered during 
PBT FLASH.

The UK has significant accelerator development capabili-
ties focused around the national laboratories at Rutherford 
Appleton Laboratory (RAL) and Daresbury Laboratory (both 
part of UKRI STFC). Significant programmes in accelerator 
research have already been funded, including: the EMMA 
programme that experimentally demonstrated the feasibility of 
novel FFAG (fixed- field alternating gradient) electron accelera-
tors for the first time, leading to a comprehensive design study 
for rapid treatment with protons and carbon ions (PAMELA), 
a high- energy proton- only design study (NORMA), and a 
helium- specific FFAG design (HEATHER); significant develop-
ment of plasma- based acceleration of protons and ions (which 
are also capable of delivering FLASH and SFRT) includes the 
so- far world’s highest- energy plasma acceleration of protons 
up to ~100 MeV; development of the world’s highest- gradient 
(53 MV/m) proton linac for particle therapy (PROBE). STFC 
retains significant expertise in constructing and operating 
proton accelerator systems, in particular the ISIS 800 MeV 
proton synchrotron.

Other considerations include: whether radioactive ion species 
such as 11C might provide an additional adjunct to the research 
(e.g. for simultaneous range verification during treatment); 
whether carbon ion treatment might be supported by higher- 
energy proton irradiation for imaging purposes (proton CT) 
(as has been suggested at MedAustron45 ; how imaging methods 
such as MRI might be incorporated in to such a facility; and 
whether gantries are required for all treatments or for just a 
subset. It will be important to be able to incrementally develop 
both research and clinical infrastructures, and a balance must 
be struck between shorter- term developments of established 
technology and longer- term investment in methods that may 
offer game- changing advantages either for UK facilities or for 
emerging markets in the future.

The present status of PBT has demonstrated the urgent need for 
new instrumentation to plan and monitor treatments (e.g. proton 
CT) and the adoption of existing imaging modalities (e.g. MRI) 

† FLASHForward™ https://www.varian.com/en-gb/about-varian/
research/flashforward-consortium accessed 17th Feb 2020
‡ INSPIRE https://protonsinspire.eu/ accessed 17th Feb 2020

in the pursuit of personalised, optimised and adaptive treat-
ments. Different radiation types and high near- instantaneous 
doses of FLASH will set new demands. Rapid developments in 
machine learning (e.g. Deep Learning) will affect the capabilities 
to plan and to actively monitor and adapt treatments.

Accordingly, our recommendations are that:

• innovative technology should continue to be developed in the 
UK;

• the development should span government, academia, the 
clinic and industry;

• further studies should be conducted to identify the preferred 
accelerator technology of choice for development;

• such development should incorporate necessary parallel 
developments in imaging, feedback and control, machine 
learning and artificial intelligence and treatment planning for 
the optimal use of heavier charged particle therapy.

• the research and clinical objectives must be determined, and 
this should be clinically driven, based on the achievements 
of the global charged particle therapy community, but with 
modelling of where the unmet need is and which applications 
(including paediatric) may be the most attractive in providing 
a competitive edge to the UK development.

Physics
The physics group proposed the establishment of a National Ion 
Research Centre (NIRC) to enable research using protons and 
heavier charged particle research adjacent to a clinical facility 
and located in a hospital. They recommended strong industrial 
involvement building on UK academic, clinical and commer-
cial expertise. Alongside, clinical and biological research which 
includes new modalities such as SFRT and FLASH, such a facility 
should also be able to conduct research in to:

• space radiation physics and biology;
• emulation of space weather and impact on global power and 

communication;
• semiconductor research, soft upsets etc;
• accelerator, beam delivery, gantry design and patient 

positioning (hardware and software);
• heavy ion radiobiology including drug and immune radiation 

combinations;
• high radiation environment technology, nuclear energy, 

decommissioning;
• fundamental studies, including new types of beams and beam 

delivery.

What is required is a flexible solution that can accelerate and 
deliver a number of different charged particles that might be 
used in ion therapy in the future.

Biology
There is a need for the UK to have a multi- ion facility that is 
capable of undertaking experiments in vitro (2D and 3D) and 
in vivo. This would allow the UK to explore new radiobiology, 
immune activation, drug- radiation combinations and new tech-
nologies such as SFRT and FLASH. It would also allow explo-
ration of normal tissue toxicities and the effects of hypoxia on 
radiosensitisation of tumour and normal tissue. Having such a 
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facility would aid research and produce answers / evidence for a 
wide range of research questions. An animal facility is essential 
as not all research can be done in vitro.

Key features of this facility are that it should:

• be based in or adjacent to a hospital with a clinical research 
facility, not at an STFC site;

• have access to latest technology, microscopy, high throughput 
sequencing;

• have an animal facility close by with safe and efficient 
arrangements for transfer to and from the charged particle 
therapy facility;

• have access to the necessary quality assurance techniques in 
the room.

An alternative, cheaper option would be for the UK to focus 
efforts on developing a helium facility or a low energy facility 
(He, C) for preclinical work. Some delegates suggested that such 
a facility could also be used as an animal hospital, although there 
was not a consensus here. In- vivo radiobiology does not require 
the very high energy beams required for humans. However, we 
are currently lacking the evidence base to prove helium would 
be useful clinically and the funding will determine the scale of 
such a facility.

How do we make such a facility happen, potential 
barriers and how do we overcome?
General considerations
After the initial discussion, the groups came together to discuss 
how to make such a facility happen and to identify the poten-
tial barriers. There was a consensus that a community approach 
was needed that involved all interested parties with a vision that 
combined discovery science with a translational research capa-
bility leading to a clinical treatment facility. Cost would be the 
major determinant as to whether the route to a clinical facility 
would be staged, with a lower energy facility for in- vitro and 
preclinical research coming first to provide an evidence base 
for a clinical facility, or building the clinical facility from the 
outset and using the research capability to inform and develop 
the clinical treatments. Similarly, cost would be a determinant 
of whether such a facility should develop new accelerator and 
patient positioning technology (gantries, chairs) or whether an 
existing product from a manufacturer should be considered. It 
was agreed that it was important to have a number of solutions to 
fit with the available budget and scope of any funding call.

Build a multidisciplinary community
It was agreed that there was a need for a coordinated plan that 
involved the entire community and this needed to be extended to 
patients. Any bid would need to make a clinical case for this type 
of treatment. Here, clinical oncologists are key to developing a 
consensus view on which patients might benefit most from He 
or C treatment. There may be an option for a pilot overseas 
programme (along the lines of the Proton Overseas Programme). 
Developing an understanding of the percentage of patients who 
might benefit from such a facility would help to scope the size 
and capabilities required. Involving the wider community could 

be initially facilitated by CTRad and UKRI- funded Networks[§] 
including UKRI, CRUK and other funders. There will be a need 
to develop a research plan that is truly multidisciplinary – no one 
research council or funding body is likely to pay the full amount 
but there is an opportunity to make this a flagship for multidis-
ciplinary research. The proposal needs active involvement from 
the NHS to ensure that any facility is clinically relevant and has 
the potential to transition and translate into patient treatment 
and benefit.

Potential barrier: what sort of facility? Solutions
A flexible approach is needed so that there is an opportunity 
to react to different funding calls when they arise. The highest 
cost and longest timescale option is a clinical facility, which 
offers a range of different ions, delivered through gantries, with 
the potential of other delivery techniques and incorporates a 
research capability. This facility would also provide the oppor-
tunity to incorporate new accelerator technology either at the 
outset or as part of its development (see Table 2). The lowest 
cost facility offers the opportunity for in- vivo- and in- vitro 
research and is a precursor to a clinical facility. This option 
could be expanded to act as a test- bed for new accelerator 
technology. The solutions also include using existing acceler-
ator technology. This would shorten the timescale and reduce 
the costs but also reduces the adventure (for the accelerator 
community) and reduces potential innovation and commer-
cialisation opportunities.

Potential barrier: do we need a gantry? Solution
Gantries that are capable of rotating through 360° around the 
patient combined with robotic patient treatment couches are 
currently recognised as offering the best treatment option for 
PBT. However, as the ion mass (and beam rigidity) increases so 
does the size, mass and cost of the gantry. This presents an oppor-
tunity to test the latest generation of patient chairs, which their 
manufacturers believe offer comparable treatment efficacy and 
comfort to gantries. It is also an opportunity for the accelerator 
community to develop a new generation of compact gantries.

Potential barrier: is there a clinical need? Solution
The centres in Japan and Germany argue that their results indi-
cate the efficacy of 12C ion treatment. The Japanese centres have 
demonstrated spectacular results for pancreatic cancer46 and this 
led to interest in the USA in trials in this field.47 There was agree-
ment at the meeting that the UK community needs to forge links 
with the heavier ion community internationally as regular access 
to heavier charged particle facilities for research would help to 
develop and build the evidence base. Similarly, there is an oppor-
tunity to develop an overseas programme similar to that for PBT. 
There may also be opportunities via CTRad to develop clinical 
trials involving heavier ions actively working with colleagues in 
Austria and Germany. The clinical question at the heart of these 
trials would be key to getting them funded but having a national 
approach with the whole community working together would 
help in formulating the right questions. In this way, we could 

§ STFC Advanced Radiotherapy Network; EPSRC Grand Chal-
lenge Network+ in Proton Therapy EP/N027167/1
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start to build the evidence base that would be required to build 
a clinical facility.

Potential barrier: finance/funding for such a 
facility? Solution
Normally, Government will only fund such large amounts when 
there is a strong partnership with industry, and thus there is a real 
need to ensure that the community that is being developed has 
strong links to industry and the clinic and involves government, 
NHS and patient stakeholders. It is also important that all part-
ners are involved from the outset and the patient view is central. 
The cost of such a facility is a barrier, but a flexible and stepwise 
approach may substantially mitigate this barrier. Sustainability 
needs to be built into the development of the facility with a cost 
model that ensures its future viability. Obviously, this depends 
on the type of facility being developed but it is important to 
ensure that it is fully utilised and that other avenues of poten-
tial research collaboration are exploited. For example, apart from 
clinical research, high energy heavy ions can be used to emulate 
the solar wind and space weather, so such a facility has potential 
users from the military, electronics and global communications 
industries. Likewise, there are energy and security applications as 
well as applications in the nuclear industry for emulating reactor 
walls and ageing of natural containment facilities.

CONCLUSIONS
After an intense 2 days of discussions, the gathered community 
had shared and grown their enthusiasm to engage in develop-
ments to understand and clinically evaluate charged particle 
beam radiotherapy, which also included a capability for FLASH 
and spatially fractionated RT. There was a consensus that the UK 
needs to look at options for building a National Ion Research 
Centre (NIRC) for developing charged particle beam therapy. It 
was important that ideas for an NIRC were based of clinical and 
scientific merit and its location should be determined at a later 
date (this follows the successful approach adopted for PBT). It 
was also important that a truly multidisciplinary approach was 
adopted that brings together academic scientists (life and phys-
ical sciences) and engineers, with those who work in the clinical 
environment (clinicians, physicists and radiographers) and with 
those from industry, policy makers, funders and patients.

Key unanswered questions include whether the nature and 
pattern of DNA damage generated by charged particle beams, 
after mediation and filtering by the tumour/tissue microenviron-
ment, are able to generate triggers for immune activation which 
are different and greater than photon/proton/electron beams. 
Critically for the design of research/clinical facilities, there needs 
to be a better understanding of whether the mode of delivery 
of those ion beams, whether conventional, FLASH or SFRT, 
changes the paradigm in significant and useful ways which give 
further advantage over photon / proton / electron beams.

The group proposed a number of potential scenarios for an NIRC 
which would largely depend on the type and amount of funding 

available, but agreed the need for an agile and flexible response. 
They also looked at potential barriers and how to overcome 
them. It was agreed that an NIRC would need to engage across 
the funding spectrum and also engage with NHS- E and patient 
groups. The consensus was that an NIRC needed to be based 
within a hospital and should be capable of delivering a range 
of ions that should include 4He and 12C. It was generally agreed 
that the ideal solution would be capable of treating patients 
with a gantry, but a solution which developed such a facility via 
a preclinical, lower energy facility should also be considered if 
funding was not available for the full clinical facility. Having a 
research capability was seen as essential, but ensuring that this 
was multidisciplinary and brought in a wide range of expertise 
was also key to the development of such a centre. Solutions that 
used existing accelerator technology were probably the fastest to 
achieve and were also probably less costly.

NCRI CTRad was seen as vital to the development of such 
a centre, as it already had many of the key people within its 
membership, it also has the mechanisms for developing clinical 
trials ideas for both charged particle therapy FLASH and SFRT. 
Similarly, there may be opportunities for developing charged 
particle therapy and FLASH trials by engaging with the NHS- E 
overseas programme in the post- Covid-19 environment. Our 
vision for the future is one which harnesses a national multidisci-
plinary approach to develop a world leading clinical and research 
capability in charged particle therapy.
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