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1. Introduction 
 

This report will provide a compilation of the current status of research and therapy 
with accelerated charged particles in Europe. The SEEIIST project will be embedded in 
the European charged particle therapy (CPT) environment, and it is therefore essential to 
describe the current situation. 

The European CPT research is organized in several networks. Clinical centers are 
all associated to the Particle therapy co-operative group (PTCOG)1, that include all 
centers in operation and under construction worldwide. From the PTCOG database [1] 
we can see in Figure 1 the trend of the CPT centers worldwide and in Table 1 the current 
situation in Europe (updated June 2020). PTCOG is also subdivided in regional networks, 
namely PTCOG-NA2 in USA and PTCOG-AO3 in Asia and Oceania. However, PTCOG 
does not have a European branch. The reason is that the EU already have several 
networks for clinical and research activity.  

The ENLIGHT4 network, based at CERN, promoted mostly heavy ion therapy and 
successfully gathered EU funding for CPT research [2]. Later, in view of the rapid 
expansion of CPT in Europe, the European Society for Therapeutic Radiation Oncology 
(ESTRO) created a network of proton therapy centers, the European Particle Therapy 
Network (EPTN)5. EPTN works closely with the European Organization for Research and 
Treatment of Cancer (EORTC) to organize multicentric clinical trials in CPT in Europe [3], 
but includes co-ordination of pre-clinical research in medical physics and radiobiology [4]. 
several EU proton therapy centers joined the Infrastructure in Proton International 
Research (INSPIRE)6 network, currently the only EU-funded initiative (Horizon 2020 
infrastructure programme under grant agreement No 730983) in proton therapy. INSPIRE 
is led by the University of Manchester that hosts the proton therapy center of the Christie 
hospital. INSPIRE focuses on developing infrastructures for proton therapy research in 
Europe.  
 
 

                                                
1 https://www.ptcog.ch/ 
2 https://www.ptcog-na.org/ 
3 http://procomu.jp/ptcog-ao2019/ 
4 https://enlight.web.cern.ch/ 
5 https://www.estro.org/Science/EPTN 
6 https://protonsinspire.eu/ 
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Beyond clinical accelerators in operation, a vigorous research activity is ongoing 
or planned at new particle accelerators, expensive facilities primarily built for nuclear or 
particle physics goal [5]. These research activities are part of the International Biophysics 
Collaboration (IBC)7, based at the Facility for Anti-protons and Ion Research (FAIR) in 

Darmstadt, Germany. FAIR8 will be the most advanced nuclear physics infrastructure in 
Europe, reaching unprecedented heavy ion intensities and energies [6]. One of the four 
FAIR research pillar deals with applied physics (APPA)[7], and has an intense program 
in next-generation CPT. Around the FAIR Biophysics activity, other accelerators have 
joined forces to study applications of new particle accelerators in the IBC [8].  
 

 
Figure 1. The temporal growth of CPT facilities in operation worldwide. Source: PTCOG. 
 
In this report, we will first analyze the status of the of the pre-clinical research activities, 
using the INSPIRE database. We will then analyze the non-clinical research ongoing 
within the IBC, including of course the numerous research efforts in CPT at these centers 
that, however, have a long-term translational potential compared to the clinical centers. 
We will finally focus on the current clinical results in CPT in Europe. While the activity in 
proton therapy centers have been recently reviewed, we will put emphasis on the clinical 
results in the four EU centers (HIT, CNAO, MIT and MedAustron) that use carbon ions to 
treat cancer patients. 
  

                                                
7 https://www.gsi.de/bio-coll 
8 https://fair-center.eu/ 
 



 
6 

 

Table 1. Current situation of CPT centers in Europe (June 2020). Source: PTCOG 
 
1.1 Facilities in operation 

 
COUNTRY WHO, WHERE PARTICLE S/C/SC* 

MAX. 
ENERGY 
(MeV) 

BEAM 
DIRECTIONS 

START 
OF 
TREATMENT 

Austria MedAustron, 
Wiener 
Neustadt 

p S 253 2 horiz., 1 vertical 
fixed beam**, 
1 gantry** (under 
construction) 

2016 

Austria MedAustron, 
Wiener 
Neustadt 

C-ion S 403/u 2 horiz. and 1 
verticalfixed 
beam** 

2019 

Czech  Republic PTC Czech 
r.s.o., Prague 

p C 230 3 gantries**, 1 
fixed beam 

2012 

Denmark Dansk Center 
for 
Partikelterapi, 
Aarhus 

p C 250 3 gantries**, 1 
horiz. fixed beam** 

2019 

England Clatterbridge p C 62 1 fixed beam 1989 
England Proton Partner's 

Rutherford CC, 
Newport 

p C 230 1 gantry** 2018 

England The Christie 
Proton Therapy 
Center, 
Manchester 

p C 250 3 gantries** 2018 

England Rutherford 
Health Proton 
Beam Therapy, 
Reading, 
Birkshire 

p C 230 1 gantry** 2019 

England Rutherford 
Health Proton 
Beam Therapy, 
Northumberland 

p C 230 1 gantry** 2019 

France CAL/IMPT, Nice p C65, SC 235 1 fixed beam, 1 
gantry** 

1991, 2016 

France CPO, Orsay p SC 230 1 gantry**, 2 fixed 
beams 

1991, 2014 

France CYCLHAD, 
Caen 

p SC 230 1 gantry** 2018 

Germany HZB, Berlin p C 250 1 fixed beam 1998 
Germany RPTC, Munich p C 250 4 gantries**, 1 

fixed beam 
2009 

Germany HIT, Heidelberg p S 250 2 fixed beams, 1 
gantry** 

2009, 2012 
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Germany HIT, Heidelberg C-ion S 430/u 2 fixed beams, 1 
gantry** 

2009, 2012 

Germany WPE, Essen p C 230 4 gantries***, 1 
fixed beam 

2013 

Germany UPTD, 
Dresden 

p  C 230 1 gantry*** 2014 

Germany MIT, Marburg p S 250 3 horiz., 1 45deg. 
fixed beams** 

2015 

Germany MIT, Marburg C-ion S 430/u 3 horiz., 1 45deg. 
fixed beams** 

2015 

Italy INFN-LNS, 
Catania 

p C 60 1 fixe beam 2002 

Italy CNAO, Pavia p S 250 3 horiz., 1 vertical, 
fixed beams 

2011 

Italy CNAO, Pavia C-ion S 480/u 3 horiz., 1 vertical, 
fixed beams 

2012 

Italy APSS, Trento p C 230 2 gantries**, 1 
fixed beams 

2014 

Poland IFJ PAN, 
Krakow 

p C 230 1 fixed beam, 2 
gantries 

2011, 2016 

Spain Quironsalud 
PTC, Madrid 

p SC 230 1 gantry** 2019 

Spain CUN, Madrid p S 220 1 gantry** 2020 
Sweden The Skandion 

Clinic,Uppsala 

p C 230 2 gantries** 2015 

Switzerland CPT, PSI, 
Villigen 

p C 250 3 gantries**, 1 
horiz. fixed beam 

1984, 1996, 
2013, 2018 

The 
Netherlands 

UMC PTC, 
Groningen 

p C 230 2 gantries*** 2018 

The 
Netherlands 

HollandPTC, 
Delft 

p C 250 2 gantries**, 1 
horiz. fixed beam** 

2018 

The 
Netherlands 

ZON PTC, 
Maastricht 

p SC 250 1 gantry** 2019 

 
 
1.2 Facilities under construction 
 

COUNTRY WHO, WHERE ION MAX. ENERGY (MeV) 
ACCELERATOR 
TYPE 
(VENDOR)* 

BEAM 
DIRECTIONS 

NO. OF 
TREATME
NT 
ROOMS 

START OF 
TREATMENT 
PLANNED 

Belgium ParTICLe, 
Leuven 

p 230 
SC cyclotron 
(IBA) 

1 gantry (PBS), 
1 horiz. fixed 
beam 

2 2020 

France ARCHADE, 
Caen 

C-ion 400/u 
cyclotron 
(IBA) 

1 fixed beam 
(r&d) 

1 2023 

Slovak 
Republic 

CMHPTC, 
Ruzomberok 

p 250 
synchrotron 
(?) 

1 horiz. fixed 
beam 

1 ? 
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Spain CUN, Madrid p 
220 
synchrotron 
(Hitachi) 

1 gantry 
1 2020 

United 
Kingdom 

PTC UCLH, 
London 

p 250 
SC cyclotron 
(Varian) 

3 gantries 3 2020 

United 
Kingdom 

Proton 
Partners Int., 
Imperial-
West, 
London 

p 230 
cyclotron 
(IBA) 

1 gantry 1 2020 

 
 
 
1.3 Facilities in planning stage 
 

COUNTRY WHO, 
WHERE 

ION MAX. ENERGY (MeV) 
ACCELERATOR 
TYPE 
(VENDOR)* 

BEAM 
DIRECTIONS 

NO. OF 
TREATME
NT 
ROOMS 

START OF 
TREATMENT 
PLANNED 

Belgium University 
Hospitals 
Wallonia, 
Charleroi 

p 230, 
cyclotron, (IBA) 

1 gantry 1 2021 

Italy European 
Institute of 
Oncology, 
Milan 

p  230, 
cyclotron, (IBA) 1 gantry 1 2021 

Italy CNAO 
Proton 
Therapy, 
Pavia 

p 
 220, 
synchrotron, 
(Hitachi) 

1 gantry 1 2022 

Norway Norwegian 
Radium 
Hospital, 
Oslo 

p 
250, 
SC cyclotron, 
(Varan) 

3 gantries, 
1 fixed beam 
for clinical 
research 

3 2023 

Norway Haukeland 
University 
Hospital, 
Bergen 

p 250, 
SC cyclotron, 
(Varian) 

1 gantry, 
1 additonal 
gantry as an 
option 

1 (2) 2023-2025 

Switzerland PTC 
Zürichober
see, 
Galgenen 

p 230, 
cyclotron, 
(Sumitomo) 

4 gantries? 4? ? 

Switzerland CHUV, 
Lausanne 

p 250, 
SC synchro-
cyclotron, 
(Mevion) 

1 gantry 1 2022? 
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* S/C/SC = Synchrotron (S) or Cyclotron (C) or SynchroCyclotron (SC) 

** with pencil beam scanning 

*** with spread beam and pencil beam scanning 

**** degraded beam 
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2. Review of the current status of the pre-
clinical and non-clinical research at 
accelerators 
The number of particle accelerators in the world grew quickly in the past years. 

Back in 1958, Behman collected information from 441 particle accelerators worldwide [9]. 
At the beginning of this century, the estimate was around 15,000 [10], but small 
accelerators increased exponentially in the past 20 years, leading to over 40,000 
machines worldwide [11], excluding X-ray tubes and electron microscopes. However, as 
shown in Figure 2, the number of large, high-energy accelerators in science remained 
approximately constant in the XXI century. In fact, these accelerators are very expensive 
and require large national investments.  The main goal of these machines is fundamental 
particle and nuclear physics research, but the programs in applied sciences are present 
in virtually every high-energy particle accelerator in the world. In this section we will review 
some of the applied physics programs in medicine and materials science at high-energy 
accelerators.  

 
Figure 2. Evolution of number of accelerators worldwide in the past 50 years. The plot is based on data 
reported in ref. [11]. 
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2.1 Particle therapy 
 

Soon after the discovery of X-rays in 1895, doctors began using the new radiation 
to treat superficial lesions, especially lupus, basal cell carcinomas and epitheliomas [12]. 
Nowadays, about 2/3 of the cancer patients receive radiotherapy as a part of the 
therapeutic protocol that generally also include surgery and chemotherapy. The vast 
majority of these patients are treated with X-rays, but an increasing fraction of patients 
are irradiated with accelerated charged particles. The idea of using accelerated protons 
for therapy was originally proposed by Robert Wilson in 1946 [13].  The rationale comes 
from the favorable dose-depth distribution of charged particles compared to X-rays. As 
shown in Figure 3, the presence of the Bragg peak close to the end of the particle range 
in tissue allows the delivery of a higher dose to a deep tumor compared to the surrounding 
normal tissue.  While in X-ray therapy it is necessary to cross-fire the tumors from many 
different angles to increase the ratio of the doses to the tumor and normal tissues, only a 
few beams are necessary if charged particles are used (Figure 4).  

 
Figure 3. Comparison of depth-dose distribution for X-rays and charged particles. For protons and C ions, 
the Bragg peak of the initial beam would be too narrow to treat tumors and is therefore enlarged (spread-
out-Bragg-peak) using beams at different energies to cover the whole tumor size.  
 
Thus, the integral dose to the patient is greatly reduced using ions, and this will reduce 
the toxicity of the treatment; or, keeping a constant normal tissue complication probability 
(NTCP), ions allow dose escalation to the tumor [14]. The number of particle therapy 
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centers is rapidly growing: over 70 centers are treating patients in 2018, and this number 
may double in the next 10 years. All current clinical facilities use either cyclotrons or 
synchrotrons for ion acceleration. The majority of the centers use protons, while a dozen 
treat patients with 12C ions.  Other ions (He, Ne, Ar) were used in the pilot project in 
Berkeley [15], and plans for clinical trials using 4He and 16O are under way at the 
Heidelberg Ion Therapy (HIT) center in Germany [16].  

However, even if the physical advantages of particle therapy are undisputed, the 
cost effectiveness remains controversial [17–19]. Particle therapy is much more 
expensive than X-ray treatment, mostly because of the large investment costs associated 
to the high-energy ion accelerators and beam delivery systems compared to the cheaper 
linacs used in photon therapy. This high cost is not supported by level-I evidence of an 
increased clinical effectiveness of charged particles compared to photons. Several 
phase-III clinical trials are currently ongoing to compare protons, carbon ions and X-rays 
for different cancers [20]. The results of these randomized controlled trials will be very 
important to justify the increased costs. Research and development in accelerators is 
necessary to reduce the costs. New designs include superconducting synchrotrons [21], 
linear accelerators [22], and laser-driven accelerators [23]. The latter are particularly 
promising because of the potential of reduction in size and cost. Currently the energy is 
still too low for clinical applications and research is necessary to reach this goal [24].  

 
Figure 4. Comparison of treatment plans with X-rays and protons for different tumor sites. 
 
On the other hand, to improve the benefit more pre-clinical research is needed [25].  
Radiobiology research is essential for improving radiotherapy [26] and for exploring 
combined treatments of radiation and drugs, especially immunotherapy [27,28]. The 
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relevance of radiobiology is even higher when we move to charged particles, whose 
biological effects are far less known and clinically validated than for X-rays. To account 
for the different biological effectiveness of charged particles compared to photons, the 
physical doses in gray (Gy) are scaled by an appropriate factor (relative biological 
effectiveness, RBE), defined as the ratio of the reference radiation (X-rays) and test 
radiation (e.g. protons or C-ions) producing the same effect (e.g. 10% cell killing). The 
RBE-weighted dose is then the product of the physical dose and the RBE factor. In 
principle, an RBE-weighted dose of ions should give the same effect (e.g. the same tumor 
control probability) of the same physical dose of X-rays. 

The RBE is depending on many parameters: biological effect, dose, dose rate, cell 
cycle phase, tumor microenvironment, oxygen concentration, particle velocity and charge 
and so on. For this very reason, even if many experiments measured cell killing with 
different ions, the variance of the RBE is unavoidably quite high (Figure 5) [29,30]. To get 
a uniform equivalent dose in the tumor, a variable RBE along the spread-out-Bragg-peak 
(SOBP) is used in C-ion therapy. The RBE is calculated using specific biophysical models 
[31,32] that are based on in vitro cell killing data (Figure 5) and therefore affected by large 
variance. The impact of this uncertainty is mitigated by performing specific phase-II dose-
escalation trials in the different centers [33] and by inter-comparison of the models used 
in different clinics [34,35]. In protontherapy, a simple RBE=1.1 is used along the whole 
SOBP [36]. There is a general agreement that this approximation is not correct [37–39] 
and some clinical evidence of unexpected side effects in the brain target margins of 
pediatric patients seem to support the relevance of the topic for reducing toxicity [40,41]. 
As in vitro data have been widely measured already, more information on the relevance 
of variable RBE protons should come from animal data [42,43]. 

The rationale for the use of ions heavier than protons in therapy was actually 
largely driven by the necessity to overcome hypoxia [44]. Tumor hypoxia is indeed one of 
the worst prognostic factors in cancer therapy [45–47]. In radiotherapy, the ratio of doses 
producing the same cell killing in hypoxia and anoxia oxygen enhancement ratio, OER) 
can be as high as 3 [48]. Carbon ions can only partly solve the problem, because their 
LET is relatively low and the OER goes to one only at LET>100 keV/μm [49]. While drugs 
overcoming hypoxia are entering in the clinics [50,51], strategies based on the physics 
can certainly contribute in decreasing hypoxia-mediated radio resistance. Kill-painting 
with carbon ions [52] provides intensity modulation to boost the hypoxic regions, thus 
overcoming resistance provided that the hypoxic volumes can be visualized by PET 
before the treatment [53]. Oxygen ions, slightly heavier than carbon, can be more 
effective against hypoxic tumors maintaining acceptable toxicity, and for this very reason 
they will be used in the Heidelberg Ion Therapy (HIT) clinical center in the coming years 
for radioresistant cancers [54,55]. Another approach is to use multi-ions, that can provide 
high-LET in the target and low-LET in the normal tissue, thus sterilizing the hypoxic tumor 
with minimal toxicity [56,57]. 

Beyond RBE and OER, modern particle radiobiology research is generally 
considered essential to achieve the full potential of the Bragg peak therapy [58,59]. The 
combination of particles and drugs is among the most important topics, because most of 
the progress in cancer cure rates is coming by combined treatments. The encouraging 
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results of immunotherapy [60] and of combined protocols of immunotherapy and 
radiotherapy [28] beg the question of whether particle therapy can be more efficient than 
X-rays in boosting the effect of immunotherapy drugs [61]. These experiments also need 
facilities able to irradiate laboratory animals with protons and heavier ions. 

The main physics concern about the use of particle therapy is the range uncertainty 
[62]. Unlike X-rays, charged particles stop in the tissues, and this greatly reduces the 
dose to critical organs surrounding the tumors. However, the range in tissue is associated 
with considerable uncertainties caused by imaging, patient setup, beam delivery and 
dose calculation. Therefore, the target margins have to be increased (about 3-4%) to 
ensure tumor coverage, and this reduces the advantages of the Bragg peak and the 
robustness of the treatments. In addition to inter-fractional movements, intra-fractional 
movement can substantially increase the range uncertainty, especially for thoracic 
tumors, where the different densities of the tumor and lung tissue cause sharp variations 
in the path length. Because nowadays the dose is delivered by magnetic scanning of a 
small pencil beam over the tumor, the organ motion generates an interplay effect, with 
underdosage and overdosage in the target [63]. To reduce delivery errors, in vivo range 
verification is generally considered necessary in particle therapy, and this field is therefore 
subject of intense research in several centers [64].  

 

 
Figure 5. A collection of RBE vs. LET data from published in vitro data using different ions. Data from the 
PIDE database, https://www.gsi.de/bio-pide.Plot courtesy of Thomas Friedrich. 
 
A classical approach to in vivo range verification is positron emission tomography (PET). 
In fact, a number of nuclear reactions produced by the incident beams lead to the 
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generation of b+-emitters along the ion path. Typically, 11C (as projectile fragments) are 
produced with C-ion therapy, and 15O (target fragments) with proton therapy [65]. The 
signal is relatively small, and with long-lived radionuclides the data acquisition time is 
necessarily long. Moreover, the time-dependent biological washout of the radionuclides 
require the use of models to convert the activation image. Short-lived radionuclides, such 
as 12N [66], are particularly useful for in-spill data acquisition and beam visualization 
during the treatment. Online PET verification was used during the pilot project at GSI [67], 
while nowadays PET scanners are not very much used in clinical environments and, when 
used, scans are performed post-treatment in a dedicated PET room [68]. Several new 
prototypes are under test [66,69] and they promise improved resolution and efficiency.  

In vivo range verification does not really reduce the range uncertainty, but only offers 
the possibility to check the accuracy of beam delivery. Range uncertainty can be reduced 
with improved pre-treatment imaging, including dual-energy CT [70] and proton 
radiography [71]. Proton radiography reduces one of the main sources of range 
uncertainty: the conversion of the Hounsfield units derived by CT imaging into water-
equivalent path length, which are used for treatment planning. Using the proton itself as 
a source for imaging eliminates this passage. Proton radiography is hampered by the 
limited energy of the therapeutic beams which are unable to go through the patient, 
except in head-and-neck region. Moreover, at these energies the proton scattering 
produces a blur in the images [72]. 
 

2.2 Radioisotopes 
 

Radioisotopes have been used to improve quality of human life since the discovery of 
radioactivity and the development of accelerators to produce them by nuclear reactions. 
Today the use of isotopes is very diverse, such as in energy, material science, 
environment and climate change, life science and medicine, space exploration, nuclear 
waste, security and monitoring, etc. At present, about 250 stable isotopes of the 90 
naturally occurring elements are known [73]. The number of natural and artificial 
radioactive isotopes exceeds 3200 and keeps increasing every year [74].  
The application of radioisotopes for the treatment of various diseases started shortly after 
the discovery of radioactivity [75]. Today radioisotopes are essential for the diagnosis and 
treatment of disease, response assessment and to label radiopharmaceuticals. The more 
selectively a radioisotope is delivered to a given target, the more tissue is spared from 
side effects. Thus usually a ligand or carrier molecule is linked to radioisotopes to be 
targeted within the body [76]. 

There are three major types of imaging by radioisotopes: planar scintigraphy, 
single photon emission computed tomography (SPECT) and positron emission 
tomography (PET). Both planar scintigraphy and SPECT imaging exploit gamma 
emission from radiopharmaceuticals to image or determine the organ function of patients. 
Planar scintigraphy produces two-dimensional images while SPECT provides three-
dimensional information. More than 85% of SPECT imaging uses 99mTc derived from 
99Mo/99mTc generators in which 99Mo (t½ = 66 hours) decays into 99mTc (t½ = 6 hours). 
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Other isotopes for SPECT include 111In (t½ = 2.8 days), 123I (t½ = 13.22 hours), 201Th (t½ 
= 73 hours) and 133Xe (t½ = 5.24 days). Bone scintigraphy is utilized for the evaluation of 
bone inflammation, fracture and metastasis. Radioiodine scintigraphy plays a role in 
treatment planning of thyroid cancer patients. MIBG (iodine-123 meta-
iodobenzylguanidine) scintigraphy and somatostatin receptor scintigraphy are used for 
neuroendocrine tumor imaging. Lymphoscintigraphy is used for the localization of sentinel 
nodes in clinically node-negative patients with breast cancer or melanoma. Also, SPECT 
is very useful for the diagnosis of ischemic heart disease and Alzheimer’s disease through 
assessing the blood flow [77].  

PET isotopes emit positrons, the antiparticle of electrons. When a positron meets 
an electron, they annihilate to produce two back-to-back gamma rays (511 keV each), 
which leave the body. By detecting these gamma rays an image can be constructed. The 
sugar analogue [18F] fluorodeoxyglucose (FDG), is commonly used for PET (Figure 6). 
This radiopharmaceutical exploits the high glucose uptake of malignant tumors. The 
radiation is emitted from the radioisotopes depending on cellular activity and physiology 
of the body. This provides a better understanding of the disease status than is available 
through other diagnostic modalities which may give anatomical information only. Thus 
[18F] FDG PET scan is very useful to determine radiation therapy field, prognosis, 
response and recurrence after treatment [78,79]. Other PET isotopes include 11C, 13N, 
15O and 68Ga (t½ = 68 minutes) (Table 2) [80]. 

 
Figure 6. [F-18]fluorodeoxyglucose PET scan of a male patient diagnosed with lung cancer. (A) The image 
at diagnosis shows hypermetabolic mass in left upper lung and mediastinal and hilar lymph nodes, and 
(B) The image following 6 months of radiotherapy and chemotherapy shows no signal in the initial tumor 
sites indicating that the tumor responded well to therapy. 
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As its sensitivity increases to nano- and pico-molar level, PET will be able to provide 
an information of biological processes at cellular and molecular levels, drug distribution 
within the body and visualize very small tumors that may not be detected with 
conventional CT or MRI (e.g., [68Ga]DOTATOC). New isotopes are crucial to the 
development of new molecular imaging and therapy. Thus there are great efforts for the 
production of new isotopes by using high-energy accelerators (ISOLDE, FRIB) [81]. 
 

2.3 Space radiation research 
 

Space radiation protection is one important research topic at large accelerators. The 
recent dosimetric measurements of the NASA Mars Science Laboratory on the route to 
Mars [82] and on the planet surface [83] support previous estimates based on GCR 
transport codes [84] and show that the expected dose for typical mission scenarios to 
Mars approach 1 Sv. This value exceeds the limits set by NASA for missions in LEO [85] 
and makes radiation studies a priority for all space agencies [86].  
Table 2 . Typical radionuclides used for diagnostic imaging by PET 
 

Radionuclide Half life 
(min) Radiopharmaceutical  Target  Application 

18F 109.8 

18F-FDG Glucose 
metabolism 

Oncology, 
Neurology, 
Cardiology 

18F-FLT Amino acid 
metabolism Oncology  

18F-FES Estrogen 
receptor Breast cancer 

18F-FP-CIT Dopamin 
transporter 

Parkinson’s 
disease 

18F-FET Amino acid 
metabolism Oncology 

18F-FMISO Hypoxia Oncology, 
Stroke 

11C 20.4 

11C-Methionine Amino acid 
metabolism Oncology 

11C-Acetate Fatty acid 
metabolism 

Oncology, 
Cardiology 

11C-Flumazenil GABA 
receptor Epilepsy 
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11C-PIB β-Amyloid Dementia 

11C-DASB Serotonin 
transporter Depression 

11C-Raclopride Dopamin 
receptor 

Parkinson’s 
disease 

13N 9.96 13N-Ammonia Blood flow Cardiology 

15O 2.07 15O-Water Blood flow Neurology 

 
 

 
The importance of accelerator-based studies was acknowledged by NASA already 

half a century ago. After initial research studies at LBNL [87], NASA decided to build a 
dedicated beamline at the Brookhaven National Laboratory (BNL, Upton, NY), called 
NASA Space Radiation Laboratory (NSRL). The facility accelerates several heavy ions 
up to 56Fe at an energy of 1 GeV/n, and has impressive supporting infrastructures 
including an animal housing for radiobiology [88]. NASA funded a lot of research studies 
at NSRL performed by US investigators. The majority of the studies were about 
radiobiology, using cells, tissues and animals exposed to 1 GeV/n Fe-ions. 

The choice of the iron at 1 GeV/n is justified by the abundance of this element, the 
energy being around the peak of the GCR spectrum. Moreover, the LET is about 140 
keV/µm, around the peak of effectiveness for late radiation effects. Among the several 
important results obtained at NSRL, we recall the observation that heavy ions are not 
more effective than g-rays in the induction of leukemia in mice [89] and the discovery of 
specific damages to the brain induced by heavy ions, unexpected from X-ray studies [90]. 
In Europe, the European Space Agency (ESA) launched a similar project called IBER 
(Investigations on Biological Effects of Radiation) in 2008, based at the SIS18 accelerator 
at GSI [91]. The IBER project supports mostly radiobiology experiments with 56Fe 1 
GeV/n. Highlights of the program include the visualization of ion tracks in vivo in mouse 
retina and the biological verification of the track structure model [92]. 

While the NASA Space Radiation Health and the ESA IBER programs supported 
mostly radiobiology, there has been a lot of physics measurements related to space 
radiation research at accelerators. These studies include measurements of fragmentation 
cross-sections at high-energy for improvement of the transport codes and direct 
measurements of the shielding effectiveness of different materials [84].  

Shielding is still the only practical countermeasure for space radiation protection 
[93]. The basic physics is relatively simple [84], because the energy loss of heavy ions in 
the shield is caused by electron and nuclear interactions, which can be approximated by 
the well-known Bethe-Bloch and Bradt-Peters equations: 
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       (1) 
 

      (2) 
 
where S is the stopping power (or linear energy transfer, LET), Zp and ZT the atomic 
number of projectile and target,  s  the fragmentation cross-section, e the electronic 
charge, NA the Avogadro number, r the target density, m the mass of the electron, c the 
speed of light, b=v/c, I the mean excitation energy, Ap and AT the atomic weight of the 
projectile and target, respectively, and r0 the nucleon radius. In Equation (1), the various 
correction terms are the shell correction C(b), Barkas correction, L1(b), Bloch term, L2(b), 
and Mott and density corrections L1(b). In Equation 2, energy-dependent corrections to 
the geometrical cross-section are provided by the semi-empirical terms c1 and c2. If we 
consider the mass stopping power and the fragmentation cross-section per unit target 
mass, equations (1) and (2) show that: 
 

𝑆
𝜌 ∝

𝑍%
𝐴%
																 ; 															

𝜎
𝐴%

∝ 𝐴%
*+,																																																																						(3) 

 
So that both electromagnetic and nuclear energy deposition per unit target mass 
decrease by increasing the atomic weight AT of the shield. Therefore, light materials are 
more effective for shielding in space and liquid hydrogen has the maximum performance 
as shield material (Figure 7). Liquid hydrogen is, however, impractical for space 
exploration, and therefore highly hydrogenated multifunctional materials have been 
tested for space applications. Polyethylene is a standard in accelerator-based tests [94] 
and has been applied for crew protection on the International Space Station (ISS) [95]. 
Other light multifunctional materials [96], including lithium hydride [97], have been tested 
at high-energy accelerators.  

Shielding transport calculations can use deterministic codes, such as the HZETRN 
used by NASA [98], or Monte Carlo codes, such as GEANT4 [99], used by ESA, PHITS 
[100] and FLUKA [101]. Transport codes heavily rely on measured nuclear cross-
sections. Even cross-sections for protons, which have been studied extensively, both 
experimentally and theoretically, show disagreements by a factor of 2 between the values 
calculated from models and measurements [102]. To reduce the uncertainties in any 
radiation transport code being used for such calculations, precise measurements of 
interaction cross-sections are required against which to benchmark the codes. An 
extensive database of current measured cross-sections has been recently compiled by 
NASA [103], and this work is very useful to highlight the missing values. 

For composite materials, new shields based on nanomaterials, proprietary screens 
with undisclosed exact composition, complex in situ planetary resources, and so forth, 
code predictions have high uncertainties or may be completely lacking. Accelerator-
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based measurements are in those cases an essential tool to characterize the shield. The 
simplest test is the measure of the Bragg curve using heavy ions at high energy (Figure 
8). Under these conditions, the dose-depth curve presents a clear decrease before the 
Bragg peak, and the initial slope of the curve is approximately linear with the mass 
thickness [96,104].  

To describe this behaviour, we can note that the fluence F(x) of the incident ions 
at a distance x in the shield can be written as: 
 

𝐹(𝑥) = 𝐹3𝑒
*56789:; 																																																																																															(4) 

 
For small thickness x, the stopping power S is constant, and if we assume that the entire 
dose is deposited by the incident projectile, we have: 
 

𝛿𝐷 =
𝐷(𝑥) − 𝐷3

𝐷3
≈ −

𝜎𝑁:
𝐴%

𝜌𝑥																																																																																	(5) 

 
 

 
 
Figure 7. Shielding effectiveness of different materials as assessed in accelerator experiments by 
measuring the percentage of the dose reduction from the initial slope of the Bragg curve of high-energy 
heavy ions. Data from ref. [105], reproduced with permission. 
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The percentage dose reduction is linear with the areal density, and the slope is the 
fragmentation cross-section per unit target mass (described in equation 3). Hence, the 
percentage dose reduction per unit mass thickness extrapolated to zero target thickness 
provides a simple measure of the shielding effectiveness per unit mass [106]. 
Equation (5) is obviously a crude approximation, not only because S is assumed to be 
constant, but especially because the dose is also deposited by the projectile fragments. 
The production cross section can be approximated as: 

𝜎C𝑧3 → 𝑧FG ≈
𝐴%
𝑁:𝜌𝑥

𝑁F
𝑁3
																																																																																				(6) 

 
where Nf represents the number of nuclei f produced by the fragmentation of No projectiles 
in a mass thickness rx. The ratio Df/D0 of the doses deposited by the Nf fragments and 
the N0 projectiles is the ratio of the stopping powers, which is approximately proportional 
(equation 1) to the ratio  𝑧FI/𝑧3I of the atomic numbers of the fragment and the projectile. 

 
Figure 8. Examples of Bragg curves of 1 GeV/n 56Fe ions in different materials. HDPE denotes high-density 
polyethylene. Al2024 is an aluminum alloy commonly used in spacecrafts. Experimental data collected 
during the ESA-supported ROSSINI experimental campaign at GSI and BNL accelerators, courtesy of ESA. 
 
Neglecting multiple fragmentations, it can be easily shown that: 
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where s is the total fragmentation cross-section of the projectile (equation 2), z0=n+1 the 
atomic number of the projectile,  and si the production cross-section of the fragment of 
charge zi<z0 (equation 6).  

A large database of measurements of percentage dose reduction per unit 
thickness was collected by the LBL group in a set of experiments at BNL (Figure 7) [105].  
The same method has been used to estimate the shielding effectiveness of Kevlar and 
Nextel [107], commonly used against micrometeorites in space structures, and of the 
composite materials in the walls of the Columbus module on the ISS [108]. ESA is 
currently sponsoring a set of measurements at GSI in Germany to test in situ planetary 
materials (Mars and moon regolith) and new materials with very high hydrogen content 
and excellent structural properties. 

Finally, several low-energy particle accelerators are used mostly by companies to test 
microelectronics for spaceflight [109]. Low-energy heavy ions allow the measurements of 
single events damages at high-LET. However, currently industries are using more 
components-off-the-shelf (COTS) and thick devices where higher energies are 
necessary. Moreover, comparing fast and slow ions of different mass at the same LET, it 
has been shown that the cross-sections for single-events upsets depend on the velocity 
and not only on the LET [110]. Consequently, there is an increased request of 
microelectronics test at high-energy accelerators. The limitation is mainly the high cost 
compare to low energy facilities, which must be sustained by the private companies. 
 

2.4 Materials research 
 

Over several decades, ion beam facilities originally triggered and developed for 
nuclear physics research have impacted numerous other fields including material 
science, condensed matter physics, geosciences, mineralogy, environmental physics, 
and bio-medical sciences. The number of applications in basic research as well as for 
industrial technology is still continuously growing. Ion beams are used in fabrication 
processes involving implantation and doping, surface modifications, and nanostructuring. 
They also offer great possibilities for ion-beam analysis (IBA) typically based on beams 
of energies up to several MeV. IBA techniques probe the elemental composition of solids 
and obtain high-resolution depth profiles in surface layers. Thanks to novel accelerator 
technology, instrumentation and high-performance computing, IBA methods are highly 
sensitive and non-destructive, thus allowing the analysis of delicate samples including 
precious artefacts and archaeological, forensic, or biological objects. To date, hundreds 
of IBA laboratories exist around the world serving basic research as well as industrial 
applications.  

Progress in nuclear and particle physics eventually resulted in building larger 
accelerators of ever increasing energy. The advent of new high-energy facilities opened 
also new opportunities for application-oriented activities with ions of several hundreds of 
MeV kinetic energy and above. This triggered research in many different disciplines and 
is nowadays denoted as research with swift heavy ions. Given by their high velocity, swift 
heavy ions deposit enormous energy densities into the electronic subsystem of solids 
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driving the local atomic structure far from equilibrium. Depending on the class of 
materials, this results in a rapid phase transition and complex structural modifications 
along the trajectory of each individual ion. The cylindrical damage trails have a diameter 
of only few nanometers but are very long, depending on the energy few tens of microns 
up to mm. These so-called ion tracks represent nanostructures of high aspect ratio and 
are mainly created in insulating materials. Combining chemical etching of ion tracks, 
electrochemical deposition and surface modification techniques [111,112] offers the 
potential to synthesize tailored nanostructures and exploit size-dependent physical, 
chemical, and biological properties of materials at the nanoscale. Thanks to the enormous 
flexibility of the technique, innovative applications of nanowires, nanotubes and 
nanochannels are under investigation [113–115]. Examples are shown in Figure 9. The 
implementation of nanopores or nanowires in microsystems is still in an early stage, but 
promising perspectives for more complex devices with novel capabilities including 
sensors, nanofluidic systems, nanoreactors, and extremely small and compact analysis 
systems have been demonstrated. It also should be mentioned that ion track membranes 
are nowadays produced commercially. Several small companies pay for beam time at 
accelerator facilities (Caen, Louvain-la Neuve, Dubna, Lanzhou, Jyväskylä, Brookhaven) 
and produce and process huge amounts of track-etched membranes for a broad variety 
of applications. 
 

 
Figure 9. Novel ion-track technology allows the fabrication of nanostructures with designed diameter, 
length, shape, and composition. Examples are nanotubes (left)[113], porous gold wires (center) [114], and 
nanowire networks (right) [116]. 
 

Besides using swift heavy ions as structuring tools, also the destructive power of 
ion beams is intensively studied by a large community. Basic phenomena of ion-solid 
interaction processes are still not completely understood and available model 
descriptions are incomplete. When swift heavy ions enter a solid, the system undergoes 
ultrafast electronic excitations (10-17 – 10-13 s) finally leading to atomic motion, 
amorphization and/or defect formation (10-14 – 10-10 s). Concomitant effects are the 
emission of secondary particles, local melting, shock waves, and permanent changes of 
materials properties. Details of these non-equilibrium processes are strongly material 
dependent with insulators being significantly more sensitive to damage creation than 
metals. From the past decade of research, a large set of data exists on the size and 
characteristics of ion tracks in a large variety of materials. However, the complex interplay 
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between multiple length and time scales and the mechanism by which the electronic 
excitation energy is converted into atomic motion and finally into stable structural 
changes, are still under debate [111,116]. 

Several large-scale high-energy ion accelerators (such as GSI in Darmstadt, 
GANIL in Caen, and IMP/CAS in Lanzhou) provide beamlines dedicated to material 
science where sample irradiation is combined with in situ and/or online analysis. At the 
M-branch at GSI (Darmstadt), three UNILAC beamlines were established where in-situ 
information about swift heavy ion-induced material changes can be obtained by means 
of X-ray diffraction and Raman-, infrared- or UV-VIS spectroscopy (Figure 10). 
Microscopes (e.g., scanning electron and scanning probe microscopes) directly attached 
to the beamline allow imaging of topographic effects of single ion impacts without 
exposing the sample to air. Another example is secondary-ion mass spectrometry (SIMS) 
for probing the composition of a given sample surface during bombardment with MeV-
GeV ions. 
 

 
Figure 10. In-situ methods available at the M-branch of GSI (Darmstadt) provide information of beam-
induced changes by microscopic and spectroscopic means. Also important are flexible stations for 
irradiations at cryogenic as well as at elevated target temperatures. 
 

2.5 Pre-clinical research capabilities at current European 
facilities 

 
This section will be largely based on the experience of the European project 

“Infrastructure in Proton International Research” (INSPIRE), which created to allow 
researchers across Europe access to “state-of-the-art” research capabilities in centres for 
proton therapy. In addition, multi-ion research centers (KVI, Groningen, the Netherlands; 
GSI, Darmstadt, Germany) augment the particle research portfolio [117]. INSPIRE aims 
to integrate research activities in protons (and heavy ions) across Europe through eight 
objectives: 
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1) Developing new infrastructure by bringing together clinical, academic, and 

industrial research activities. 
2) Enabling access to research infrastructure for researchers in both the public and 

private sector. 
3) Providing training for the next generation of researchers in the field. 
4) Facilitating knowledge exchange to promote best research practices throughout 

Europe. 
5) Developing joint research activities (JRAs) that will improve the facilities available 

within the infrastructure. 
6) Developing JRAs in fields where technological challenges exist to improve 

European competitiveness. 
7) Developing an innovation pipeline to translate research into clinical practice and 

industrial products. 
8) To conduct research within the principles of responsible research and innovation. 

 
The project is comprised of 17 European partners, 12 of which offer beam time through 
transnational access (TNA) (Table 3)6. Further to this list, the University of Namur 
(Belgium) is also an INSPIRE partner taking part in radiobiological research, but with their 
nearby partner centre under development does not offer TNA through INSPIRE. 
However, once operational their resources will be available outside of the current 
INSPIRE project. Most of these partners are either clinical centres or have very close 
connections to clinical centres (Figure 11), for example the radiobiological capabilities of 
CHRISTIE and UNIMAN are shared as are those of RUG and UMCG. A close clinical link 
is essential to aid the design of the research at inception and to ensure its relevance and 
future translation to the clinic. 
 
Table 3. The INSPIRE partners offering radiobiological experiments through transnational access. 
 

Centre Abbreviati
on Location Website 

Aarhus University AU Aarhus, Denmark 
https://www.en.auh.dk/dep
artments/the-danish-
centre-for-particle-therapy/ 

The Christie NHS 
Foundation Trust CHRISTIE Manchester, UK https://www.christie.nhs.u

k 
GSI Helmholtz 
Centre for Heavy 
in Research 

GSI Darmstadt, 
Germany 

https://www.gsi.de/work/fo
rschung/biophysik.htm 
 

The Henryk 
Niewodniczański 
Institute of 
Nuclear Physics 

IFJ PAN Kraków, Poland 
https://inspire.ifj.edu.pl/en/
index.php/dostep-do-
infrastruktury-badawczej/ 
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Polish Academy 
of Sciences 

Curie Institute Institut 
Curie Paris, France 

https://institut-
curie.org/page/research-
and-development-proton-
therapy-center 

Nuclear Physics 
Institute of the 
Czech Academy 
of Sciences 

NPI-CAS Prague, Czech 
Republic http://www.ujf.cas.cz/en/ 

Paul Scherrer 
Institute PSI Zurich, Switzerland https://www.psi.ch/en 

University of 
Groningen RUG Groningen, 

Netherlands 

https://www.rug.nl/kvi-
cart/research/facilities/ago
r/ 

Skandion Clinic Skandion Uppsala, Sweden https://skandionkliniken.se
/ 

Technical 
University of 
Dresden 

TUD Dresden, Germany https://www.oncoray.de/re
search/offer-for-users/ 

University 
Medical Center 
Groningen 

UMCG Groningen, 
Netherlands 

https://www.umcgradiothe
rapie.nl/en/umc-
groningen-department-of-
radiation-oncology 

University of 
Manchester UNIMAN Manchester, UK 

https://www.bmh.manches
ter.ac.uk/research/domain
s/cancer/proton/ 

 
 Further to the information hosted by each institute’s website, and the information 
presented in this work, the following references give more information and available 
setups for Institut Curie [118–120], TUD [121–128], and GSI [54,96,129–134]. 
Through INSPIRE we are able to investigate important research questions together and 
benefit from cross-validation. An immediate example is the variability in data for proton 
relative biological effectiveness (RBE) that has been seen in the literature over the years 
[30,36,37,135]. A coordinated effort amongst the INSPIRE partners is allowing this 
variability to be investigated and the results made available to researchers across Europe 
through INSPIRE’s experimental and modelling JRA. This systematic and coordinated 
approach will highlight factors leading to variation and propose mitigation strategies for 
future studies. These mitigation strategies will help to develop best practices for proton 
radiobiology research and build upon previous work on the topic [136]. Alongside 
coordinated research INSPIRE also seeks to improve the infrastructure available to 
European researchers through its TNA. Many research centres have invested 
significantly to develop their research, constructing accelerators, beam lines, and 
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purchasing experimental equipment. INSPIRE also continually upgrades its research 
capabilities by taking research developed through JRA and making it available to the 
wider research community via TNA. This means that INSPIRE is able to offer the very 
latest technology and capabilities.  
 TNA provides researchers an opportunity to access beam time and funding for 
experiments at INSPIRE partners. The beam time is offered to all researchers and is not 
limited to INSPIRE partners. Furthermore, whilst the beam time is largely for European 
researchers, up to 30% of the hours are available to researchers outside the EU. The 
application process is managed through the INSPIRE website6. Prior to submitting the 
application through the online form, the researchers are advised to contact the 
representative of the relevant partner site to discuss the technical details of the proposed 
experiment. Before being transferred to an independent international user selection panel 
(USP), the refined application, submitted via the online form, is first assessed to ensure 
that the requested TNA site has the capacity and infrastructure to perform the experiment. 
Afterwards, the application is evaluated by at least two members of the USP for its 
technical and scientific excellence, as well as future potential and impact. Priority is given 
to users who have not had access to the TNA before. The INSPIRE website contains 
details about each centre, links to websites, and contact information for general enquiries 
aimed to aid the potential researcher. 
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Figure 11. European clinical proton therapy centres (closed triangle, 26 centres), carbon therapy centres 
(closed circle, 4 centres), and INSPIRE partners offering radiobiological TNA (closed squares, 12 centres – 
there is some overlap between centres). Open symbols show centres currently in the planning stage or 
under construction. Information is from the PTCOG website1. 
 
 The information provided here is extracted from the questionnaire of INSPIRE 
[117] and  EPTN  [137]. Planning of a radiobiological experiment requires the knowledge 
of not only the beam line for the sample irradiation, but also of the available equipment 
and capacities of the biological laboratories on site. The latter are essential for the sample 
preparation and post-processing. We specify details of the “physics”, including location, 
beam lines, particle types, energies, and field sizes. We specify details of the “logistics”, 
including details of sample types, positioning, and automation. We specify details of the 
“biology”, including the available equipment for sample preparation and post-irradiation 
processing.  

TNA providers in INSPIRE mainly cover central and northern Europe, with a similar 
distribution to clinical centres (Figure 11). Geographic positioning of centres is an 
important factor to minimise both travel expenses and logistics.  All of the TNA providers 
can supply protons, with two centres, GSI and RUG, additionally offering other ion types 
of clinical interest, such as carbon, helium, or oxygen. As can be seen from Figure 12, in 
general, the energies available from the accelerator are similar between providers. The 
most overlapping energy region is between 120 and 190 MeV – experiments at this 
energy can be done at all of the partner institutes. The highest possible energies can be 
achieved at GSI, reaching up to 1 GeV/u for heavy ions and 4.5 GeV/u for protons, with 
relevance to proton radiography [138] experiments, while most of the other institutes are 
limited to 230-240 MeV/u. The lowest possible proton energies are offered at RUG (15 
MeV) and Institut Curie (20 MeV). Energies can be further degraded before the sample 
to investigate increased proton linear energy transfer, with a relevance for end of range 
effects. Access to even lower energies can be obtained through the EU project 
RADIATE9.  Figure 13 shows a summary of available proton energies from the INSPIRE 
partners. 

Eight providers have a dedicated research room. This can be useful for studies 
that require longer irradiations and/or longer follow-up, it also gives more freedom to 
experiments that require a more complex or non-standard sample setup. However, the 
cost of such studies should always be considered. Whilst the sample may be able to 
remain in the room post-irradiation this will often inactivate the room using valuable 
resources. A shared room has the downside of limited usage, due to clinical 
commitments, although it has the added benefit of rigorous quality assurance to a clinical 
standard. Although, it should be noted that all partners undertake measures to ensure 
dosimetry and quality of beam delivery in their research rooms as well as those used 
clinically. Figure 14 shows some examples of beam lines for the GSI, CHRISTIE + 
UNIMAN, RUG, TUD, Institut Curie, and Skandion partners.  

                                                
9 https://www.ionbeamcenters.eu/radiate/ 
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Figure 12. INSPIRE partners offering radiobiological investigation with particles. The quoted energies are 
as extracted from the beam line, lower energies are available with beam degraders. Centres offering both 
in vitro and in vivo experiments are marked with orange circles, while those offering only in vitro 
experiments are shown as blue squares. 
 
 

 
Figure 13. Proton energies available at INSPIRE partners extracted from the accelerator. The highest 
energy is available at GSI (up to 4500 MeV). The lowest energies are available at RUG (15 MeV) and Institut 
Curie (20 MeV). The overlapping region, shaded area, is between 120-190 MeV. Energies can be further 
degraded in front of the sample. 
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 There is a range of maximum available scanned field sizes across the INSPIRE 
partners, shown in Figure 15. Six partners, PSI, Skandion, NPI-CAS, IFJ PAN, Au, and 
Institut Curie, offer the same field size (30 x 40 cm2). TUD and CHRISTIE + UNIMAN 
offer the same field size but in the landscape orientation (40 x 30 cm2). All partners offer 
a field size capable of irradiating most in vitro sample types, such as tissue culture flasks 
or microplates. The field size may become a limitation for larger non-standard samples, 
or simultaneous irradiation of multiple samples. Though in some cases the field size may 
be increased by introducing scatterers. 

Choice of reference radiation is an important aspect in general for radiobiology. 
The biological effects of protons are often quoted relative to the more familiar photon 
case, most notably the relative biological effectiveness for cell kill. A variety of reference 
X-ray qualities are used between the INSPIRE partners. Several partners have the 
possibility to choose between clinical LINACs and kilovoltage X-ray machines (CHRISTIE 
+ UNIMAN, TUD, NPI-CAS, Institut Curie, RUG + UMCG), whilst others are more limited. 
The difference in reference radiation may lead to slight differences in relative effect 
measurements, making inter-centre comparisons more complicated. However, it should 
be noted that this is a problem for radiobiology in general and is not limited to INSPIRE 
partners. 

The mode of sample irradiation is an important consideration, including sample 
orientation and possibility of automated handling. Monolayers of cells, grown in a flask or 
microplate, should not be free from media for a long duration of time to avoid drying. As 
such, many centres, particularly with horizontal beam lines, employ automated sample 
handling. Here, the sample can remain in a horizontal orientation and is lifted up only 
when presented to the beam for irradiation. Automated sample handling also has the 
added benefits of improving repeatability and minimising access to the irradiation room, 
increasing sample throughput. 
 Four centres employ automated sample handling. All the centres have a horizontal 
beam line, though five can additionally offer vertical beam direction, and six offer more 
irradiating angles by using gantries. The sample type that can be irradiated is a limitation 
defined by the system. Most centres have flexibility here, with all capable of irradiating at 
least flasks and well plates. The sample type capability may go beyond this (as long as it 
can be fixed in front of the beam and meet the safety regulations of the experimental 
room) and should be further discussed with the partner institute. Table 4 shows a 
summary of these details. 

Figure 16 shows examples of sample presentation to the beam at Christie + 
UNIMAN, RUG, Institut Curie, GSI, and AU. The system at CHRISTIE + UNIMAN (Figure 
16a) employs a 6-axis robot mounted inside a hypoxia end station. The space limitations 
of the hypoxia cabinet mean that at most a mix of up to 36 samples can be housed at a 
time. The fingers of the robot are designed for T75 flasks or 96 well plates, limiting the 
sample type. However, other samples can be so long as they have the same footprint as 
a 96 well plate or through use of customised sample holders, alternatively a large range 
of samples can be used without the robot. Similar to the CHRISTIE + UNIMAN system, 
the GSI system (Figure 16d) holds samples in the horizontal position lifting them to the 
beam for irradiation. This change in orientation minimises the time that cells are free from 
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media, ensuring a good cellular environment and avoiding sample drying. Alternatively, 
samples can be prepared so that the culture vessel is full of cell media, which is the case 
for RUG (Figure 16b) and Institut Curie (Figure 16c). 

Alongside the physics capabilities, the biological equipment available at a centre 
will often define the type and complexity of experiments that are possible. This impacts 
both the pre-irradiation sample preparation and post-irradiation analysis. For some 
experiments it is not possible to prepare samples prior to transport to the irradiating 
centre. Similarly, it is not always possible to fix samples following irradiation ready for 
transport to the home institute. Table 3 gives details of the in vitro biological equipment 
available at INSPIRE partners. In most cases the equipment detailed in Table 5 is shared 
between the INSPIRE partner and other groups at the same institute. Therefore, these 
details should be used as a guide for maximum available equipment. Similarly, extra 
resources may be available at a partner’s sister institute. Researchers requiring the use 
of any of this equipment should discuss their needs with the relevant partner. 

 
 
 
Table 4. Beam line and radiobiological sample details of the INSPIRE partners. Five centres have a 
horizontal beam line, with the other five able to irradiate samples from above or at user-defined angles 
using a gantry. There is flexibility in sample types, but the majority of centres have the ability to irradiate 
flasks and well plates. 
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AU H x x ✓ x ✓ ✓ 
GSI H x ✓ ✓ x ✓ ✓ 
IFJ PAN H ✓ x ✓ ✓ ✓ ✓ 
Institut Curie H + V ✓ ✓ ✓ ✓ ✓ x 
NPI-CAS H + V ✓ x ✓ ✓ ✓ x 
PSI H + V ✓ x     
RUG + 
UMCG H x ✓ ✓ ✓ ✓ ✓ 

Skandion H + V ✓ x ✓ ✓ ✓ ✓ 
TUD H x x ✓ ✓ ✓ ✓ 
CHRISTIE + 
UNIMAN H ✓ ✓ ✓ x ✓ ✓ 
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Figure 14. Beam line setup for GSI (top pictures) and (A) UNIMAN, (B) RUG, (C) TUD, (D) Institut Curie,  (E) 
Skandion, (F) GSI (Cave A, robotic arm), (G) GSI (3D-printed ripple filter).. UNIMAN has a beam line leading 
to a Varian scanning nozzle, samples are placed in front of the nozzle (pictured is a hypoxia cabinet). RUG 
has a flexible beam line setup using optical benches, pictured shows a study on the effect of magnetic 
fields in combination to proton irradiation [139]. TUD has two beamlines in the dedicated experimental 
room, one with a pencil beam scanning nozzle (left) and one static beam line (right). In the picture setups 
with water tank and beam dump at the PBS beamline and passive double scattering setup for 
radiobiological experiments at the static beamline are shown. Institut Curie shows three irradiation 
rooms; “Room Y1” – horizontal beam up to 201 MeV (left), “Room Y2” – horizontal beam up to 76 MeV 
(middle), and “IBA Room” – gantry up to 230 MeV (right). Skandion has a beam line leading to an IBA 
scanning nozzle, samples are placed on an adjustable table in front of the nozzle. 
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Figure 15. Maximum available scanned field sizes of the INSPIRE partners, ranging from 10 x 10 cm2 to 30 
x 40 cm2. Larger field sizes may be available by introducing scatterers. 
 
 
Common amongst all centres is the availability of flow hoods and incubators, with TUD 
offering the largest capacity for sample preparation and storage. At the moment, only one 
centre, UNIMAN, has a hypoxia station for irradiation of samples under variable oxygen 
tension. This offers the capacity for studying the oxygen enhancement ratio and probing 
new fields such as the FLASH effect under strictly controlled conditions. The hypoxia 
station at UNIMAN is positioned directly at the beam nozzle, which prevents O2 
fluctuations in the sample while it is being transported from the laboratory to the irradiation 
facility. Additionally, the irradiation in hypoxic conditions is possible at AU and GSI, where 
the samples can be gassed inside specially designed containers prior the transportation 
to the experimental room. 
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Figure 16: Setup for sample irradiation at (A) CHRISTIE + UNIMAN, (B) RUG, (C) Institut Curie, (D) GSI, and 
(E) AU. The CHRISTIE + UNIMAN system is a 6-axis robotic arm mounted in a hypoxia cabinet, allowing 
irradiation at different oxygen tensions from 0.1-20%. The robot picks samples from a “hotel” and holds 
them in front of a beam window within the cabinet, before either replacing the sample to the hotel or 
moving to an automated fixation system (left). The hotel can house up to 36 samples, a mix of T75 flasks 
or 96 well plates (right). The RUG system shows the sequential irradiation of three 12 well plates. Wells 
are filled with cell media and sealed with parafilm. The Institut Curie system shows sequential irradiation 
of six in vitro samples (left), and immobilised in vivo irradiation (right). The GSI system allows sequential 
irradiation of 16 tissue culture flasks. The flasks remain in the horizontal position whilst not being 
irradiated (left), preventing the cell layer inside from drying. The robotic system lifts the sample and 
presents it to the beam (right), replacing it when irradiation is complete. The AU system shows a setup 
for mouse leg irradiation. 
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Table 5. In vitro biological analysis equipment available at the INSPIRE partners.  
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AU 1 1 x x x x x ✓ x x ✓ x 
GSI 2 4 x ✓ ✓ ✓ x ✓ x ✓ ✓ x 
IFJ PAN 2 1 x ✓ x x x ✓ x ✓ ✓ x 
Institut 
Curie 1 1 x ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

NPI-CAS 2 3 x ✓ x x x ✓ ✓ ✓ x x 
PSI 0 1 x x         
RUG + 
UMCG 2 2 x ✓ x x x x x x ✓ x 

Skandion 4 4 x ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
TUD 6 12 x ✓ ✓ x x ✓ x ✓ ✓ x 
CHRISTIE 
+ 
UNIMAN 

5 5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

 
 The availability of more sophisticated post-irradiation analysis, such as flow 
cytometry, FACS, mass spectrometry, PCR, and sequencing is varied amongst the 
partners. Similarly, the advanced microscopy available amongst the partners is varied, 
though the majority have fluorescent and confocal microscopes available. 
While all the INSPIRE TNA partners mentioned in this work offer the environment for in 
vitro studies, the in vivo capabilities are slightly more limited, as seen in Figure 12. Despite 
the data from cell experiments being a valuable preliminary tool for studying the effects 
of proton beams, all the physiological processes and their complex interplay cannot be 
reproduced in vitro, and thus the clinical treatments must first be simulated using animal 
models before moving onto human trials. Table 6 shows the in vivo capabilities of the 
INSPIRE TNA providers. 
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Table 6. In vivo capabilities available at the INSPIRE partners. 
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AU Rats, 
Mice 

80 Rats, 
200 
Mice 

7 x x 

Normal tissue 
and a range of 
tumour models 
(syngenic and 
xenografts) 

x x 

GSI Rats, 
Mice 80 7 x x x x ✓ 

IFJ PAN 
Rats, 
Mice, 
Hamsters 

100 7 ✓ ✓ x MRI x 

Institut 
Curie 

Rats, 
Mice 

100 
Rats, 40 
Mice 

A few 
months ✓ ✓ 

Normal tissue 
and a range of 
tumour models 
(syngenic and 
xenografts), 
orthotopic 
grafts, specific 
tissue toxicity 
assays 

CT, X-ray, OCT, 
Bioluminesence ✓ 

PSI Mice   ✓ ✓    

RUG + 
UMCG 

Rats, 
Mice 

132 
Rats, 
264 
Mice 

7 ✓ ✓ Normal tissue ✓ ✓ 

TUD 
Rats, 
mice, 
zebrafish 

100 7 ✓ ✓ 

Zebrafish 
embryo strain 
wild type AB; 
NMRI nu/nu 
Nude, 
C57Bl/6JRj 
and 
C3H/HeNRj 

CT, X-ray, MRI, 
Proton 
radiography, 
Bioluminesence, 
PET, Ultrasound 

✓ 

 
 In vivo experiments bring the added complexity of ethical review. INSPIRE has a 
well-established ethics platform for both its TNA and JRA which are overseen by an ethics 
panel comprised of international experts in the field. The partners must also follow both 
the official regulations of their country/state as well as those of the TNA provider. 
Moreover, these regulations might vary from one state to another within the same country 
(for example, in Germany). Ethics applications in EU generally require a FELASA 
(Federation of European Laboratory Animal Science Associations) certification for 
participating scientists that cover the duration of the relevant research. In addition to that, 
country-specific licences might be required. In the latter case, the exceptions can be done 
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when the guest scientists are only irradiating the animals without leaving them at the TNA 
facility. The application for the ethical approval is normally done in advance, as the review 
procedure can last up to several months. All of the paperwork relating to ethical approval 
is retained by the partner and made available to the EU upon request. In addition, for 
some experiments the EU requires copies of the ethical permissions prior to any 
experiment taking place. 
 
 

2.6 Research programs at new European accelerators 
 

Many new large-scale accelerators are under construction worldwide, with the primary 
goal of basic research in nuclear physics, generally exploring the region far from stability 
[140]. Most of the accelerators centers have ambitious biomedical research program, that 
are innovative and potentially can lead to breakthrough discoveries thanks to the 
characteristics of the new facilities, generally with higher intensity and energy than current 
accelerators [5].  Figure 17 shows some of the opportunities that can exploit the 
characteristics of new accelerators, or the upgrade of the existing facilities. The high 
energy is obviously important for space radiation research, because cosmic rays have 
energies up to TeV [84,141], but can also be useful for particle radiography [71], an 
important technique to reduce range uncertainty in particle therapy. High-intensity can 
potentially be a major breakthrough in particle therapy: ultra-fast treatments are 
convenient for the patient welfare and for the clinical workflow and can mitigate the 
problem of moving targets [142]. Recent results with electron beams suggest that dose 
rates exceeding 40 Gy/s reduce toxicity in the normal tissue whilst maintaining the tumor 
local control (FLASH radiotherapy) [143,144]. High intensity is also useful for spatially 
fractionated radiotherapy using protons [145] or heavier ions [146], a method that largely 
reduce normal tissue toxicity in animal models [147–149]. Finally, radioactive ion beams, 
one of the main nuclear physics topics that justify the construction of new nuclear physics 
facilities [150], are potentially an extraordinary tool for therapy as they allow the online 
visualization of the beam during irradiation [151]. 
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Figure 17. Radiation research at accelerators. The shaded region includes values of energy and intensities 
covered by the present accelerators. MBRT=minibeam radiotherapy; RIB=radioactive ion beams, FLASH= 
high dose-rate radiotherapy 

 
While all these research programs are exciting, it is important to avoid duplications, 

exploit synergism, foster collaborations and strong links between clinical accelerators and 
nuclear physics accelerators planning applied biomedical research. For this reasons, 
many facilities have joined the International Biophysics Collaboration [152] that had a first 
meeting in Darmstadt in May 2019 [8]. Here we present the biomedical research 
programs of several accelerator facilities that have joined the Biophysics Collaboration.  
 
2.6.1 FAIR 

The Facility for Antiprotons and Ion Research (FAIR)8 is currently under 
construction in Darmstadt [6]. As shown in Figure 18, the current SIS18 synchrotron (18 
Tm) at GSI will become the injector of the new SIS100 (100 Tm) ring. All ions from H to 
U can be accelerated up to around 10 GeV/n. FAIR will also reach intensities up to 
x10,000 higher than those currently available at GSI, and this intensity upgrade is already 
ongoing at SIS18 in the framework of the so-called FAIR-phase-0 [153]. While the official 
opening of the SIS100 is slated for 2017, research is currently ongoing within the FAIR-
phase-0. Research activity at FAIR is structured into four pillars: NuSTAR, CBM, PANDA 
and APPA. APPA deals with applied research (biophysics and materials research), 
atomic and plasma physics [7]. FAIR is a user facility and research is proposed by 
Collaborations. The Biophysics Collaboration is indeed based at FAIR but, unlike the 
other collaborations, includes other accelerator facilities and aims at a distributed 
research program. 
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Figure 18. Layout of the FAIR facility under construction in Darmstadt (Germany). 
 
The biophysics research program at FAIR impose on the exceptional experience 

of the Biophysics Department both in heavy ion therapy and space radiation research 
[154]. In fact, GSI was the first center in Europe to treat patients with accelerated 12C-
ions [155] and is currently the reference center of ESA for ground-based research 
program [156] called IBER10. With the end of the therapy in 2007, GSI activity focussed 
on heavy ion basic research, with applications to therapy and space radiation protection. 
Research at FAIR will therefore continue in these directions, according to the new 
opportunities that the SIS100 energies and the upgraded intensities offer (Figure 17). The 
new research programs include the construction of a galactic cosmic ray simulator [157], 
high-energy particle radiography [158], FLASH irradiations with heavy ions [159], and 
testing carbon and oxygen radioactive isotopes for therapy and simultaneous imaging by 
PET [151], a program that has been supported by a recent ERC Advanced Grant 
(BARB)11. The Biophysics Department will benefit in FAIR of a new experimental vault, 
the APPA cave (Figure 19), where especially high-energy space radiation protection 
experiments will be performed. 
 

                                                
10 www.gsi.de/IBER 
11 www.gsi.de/BARB 
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Figure 19. Beamline for BIOMAT applications in the APPA Cave at FAIR. 
 
 
 
 
2.6.2 GANIL  

The largest facility for nuclear physics in France is located in Caen is jointly run by 
CEA and CNRS. GANIL-and its major upgrade SPIRAL2 (Figure 20) is engaged in 
research with ion beams with the main focus of the lab being fundamental nuclear 
physics. This is supplemented by strong programs in accelerator based atomic physics, 
condensed matter, radiobiology and industrial applications.  
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Figure 20. Layout of the GANIL-SPIRAL2 facility in Caen (France). 
 
The intensity and variety of beams delivered by the cyclotrons and the 

superconducting linear accelerator and the associated state-of-the-art scientific 
instruments make GANIL-SPIRAL2 an unique and outstanding multi-disciplinary facility 
[160]. GANIL-SPIRAL2 is the only facility in the world today which provides high intensity 
stable beams, beams of short-lived nuclei (RIB) produced both by the isotope separation 
on line (ISOL) technique and by the in-flight separation technique and intermediate 
energy neutron beams [161]. The large heavy-ion accelerator complex of five cyclotrons 
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delivers stable beams (Carbon to Uranium) from energies around 1 MeV to 95 MeV per 
unit mass with current up to 10 µA. Fragmentation beams range from light to medium 
mass nuclei. The reaccelerated beams produced using SPIRAL1 beams range from 1.2 
MeV/A to 25 MeV/A for around 35 isotopes today. A new ion source has been 
commissioned so more new RIB for different elements are available and more will be 
available12 in the near future. The new superconducting LINAC will provide the most 
intense beams from protons to Ni up to 14.5 MeV per unit mass. Continuous and quasi-
mono energetic beams of neutrons will be available. The flux at NFS will be up to 2 orders 
of magnitude higher than those of other existing time-of-flight facilities for a part spectrum 
in the 1 to 40 MeV range. The latter will open new and unique avenues.   
Materials science research at GANIL is studied using a large range of energies and 
beams along with versatile tools. High energy ions provide quality beams for studies on 
nano structuration of selective membranes and sensors developments based on topical 
2D materials (graphene, MoS2, etc). Exploiting time/depth-resolved characterizations to 
their limit, the sensitivity of functional inorganic materials to dense electronic excitations 
is studied. Advanced experimental setups also provide in-situ analysis for organic 
polymers (CESIR or CASIMIR) or astro-ices (IGLIAS) as simulators for alpha radiation, 
cosmic rays or solar winds. 

The biomedical activities relevant span a variety of topics. Measurements of 
double differential cross section for charged particles with 95 MeV/A C beams on targets 
of various elements that are relevant to hadron therapy. Irradiation and hardening of 
electronic components for space, are performed using heavy and energetic ions. The 
studies include SEE (Single Event Effect) to improve the architectures and define testing 
standards used in space.  Dedicated equipment for irradiation of polymeric films allow 
industrial production with various ion tracks densities and ultimately very fine and uniform 
filters.  The LARIA center at GANIL studies various aspects related to study and 
understand the biological effects related to direct and indirect (Bystander) impact by 
Carbon beams in cancer treatment. The topics range from understanding differential 
cellular responses of radioresistant tumors to conventional radiotherapy and hadron 
therapy, explore the fundamental mechanisms of communication between irradiated and 
normal cells etc. The facilities for these activities include cell culture room, two sterile 
hoods, 4 CO2 incubators, a microscope, water baths, centrifuges etc.  All the above are 
activities are run at the cyclotrons. Light ion beams from the LINAC, like alpha and 6,7Li 
beam on Pb and Bi targets will be used to perform R&D on the production of innovative 
radioelements for nuclear medicine and in particular alpha emitters. This will consist in 
cross-section measurements to determine the optimum energies maximizing the cross-
section for the nuclei of interest (e.g. the promising 211At) [162] whilst minimizing those 
for nearby contaminants (210At, 209,210Po in the case of 211At); developing high power target 
stations to sustain the very high beam current from the new LINAC; and finding new and 
promising production routes. The NFS facility can be used for irradiation of cells, 
characterization of detectors and also for the study of the single-event defects.  

                                                
12 https://www.ganil-spiral2.eu/scientists/ganil-spiral-2-facilities/available-beams/ 
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In France, several irradiation facilities for biomedical applications are being 
coordinated by CNRS within the so-called “Groupement de Recherche MI2B”13. MI2B 
animates a national network of clinical-based and academic research-based irradiation 
facilities called ResPlanDir, dedicated to dosimetry, instrumentation and radiobiology, by 
supporting harmonization of practices. Among the various irradiation modalities, one 
should mention the availability of a complete panel of proton and light-ion irradiation 
platforms: AIFIRA at CENBG-Bordeaux14  proposes up to 3.5 MeV proton or alpha particle 
microbeams (size of typically 1.5 µm FWHM in air) equipped with online microscopy. This 
makes possible selective irradiation of single-layered cells. CYRCé at IPHC-Strasbourg15 
is a combined platform for radioisotope production working for academic research, with a 
newly functional proton irradiation platform, with energy ranging from keV to 24 MeV (16) 
for cell or small animal irradiation (possibility to tune a Spread-Out-Bragg-Peak up to 6 
mm), a biological laboratory with small animals, and preclinical imaging (PET, SPECT). 
The ARRONAX facility17 is a combined research and innovative radioisotope production 
facility, delivering protons (35 and 70 MeV), deuterons (15 and 35 MeV) and alpha 
particles (70 MeV). A dedicated experimental irradiation room (Figure 21) has been 
equipped for physics and material science experiments, and cell irradiation by means of 
a vertical beamline. 
 
2.6.3 INFN  

The National Institute for Nuclear Physics (INFN) in Italy has several accelerator 
facilities with biomedical applications, including Laboratori Nazionali del Sud (LNS) in 
Catania [163], the first center in Italy to treat patients with proton therapy for eye tumors; 
and the Trento Institute for Fundamental Physics and Applications (TIFPA), where an 
experimental vault [164] with two beamlines delivering protons with energies up to 230 
MeV is available in the local proton therapy center, where other two rooms are equipped 
with iso-centric gantries for treating patients.  

The INFN National Laboratories of Legnaro (LNL) are devoted to the study of 
fundamental nuclear physics and astrophysics together with the development of 
technologies relevant to these disciplines. Ever since its foundation LNL has carried out 
a significant applied physics research, developing very relevant programs in the 
biomedical field with the existing LNL accelerators as well as the future SPES facility. 
Applications of ion beams in multidisciplinary physics are a long-lasting tradition of LNL.  

                                                
13 https://www.mi2b.fr/ 
14 http://www.cenbg.in2p3.fr/-AIFIRA-Home-?lang=en 
15 http://www.iphc.cnrs.fr/-Cyclotron-CYRCE-.html 
16 http://www.iphc.cnrs.fr/-PRECy-.html 
17 https://www.arronax-nantes.fr/ 
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Figure 21. Experimental cave at ARRONAX (Nantes, France). AX5 is a vertical irradiation beamline. 
 
These activities are carried out mainly at the AN200018 and CN19 Van de Graaff 
accelerators and partly at the Tandem20. The CN (1 - 6 MV) and AN2000 (0.2 - 2.2 MV) 
provide a total of 12 beam lines and deliver around 2700 hours/year of beam time (1H, 
2H, 3He, 4He, 14N, 15N). The main activities at the AN and the CN in the field of 
interdisciplinary physics are:  radiobiology [165,166], dosimetry, material microanalysis 
with IBA methods, study of novel neutron detectors based on innovative materials, single 
ion irradiation for quantum technologies and HpGe, Si and diamond detector 
characterization. 

LNL has a very long and strong tradition in the field of micro- and nanodosimetry 
[167,168]. In particular Legnaro is one of the leading laboratories for the construction of 
miniaturized Tissue Equivalent Proportional Counters. Legnaro is in contact with various 
radiotherapy centres for the supply of these detectors or the microdosimetric 
characterization of therapeutic beams (Detector/Medaustron, SCK, JINR). These 
detectors can be used for quality assurance of Treatment Planning Systems which 
include Linear Energy Transfer Calculations. In the field of nanodosimetry STARTRACK 
is one of three detectors in the world for measuring the stochastics of radiation interaction 
at the DNA level [169]. It is installed and running at the Tandem. A portable version is 
under construction.  

                                                
18 http://www.lnl.infn.it/index.php/en/accelerators-3/an-2000 
19 http://www.lnl.infn.it/index.php/en/accelerators-3/cn 
20 http://www.lnl.infn.it/index.php/en/accelerators-3/tandem-xtu 
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SPES (Selective Production of Exotic Species)21 is a second generation ISOL 
facility (Isotope Separation On Line) on which the short- and long-term strategy of the lab 
is centered [170].  It is an interdisciplinary project, ranging over nuclear physics, nuclear 
medicine and materials science. SPES will provide a Radioactive Ion Beam facility for the 
study of neutron rich unstable nuclei of interest to nuclear and astronuclear physics 
research [171]. At the same time, it will host a laboratory for research and production of 
radioisotopes to be applied in nuclear medicine.  SPES is based on a dual-exit high-
current Cyclotron, with proton beam energy ranging between 35 MeV and 70 MeV and a 
maximum beam intensity of 0.75 mA, used as proton driver to supply an ISOL system 
with an UCx Direct Target able to sustain a power of 10 kW and produce neutron rich 
ions at intensities one order of magnitude higher than existing facilities. The second exit 
will be used for applied physics: radioisotope production for medicine and neutrons for 
material study. The layout of the facility is shown in Figure 22. The proton beam from the 
cyclotron can be sent to two ISOL target caves (ISOL1 and ISOL2), three caves for 
radioisotopes production (RIFAC) and developments (RILAB) and an area for neutron 
production and material study. SPES was designed to pursue also the aim of studying 
the production of innovative radionuclides for medicine (LARAMED) starting from the 
assumption that new radioisotopes may show unprecedented biological properties. Non-
standard radionuclides production is a fundamental opportunity for nuclear medicine in 
order to identify new radiopharmaceuticals classes for diagnostic and therapeutic 
applications. RILAB will be dedicated to research in the field of radioisotopes (cross 
section measurements, high-power target tests etc.), whereas RIFAC will be devoted to 
the production of novel radioisotopes (64Cu, 67Cu, 82Sr, 68Ge etc.). In June 2018 the INFN 
board of directors has approved the contracts for the supply of beam and the lease of lab 
space to BEST Theratronics for the commercial production of radioisotopes, initially using 
the ISOL2 cave. Also in the field of nuclear medicine, the ISOLPHARM project will exploit 
the ISOL technique to produce a large variety of carrier free radioisotopes with high 
radionuclidic purity (INFN international patent). The layout of SPES was designed in such 
a way to operate two targets at the same time distributing the beam according to a 
schedule that minimize the radiation problems. It should be considered that the activation 
of materials at a beam power of 20-30 kW do not allow to operate the same target for 
long time. Considering a shift of two weeks with 2 days for beam preparation, 12 days of 
beam on target and 7 shifts for maintenance, we can offer about 5000 hours per year of 
beam dedicated to the ISOL targets and 5000 for applications. 

INFN has also collaborated to the construction of the experimental vault for 
dedicated biomedical research in the National Center for Oncological Hadrontherapy 
(CNAO) in Pavia. CNAO [172,173] is one of the four centres in Europe in which 
hadrontherapy is administered with both protons and carbon ions. The main accelerator 
is a 25 m diameter synchrotron designed to accelerate ions injected at 7 MeV/u up to the 
maximum energy corresponding to the magnetic rigidity of 6.35 T m. For C6+ ions this 
corresponds to 400 MeV/u; in the case of protons, the maximum available energy of 250 
MeV corresponds to a magnetic rigidity of 2.43 T m, well below the technically achievable 

                                                
21 https://web.infn.it/spes/index.php/home/spe 
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maximum. For other ions, that will be produced with a dedicated third source presently 
under construction, the maximum rigidity would still be 6.35 T m and the corresponding 
particle range would be determined by their charge and mass.  

 
Figure 22. Layout of the SPES facility under construction in Legnaro (Italy). 
 

CNAO has a twofold institutional purpose including both therapy and research and 
it also provides great opportunities to perform various research activities related to 
radiation biophysics, radiobiology, space research and detector development. For 
researchers a dedicated experimental irradiation room is available in time slots not 
impacting on patient’s treatment, but specifically devoted to research purposes (i.e. some 
night shifts and week-ends, typically) and, if applicable, in a parasitic modality during daily 
treatments, for the experiments in which the duration is not important and the 
measurement itself can be “paused” for an indefinite time. The beam distribution in the 
CNAO experimental room (Figure 23) is based on the same active system in use in the 
treatment rooms. According to the needs of the experiment to be performed the 
experimental beamline can be arranged in four different configurations depending on the 
space required downstream the target or the dimensions of the scanning field (Figure 9). 
The beam intensities available, range from the clinical ones (< 1010 protons per spill, < 
4·108 carbon ions per spill) down to a few particles per second.  

CNAO offers the opportunity to external researchers to use its beams to perform 
basic and pre-clinical studies and to take advantage of a cell culture lab for sample 
preparation and processing. Thanks to a strong collaboration with the University of Pavia, 
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in CNAO is also possible to carry out in vivo irradiations with small rodents taking 
advantage of the nearby animal house facility, after technical evaluation and approval by 
the local ethical committee.  
 

 
Figure 23. The experimental room at CNAO can be arranged in different configurations according to the 
experiment requirements. 
 
Typical activities carried on at CNAO are development and test of beam monitors and of 
dosimeters, the development of the dose delivery system to improve the scanning 
technique (e.g. 4D treatments), the verification of dose delivered to the target and of 
course radiobiology. The main topics for the present radiobiological research in CNAO 
comprise tissue, cell and molecular experimental activities aiming to investigate the 
mechanisms of response after particle irradiation. In particular, one of the interests is 
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modulation of the malignant behavior of surviving tumor cells by reducing or promoting 
their invasiveness or migration. Study of cellular and molecular mechanisms of 
radioresistance after irradiation with carbon ions, immune stimulatory effects of radiation 
and immunosuppressive properties of high-LET radiations and abscopal effect are also 
subjects being studied at CNAO. One hot topic for CNAO radiobiological research is the 
evaluation of existing and/or new radiosensitising agents with high-LET radiations. 
Physical amplification of LET by nuclear interaction e.g. of protons on boron nuclei is also 
being studied. This subject might become even more interesting since CNAO is willing to 
build a new BNCT facility in the next future. 
 
2.6.4 HIT 
The Heidelberg Ion-Beam Therapy Center (HIT) at the Hospital of the University of 
Heidelberg (UKHD) is the first dedicated and hospital-based particle therapy centre in 
Europe offering clinical scanned proton and carbon ion beams [174] (Figure 24).  
 

 
 
Figure 24. Layout of the HIT facility in Heidelberg, including the QA room used for research. 
 
The treatment with helium ions is planned to start late in 2021, oxygen beams are offered 
for pre-clinical research. HIT has started routine patient treatment in November 2009 and 
has treated about 6200 patients since then. It is an extension to the already available 
oncological methods at the Heidelberg University Hospital and indirectly complements 
the existing radiotherapy department hosting seven electron accelerators including 
tomotherapy and a gamma knife. In addition to patient care, a broad research programme 
in the area of radiation oncology and accelerator-, medical- and bio-physics [175–177] 
annually using about 1000 hours of beamtime is pursued at HIT. Large scale clinical 
studies in the field of ion beam therapy as well as methodological studies are conducted 
here [178].  
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HIT operates an irradiation facility for pre-clinical research that delivers four ion 
species: protons, helium, carbon and oxygen ions. HIT’s accelerator system provides 
energies up to 430 MeV/u for helium, carbon and oxygen ions and up to 480 MeV for 
protons. For all ions, energy libraries are established that allow for millimeter range steps 
within the therapeutic window (Bragg peak depth between 2 and 32 cm in water). For 
protons and helium ions higher ranges/energies can be offered for research purposes. At 
HIT dose delivery is based on the intensity-controlled raster scanning method. The 
maximum field size is 200 x 200 mm2. Within the center labs for medical physics and 
experiment preparation as well as a dedicated rodent housing are located directly at the 
research cave. Labs for radiobiology are hosted in the attached building for conventional 
radiation therapy.  

 
2.6.5  KVI  

The core of the accelerator facility at KVI- Center for Advanced Radiation 
Technology (CART), University of Groningen (UG), the Netherlands, is the 
superconducting cyclotron AGOR [179], built in collaboration with the Institut de Physique 
Nucléaire (Orsay, France) and operational in Groningen since 1996. It accelerates ion 
beams of all elements to a variable energy. Initially designed for research in nuclear 
physics and fundamental interactions the focus of the research at the facility has, in 
relation with the establishment of a clinical proton therapy clinic at the University Medical 
Center Groningen (UMCG), in recent years shifted towards the radiation physics and 
biology of particle therapy.  

Access to the facility is governed by the guidelines set out in the European Charter 
for Access to Research Infrastructures22,23. Since 1998 research on normal tissue 
damage in radiotherapy is performed in collaboration with the Radiation Oncology and 
Cell Biology departments of the University Medical Center Groningen (UMCG). The 
experiments use mainly proton and carbon beams and have two main focal points: in vivo 
studies of non-local effects in (partial) irradiations of organs such as parotid [180], heart-
lung system [181,182] and neural tissues [183] and in vitro studies of various aspects of 
the radiation response of stem cells [139,184]. 

For this research a versatile, modular beam line [185] has been built that is also 
used for experiments in medical radiation physics and for radiation hardness testing with 
both protons and various heavy ions (Figure 25). The on-site laboratory facilities for the 
radiation biology research comprise an animal accommodation for wild-type rodents and 
two laboratories equipped with CO2 incubators and flow cabinets. In the coming years the 
capabilities and capacity for radiation biology research will be substantially expanded.  
Currently an additional beam line specifically for in vivo studies, equipped with 3D X-ray 
and bioluminescence imaging and 2D proton radiography at the irradiation position, 
funded by the Dutch cancer society KWF, is under development. In Figure 25 the floorplan 
of the accelerator facility, showing both the existing beam line for biomedical experiments 
and the new beam line, is displayed. With this new infrastructure among others more 

                                                
22 https://ec.europa.eu/research/infrastructures/pdf/2016_charterforaccessto-ris.pdf#view=fit&pagemode=none 
23 https://www.rug.nl/kvi-cart/research/facilities/agor/ 
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detailed studies of the spatial differentiation of the radiation response of normal and tumor 
tissues, interaction between particle irradiation and systemic therapy and biological 
effectiveness will be performed.  
 

 
Figure 25. Floorplan of the AGOR accelerator facility with the new infrastructure for image guided 
preclinical research 
 

At this new beam line small animal irradiations will be performed with proton and 
helium beam as well as X-rays using different irradiation modalities. Besides the shoot-
through method [183] employing 150 – 190 MeV protons also spread-out Bragg peak 
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irradiations using primary beam energies up to 90 MeV/amu (range in water 60 mm for 
both protons and helium) can be performed. Both passive scattering and pencil beam 
scanning will be available and the irradiations can be CW or pulsed with variable pulse 
duration ( ³ 10 µs) and frequency up to 2 kHz. The design calculations for the beam line 
indicate that pencil beams with 0.5 mm FWHM are feasible. Based on preliminary 
experiments local dose rates up to at least 1000 Gy/s should be achievable for both 
proton and helium irradiations in pencil beam scanning. In conjunction with this new 
infrastructure additional animal accommodations with associated laboratories will be built 
to provide optimal research conditions.  The capacity of the laboratories for in vitro 
research will also be expanded. A setup for live cell confocal microscopy immediately 
after irradiation is under development in collaboration with Amsterdam UMC.  

To facilitate the use of the new infrastructure by external user we will, in 
collaboration with the central animal research facility of UG and UMCG offer a “one stop 
shop” service. Based on the detailed experiment design developed in collaboration with 
the users we will arrange the required Dutch authorizations, procure the required animals, 
perform the irradiations and, when desired by the user, perform the post-irradiation follow-
up experiments. The data will be provided to the users through a research data 
management platform controlled by the users. 

The current radiation physics research by both internal and external users 
focusses on near real time in vivo range verification in particle therapy [66,186]; various 
aspects of dosimetry, including characterization of the LET-distribution of particle beams 
[187], and tissue relative stopping powers [188]. 
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3. Review of the current status of proton and 
heavy ion therapy in Europe 

 

In the section 2.1 we have described the rationale and the current status of 
research in CPT. As it can be seen in Table 1 and Figure 11, the vast majority of European 
centers are cyclotrons delivering protons. Therefore, the number of patients treated with 
protons is higher than carbon ions. The trend at the world level is shown in Figure 26, and 
summarized in Table 7 for EU centers only.  

 
Figure 26. Trend of the number of patients treated with C-ions and protons worldwide. Source: PTCOG. 
 

 

Table 7. Number of patients treated with protons and C-ions in Europe until the end of 2018. The last two 
columns show the centers with more experience in Europe, and the fraction of the total patients treated 
there. Source: PTCOG. 
Particle Patients treated 

until end of 2018 
Center with more 
patients treated 

Fraction of the 
total (%) 

Protons 48,330 CPO, Orsay, 
France 

19.6% 

12C-ions 5,085 HIT, Heidelberg, 
Germany 

59.3% 
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We will divide this section accordingly in clinicals results with protons [189] and C-ions 
[190].  
 

3.1 Proton therapy 
 

It took only six years after the publication by Robert R. Wilson in 1946 before John 
Lawrence and Cornelius A. Tobias at Berkeley Radiation Laboratory applied protons 
clinically for the first time when a 340 MeV proton beam was used to irradiate the pituitary 
gland in a patient with acromegaly. Since then more than 190,000 patients have been 
treated with protons and 28,000 patients have received carbon ions. Eighty proton 
therapy centers are currently active word-wide; about 30% of those centers are in Europe. 
The number of European proton therapy clinical are rapidly increasing, in 2017 there were 
15 operational facilities and by 2020 there will be 31 proton therapy facilities in clinical 
operation. Carbon ion therapy is currently ongoing in 9 centers in Asia and 4 in Europe. 

 

 

Figure 27: Graph showing the number of clinical proton facilities in Europe 2009-2020. Source PTCOG 

The clinical rationale for using proton therapy is primarily based on the advantageous 
physical dose distribution (Figure 3). Protons can be used to increase the target dose, as 
to optimize local tumor control probability (TCP), or/and to decrease the likelihood of 
radiation-induced toxicity by delivering less dose to organs at risk in direct vicinity of the 
tumor volume (Figure 4). Skull base tumors (i.e. chordoma or chondrosarcoma), which 
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are radio-resistant tumors, are good examples where tumor control is increased by a 
factor of approximately three to four when using protons as compared to historical photon 
series. Reduction of radiation induced toxicity is seen in e.g. medulloblastoma in children, 
where a reduction in dose delivered outside the target volume in the patient’s body is 
reduced 4.5-6.0 times with protons, resulting in a substantial risk of radiation induced 
secondary malignancies [191].  

Proton therapy is currently considered standard therapy only in a limited number 
of cancer types. A current list of core indications is detailed in Table 8. The list may vary 
from country to country. In Europe, such indications are generally negotiated on a national 
level. Most European countries accept proton therapy as a standard for pediatric 
indications. For all other indications, some countries reimburse proton therapy according 
to a binding list (e.g. France, Italy, Poland, Switzerland). Other countries (e.g. Sweden, 
Denmark, Czech Republic) do not have a fixed list of approved indications; here the 
administration of proton therapy is based on decisions from multi-disciplinary tumor 
boards. One country (The Netherlands) applies the model-based approach [192,193] for 
selected novel indications (see next section).  In many countries, including Germany and 
the US, cancers are treated with proton therapy providing that the patient’s healthcare 
package reimburse this treatment. In the latter country, a substantial number of patients 
however have been refused proton therapy.  

The clinical rationale for using carbon ion therapy is related to the depth dose 
characteristics, a sharper penumbra and the biological effectiveness, which is greater 
than that of protons. Carbon ions is used only in clinical protocols, and for certain types 
of e.g. radioresistant cancer. 

Although particle therapy has been clinically introduced already for decades for 
several indications, limited data exist on treatment outcome based on systemically 
collected prospective studies, such as randomized controlled trials or observational 
cohort studies. Since particle therapy is more expensive than conventional photon 
radiotherapy it is of utmost importance that robust data are generated to justify its use; 
evidence from well-designed prospective trials are needed to demonstrate that protons 
delivered to selected cancer patients have a meaningful clinical benefit and should be 
routinely administered to a broader range of patients [17,18,194–197].  

There are currently a number of prospective phase III randomized trial ongoing or 
in the late planning phase in Europe. Most advanced are the plans for comparing protons 
with IMRT for head and neck cancer. In Denmark, the Danish Head and Neck Cancer 
Group DAHANCA has launched a trial in oropharyngeal and laryngeal cancer, where 
patients who have a dosimetric benefit of protons will be randomized to either modality. 
In the UK, the same group of patients will be candidates for the TORPEDO trial. EORTC 
is launching the IMPERATOR trial, which in addition to the randomized arms allows 
patients to be enrolled using a model-based approach without randomization. Other 
European randomized trials are underway in breast cancer, esophageal cancer, prostate 
and lung cancer. These trials will form a much-needed balance to a large series of US 
trials already recruiting.  
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Table 7. Core indications for proton therapy [189] 
Ocular Tumors:  
uveal, iris and conjunctiva melanoma, hemangioma 
 
Skull Base Tumors  
primary skull base tumors 
secondary infiltration from intracranial tumors:   
 
Head & Neck: 
nasopharynx carcinoma, paranasal sinus carcinoma, adenoid-cystic carcinoma, 
parotid carcinoma, soft tissue sarcomas 
 
Non-Moving Extracranial (paraspinal, retroperitoneal, sacral) Tumors 
chondrosarcoma, chordoma, osteosarcoma, soft tissue 
 
Intracranial and Spinal Tumors 
low grade glioma, ependymoma, medulloblastoma, meningioma, chordoma, 
chondrosarcoma, neuroblastoma, low grade glioma NOS. 
 
Tumors of Pediatric Patients 
The indications listed above and other pediatric tumors e.g. rhabdomyosarcoma, 
Primitive Neuro-Ectodermal Tumors (PNET), Atypical Teratoid Rhabdoid Tumors 
(ATRT), Ewing sarcoma 

 
Unfortunately, the general perception in the medical community is that the benefit of CPT 
is not convincingly demonstrated. Reason is that there is not level-I evidence (Table 8) of 
superiority of CPT vs. X-rays. i.e. no positive phase-III, randomized, double-blinded 
clinical trials showing a statistically significant increase in survival (or reduction in toxicity) 
(Table 9). The lack of level-I evidence eventually leads to scepticism in the National 
Health authorities toward the adoption of the expensive CPT [19,198–200] and hampers 
further expansion of this therapy modality. 
 There are several hindrances in implementing randomized clinical trials in 
radiotherapy [33,201,202]. Ethical reasons are dominant for paediatric patients, where it 
would be unethical to expose children to extra, useless dose. In Table 10 we show 
technical problems that are found when we try to compare different radiotherapy 
modalities. Table 10 shows that one could compare SBRT and C-ion for the single-
fraction treatment of non-small cell lung cancer (NSCLC), but both physical dose 
distribution and LET will be different. On the other hand, if we perform a clinical trial IMRT 
vs. protons using the same physical dose distribution and long fractionation regimes, the 
advantages of protons might not be demonstrated. 
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Table 8. Grade of recommendations and levels of evidence in evidence-based medicine 

Grade of 
Recommendation 

Level of 
Evidence Type of Study 

A 1a    Systematic review of (homogeneous) randomized 
controlled trials 

A 1b Individual randomized controlled trials (with narrow 
confidence intervals) 

B 2a Systematic review of (homogeneous) cohort studies 
of "exposed" and "unexposed" subjects 

B 2b Individual cohort study / low-quality randomized 
control studies 

B 3a Systematic review of (homogeneous) case-control studies 
B 3b Individual case-control studies 
C 4 Case series, low-quality cohort or case-control studies 

D    5 Expert opinions based on non-systematic reviews of 
results or mechanistic studies 

 

Table 9. Clinical trials in medicine 

Clinical study Type Description Notes 

    

Observational Retrospective Past medical records 
from a group of 
patients are compared 
for a given outcome 

Often affected by 
selection bias and 
confounding factors 

 Prospective Cohort study that 
follows over time a 
group of patient 
subject to a given 
treatment 

Ranked higher in the 
hierarchy of evidence 
than historic cohort 
studies. 

Treatment Phase 0 Pre-clinical animal and 
in vitro studies 

Can include a small 
cohort of human 
volunteers treated with 
subtherapeutic doses 

 Phase I Test for the safety of a 
single dose (single 
ascending dose, 
SAD), or dose-
escalation trials 
(multiple ascending 
doses, MAD) 

Often combined with 
phase IIA trials, for dose 
escalation and 
safety/efficacy 
assessment 

 Phase II Test for safety and 
efficacy of the 
treatment 

For drugs can be 
randomized (vs. 
placebo), but in 
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radiotherapy it is 
generally case-series 

 Phase III Randomized 
controlled studies 
aimed at assessing 
the superiority of one 
treatment over another 

Large size, often 
multicenter trials. 
Expensive but definitive 
studies. 

 Phase IV Safety surveillance Typical in 
pharmaceutical trials, 
can be extended to 
radiotherapy for studies 
of long-term side effects. 

 

Table 10. Comparison of radiotherapy parameters in comparative clinical trials. 

 Physical dose distribution Fractionation RBE 

IMRT Excellent target conformality, 
high integral dose to normal 
tissue 

Conventional or 
hyperfractionation 

1 (low LET) 

SBRT Excellent target conformality, 
very high integral dose to normal 
tissue 

Hypofractionation to 
oligofractionation 

1 (low LET) 

Protons Excellent target conformality, 
~60% lower integral dose to 
normal tissue 

Conventional to 
hypofractionation 

1.1 (possibly higher in 
the distal part of the 
SOBP) 

Heavy ions As for protons, but with smaller 
lateral penumbra (reduced 
lateral scattering) and 
fragmentation tail beyond the 
Bragg peak 

Conventional to 
oligofractionation 

1 to 4 (depending on 
depth in the tissue, 
energy, tissue 
radiosensititivity, 
fractionation etc.) 

 

 There is a subtler reason why randomized trials are difficult and results can be 
misleading. Good examples are recent randomized trials in lung cancer. The use of CPT 
for lung cancer is becoming a topic of great relevance.  First, lung is still the leading cause 
of cancer death worldwide [203].  Second, radiotherapy for non-small cell lung cancer 
(NSCLC) has rapidly improved in the past few years, and stereotactic body radiation 
therapy (SBRT )[204] in hypofractionation is now considered as an alternative to surgery 
for early stage NSCLC [205],[206]. Finally, many ongoing trials on CPT concentrate on 
lung cancer [207],[208], including the only comparative trials finally closed at the present 
time.  

The large success of SBRT in NSCLC is attributed to the characteristics of the lung 
organ. The biological effective dose (BED) can be calculated by the Fowler formula [209]: 
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where d is the dose per fraction, n the number of fractions (nd=D is the total dose), T the 
overall treatment time, Td the tumor doubling time, while the a/b ratio characterizes the 
tissue radiosensitivity for a specific endpoint. The BED allows comparisons of 
radiotherapy regimes employing different fractionation schedules, and it shows the 
increased effectiveness of high dose/fraction values d. The BED increases of course also 
for the normal tissue, where the a/b ratio is generally lower than for the tumor. However, 
the lung is a parallel organ and high doses can be tolerated, which would be impossible 
for a serial organ such as the spinal cord or the esophagus. SBRT allows therefore a 
sensational escalation in BED[210],[211], and finally very high local control, comparable 
to surgery. The tendency to hypofractionation is also followed with C-ions at NIRS, now 
using single fractions for stage I-II NSCLC [212]. 
 Of course, the BED can also be increased by increasing the total dose D. Because 
it is known that locoregional failure in NSCLC is negatively correlated to survival, it is 
expected that survival will increase at high BED values, and this hypothesis is supported 
by a meta-analysis of seven RTOG trials on locally advanced NSCLC[213]. However, the 
recent RTOG 0617 phase-III trial[214], designed to compare a standard dose (60 Gy) vs. 
high-dose (74 Gy) radiotherapy in 2 Gy/fraction with concurrent chemotherapy in stage 
III, inoperable patients, led to the paradoxical result of a reduced median overall survival 
in patients treated with a standard dose (28.7 months) than in those in the high-dose arm 
(20.3 months).  The results are surprising and counterintuitive, and stimulated thorough 
analysis of the data[215],[216],[217]. The authors did observe more treatment-related 
deaths and esophagitis in the high-dose arm. A significant increase of cardiovascular 
toxicity was not directly observed, yet heart V5 (percentage of heart receiving more than 
5 Gy) and V30, both higher in the high-dose arm, correlated with patient deaths. The 
mean lung dose and V20 were also higher in the patients receiving more fractions. All 
these effect are reflected in an observed significant decline of the quality-of-life (QoL) in 
the high-dose arm at 3 months, while QoL was an independent prognostic factor for 
survival[218]. Taken together, RTOG 0617 simply proves that increasing the dose (or the 
BED) can eventually lead to toxicity: both TCP and NTCP should be considered in dose 
escalation. 
 NTCP is often described mathematically with an error function, the popular Lyman-
Kutcher-Burman (LKB) model [219]: 
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where V is the partial volume irradiated, D50 the dose causing 50% probability of a given 
complication, m the steepness of the curve, and n the volume exponent. For parallel 
organs (such as lung or liver), n≈1 and the tolerance dose is essentially proportional to 
the irradiated volume. For serial organs (e.g. spinal cord or esophagus) n≈0 and there is 
no volume effect. For parallel-serial organs, n will have values between 0 and 1. D is 
adjusted for non-uniform organ exposure using the dose-volume-histogram (DVH), and 
for the fractionation using the equation (1).  

The dose is optimized for the individual patient, but the NTCP is not [220]. The real 
NTCP of the individual patient is further complicated by non-dosimetric factors not 
included in the LKB models, e.g. co-morbidities, individual susceptibility etc. In Figure 28 
we report TCP and NTCP for NSCLC using equations (1) and (2), with a set of typical 
parameters for TCP[221] and NTCP[222] from the literature.  Interestingly, within the 
limitation of these models, it can be noted that at the doses used in RTOG 0617, the TCP 
is slowly changing, while NTCP is rapidly increasing. A dose-escalation in this region is 
more likely to produce more harm than benefit. 

In silico studies show that CPT reduces the integral dose to the lungs and 
significantly spares esophagus, heart, spinal cord and brachial plexus compared to X-
rays[223].  This has attracted a strong interest for using CPT in NSCLC[224]. The PO1 
CA021239-29A1 trial comparing X-rays vs. proton chemoradiation for inoperable stage 
II-III NSCLC, performed by the MD Anderson Cancer Center (MDACC) and MGH, is the 
first comparative trial protons vs. X-rays concluded. The final results of the MD Anderson 
trial [225] have been used by opposers to CPT as an example that the advantages of 
particles are only putative and does not translate into a real clinical benefit. The trial had 
been carefully designed to detect a significant decrease in toxicity, specifically 
pneumonitis. The same target dose was prescribed, and therefore no differences were 
expected in local control, but the reduced dose to the normal lung was expected to result 
in lower toxicity.  

Surprisingly, the clinical data showed no statistically significant differences in both 
survival and rate of pneumonitis in patients treated with X-rays or protons [226].The 
results apparently do not support the view that the reduced “dose bath” with protons 
translates into a clinical benefit. However, using a voxel-based comparison of the 
treatment plans, it has been shown that in the upper region of the lung patients exposed 
to protons had a reduced dose compared to those treated with X-rays. On the other hand, 
patients experiencing radiation pneumonitis were exposed to higher doses in the lower 
part of the lung and the heart (Figure 29). Therefore, the normal tissue sparing that 
protons indeed provided actually occurred in a region that was not involved in the 
development of radiation pneumonitis [227]. The analysis of this trial shows how difficult 
is to perform randomized trials in radiotherapy, and that radiobiological considerations 
are essential to address the right medical question and to provide the maximum benefit 
to the patients. 
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Figure 28. TCP-NTCP models calculated for NSCLC using X-rays or protons. 

Notwithstanding the problems in phase-III trials, evidence of reduced toxicity using 
protons is mounting by comparing patients enrolled in phase-II studies with historical X-
ray controls [228]. The evidence is strong for pediatric patients [229] and for head-and-
neck cancers [230,231], sites where the toxicity of radiotherapy is particularly high and 
long-lasting [232]. Evidence for reduced second cancer risk is available in patients 
cohorts both for protons [233] and C-ions [234].  

Next to the randomized controlled trial there is a need for alternative evidence-
based methodologies. In the Netherlands, the so-called model-based approach has been 
introduced not only to select which patients likely benefit most from proton therapy 
(model-based selection), but also to define optimization criteria for radiotherapy treatment 
planning based on dose parameters included in NTCP models (model-based 
optimization) and model-based clinical validation [192,193,235]. Prospective data 
registries are the backbone of the model-based approach and are essential to 
continuously develop, externally validate and update NTCP-models for photons and 
protons. 
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Figure 29. Voxel-based analysis of the NSCLC patients from the MD Anderson randomized trial [225]. 3D 
volume rendering of significant clusters of differences in biologically effective dose (BED) between (a) 
patients who developed symptomatic radiation pneumonitis and those who did not; and (b) patients 
treated with IMRT versus proton therapy. The color bars represent the significance level, expressed as -
logp. Details in ref. [227], reproduced with permission. 
 
 
However, the model-based approach is only applicable when protons are used to 
decrease the dose to critical anatomical structures aiming at reduction of radiation-
induced side effects, while the target dose remains biologically equivalent as compared 
to photons. Consequently, the model-based approach cannot be used to validate the 
added value of carbon ions, assuming an RBE that is different from photons, and/or if 
particles are used for target dose escalation. Moreover, the model-based approach 
assumes that high quality NTCP-models are available which is not always the case for all 
indications. Therefore, in these circumstances, randomized controlled trials remain gold 
standard. Other novel trial methods are currently being suggested, many of which utilize 
information from rigorously collected prospective clinical data. One of these, the so-called 
cohort multiple randomized controlled trial, will be described in the next section.  

Prospective real-life data registries may provide important information on the 
outcome of patients treated with particle therapy, both in terms of efficacy (e.g. local 
control and survival) and in terms of side-effects and patient-rated outcome measures 
(PROM). As such, prospective registrations offer a unique opportunity to find out which 
factors in the care process lead to the best results for patients. Identifying in-between 
center variation and sharing positive results and care processes of best practices may 
give major incentives to improve quality of all particle therapy centers or to follow 
implementation of guidelines.  

The European Society for Radiotherapy and Oncology (ESTRO) is setting up a 
prospective data registration program for patients treated with particle therapy in the 
ParticleCare project [3]. ParticleCare is part of E²-RADIatE24, which stands for the 

                                                
24 https://www.estro.org/Science/E2RADIATE 
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EORTC-ESTRO RADiotherapy InfrAstrucTure for Europe, a collaboration between the 
European Organization for Research and Treatment of Cancer (EORTC) and the 
European Society for Radiotherapy (ESTRO). The overarching aim of ParticleCare 
(EORTC 1833) is to establish a uniform prospective data registry on a European level for 
the most common tumor types treated with particle therapy, such as for cancers of the 
central nervous system, head and neck, breast, lung, esophagus and prostate [236].  

Prospective data registries are an essential component of another study design, 
the so-called cohort multiple randomized controlled trials [237]. In this design, a specific 
and large cohort of patients is defined and followed prospectively, with assessments of 
different kinds of endpoints [238]. The main differences with a classical randomized trial 
is that patients consent to participate in the prospective data registry and to the possibility 
to be randomly offered a new intervention (e.g. protons instead of photons) when they 
meet predefined eligibility criteria, while the patients in the control group are not 
approached for further consent. In this way, several interventions can be simultaneously 
tested. Eventually, the results obtained in the patient cohort treated with the new 
irradiation technology (e.g. protons) can be compared to those obtained in the complete 
patient cohort treated with the standard radiation technology (e.g. photons). This design 
is particularly useful in case of expensive interventions like protons and high patients’ 
preference to accept the new intervention.  
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3.2 C-ion therapy 
 

Over 20,000 patients have been treated with C-ions worldwide. About 50% of these 
patients were treated at NIRS in Chiba, and the results have been described in a recent 
book [239] and reviewed by an independent panel [240]. Excellent results are described 
for locally advanced non-squamous cell tumors such as adenocarcinoma, adenoid cystic 
carcinoma, malignant melanoma, hepatocellular carcinoma, bone and soft tissue 
sarcomas. Very promising results were obtained in tumors with high mortality such as 
pancreatic cancer and locally recurrent rectal cancer. The exciting results from Chiba 
have been essentially confirmed in other Japanese centers [241,242] and in Europe at 
HIT [243] and CNAO [244] in retrospective analyses. Prospective confirmative trials are 
ongoing. 

The four EU centers (HIT and MIT in Germany; CNAO in Italy; MedAustron in 
Austria) are shown in Figure 30. HIT, following the GSI pilot project, was the first clinical 
center treating cancer patients with C-ions in Europe since 2009, while MedAustron has 
only recently rerated the first patient. The number of patients treated with C-ions in the 
period 2013-2018 at HIT, CNAO and MIT is shown in Figure 31. 

One of the main concerns in the medical community about the use of heavy ions 
compared to protons has always been the uncertainty on the RBE [245–247]. In reality, 
the intrinsic variance of the RBE (Figure 5) has not compromised a safe and effective use 
of heavy ions in clinics, even if phase I-II trials in different centers remain necessary. It 
should be noted that the use of a fixed RBE=1.1 in proton therapy is nowadays generally 
acknowledged as a very rough approximation, and a potential cause of side effects when 
the high-LET component on the proton SOBP falls in OAR [36,40,248,249]. The 
uncertainty in the biological effect of a given dose is a problem also in conventional 
radiotherapy, related to the interindividual variability in normal tissue and tumor sensitivity 
even for the same histology (i.e. same a/b ratio). Such intrinsic variance the response is 
actually reduced using carbon ions: in fact, the RBE is higher for radioresistant tumors, 
and consequently radioresitant and radiosensitive tumors respond similarly to heavy ions, 
as recently demonstrated in an elegant animal experiment with a syngeneic rat tumor 
prostate model [250]. The RBE can be predicted based on biomarkers for the same 
tumor. For instance, EGFR mutation is associated to increased sensitivity of NSCLC to 
photons [251]. A higher RBE has been measured in non-EGFR-mutated NSCLC 
compared to mutated genotypes [252]. Actually, the RBE in the normal tissue is even 
more important than in the tumor tissue, as it represents the limiting factor in the treatment 
plan with ions. The issue is crucial in hypofractionation [253,254], where the tolerance to 
single high doses has to be assessed, or for patients undergoing re-irradiation [255,256], 
where the tolerance depends on the time from the previous treatment. Even if very few 
animal studies are available to assess the RBE for normal tissue complications 
[42,43,257], the clinical data on toxicity as yet do not show any striking deviations from 
expectations derived from the models. In fact, for pediatric patients treated at HIT, similar 
acute toxicities were observed using protons or C-ions [258] (Figure 32). 
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Figure 30. The four European centers currently trying patients with C-ions:left to right, top to bottom: 
HIT, CNAO, MIT and MedAustron. 
 
 

 
 
Figure 31. Number of patients treated per year with C-ions at HIT, CNAO and MIT from 2013 to 2018. 
Source: PTCOG. 
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The Japanese experience is based on phase-I/II dose escalation trials, not on phase-III 
comparative trials [20,259]. Ongoing phase-III comparative trials having C-ions in the 
experimental arm are shown in Table 11. Some retrospective studies have been 
conducted in the Hyogo Ion Beam Medical Center (HIBMC), the only Japanese center 
having the capability to treat patients with both protons and C-ions. A retrospective 
comparison of the patients treated at the HIBMC in Japan with protons or C-ions for head 
and neck tumors found similar results for local control, but higher survival in the patients 
treated with carbon ions [260] (Figure 33). Because the prescribed target dose was the 
same, the similar local control dose demonstrates that the calculated Gy(RBE) are 
reasonably correct, i.e. that the models used to calculate them in proton (using a uniform 
10% increase compared to X-ray dose along the whole SOBP) and carbon ions (at 
HIBMC, the Kanai model [261] is used) are good and provide consistent clinical results. 
The improved survival may instead reflect a systemic response, specifically an immune 
response.  

 
Figure 32. Acute toxicities induced by protons or C-ions. A total of 83 pediatric patients (range 1-21 years, 
median age 14 years) were treated at HIT in Heidelberg for different tumors. Figure from Rieber et al. 
(2015)[258], Informa Healthcare, reproduced with permission. 
  
Several problems are found in comparative trials with different ions [20]. Patient 
preference and insurance coverage are the two main issues hampering the recruitment 
in randomized trials [262]. The paucity of the heavy ion centers is another problem in 
comparative trials. A single-center trial of protons vs. C-ions can only be performed in the 
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few centers where both particles are available – presently only HIT and MIT in Germany, 
CNAO in Italy, MedAustron in Austria, SPHIC in China, and HIBMC in Japan.  For heavy 
ions, one of the main questions of the trial would be whether the high LET provides an 
additional advantage compared to protons [263]. However, even in trials directly 
comparing protons and C-ions at the same total dose and dose/fraction, delivered with 
the same technique (e.g. pencil beam scanning) and at the same angles, the physical 
dose distribution will not be identical. One of these approaches is for example a 
randomized phase II ISAC trial at HIT in which patients with sacral chordoma will receive 
a dose of 16 x 4 GyE protons compared to 16 x 4 GyE carbon ions [264]. If the biological 
treatment planning is correct, the result will be an identical local tumor control in both 
arms.  

 
Figure 33. Comparison of carbon ion (A) and proton (B) treatment plans for adenoid cystic carcinoma of 
the nasopharynx treated at HIBMC, Japan. Overall survival (C) and local control (D) in 40 patients treated 
for C-ions vs. 40 patients treated with protons for histologically confirmed adenoid cystic carcinoma of 
the head-and-neck region. Image from Takagi et al. (2014)[260], Elsevier, reproduced with permission. 
 
A different approach to the randomized trials is to compare the “best possible protocols” 
as established through phase I/II trials. For instance, this is the approach of the HIT-1 
chordoma trial [265]: compares 2 Gy(RBE) protons x 36 fractions to 3 Gy(RBE) C-ions x 
21 fractions. The fractionation scheme was selected in phase I/II trials. The results of 
these trials have shown excellent long term survival in patients with chordoma and 
chondrosarcoma of the skull base [266]. Other “best protocols” randomized trials are two 
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international efforts to compare X-rays to C-ions for locally advanced pancreatic cancer 
(LAPC). Pancreas cancer is attracting great interest thanks to the potentially exceptional 
results reported by NIRS [240,267–271], in a tumor which has high incidence and 
mortality. The latest Japanese results in LAPC treated with C-ions in combination with 
chemotherapy show that dose-escalation can safely bring 1-year survival above 80% 
(Figure 34), an exceptional result in comparison with 20-50% in conventional treatments 
[272,273]. 

 
Figure 34. Preliminary results of the phase-II trial for C-ion therapy plus gemcitabine in LAPC patients in 
Japan. 
 
The Japanese results triggered many LAPC trials with CPT (Table 12), including an 
international phase-III comparative trial (Table 11). International trials are complex: C-ion 
patients will be recruited in Asia or Europe, while the control arm with IMRT will be 
performed in the USA. However, these trials are important and necessary. In fact, even 
though the necessity of randomized trials has been challenged many times, it is generally 
acknowledged that at least one, clear randomized trial must prove the superiority of ions 
if the increased cost is to be justified. The only positive randomized trial comes from the 
LBNL pilot project that shows the superiority of helium ions over iodine-125 plaque 
therapy for choroidal and ciliary body melanoma[274]. There are now plans to build a C-
ion therapy center in USA [275], 25 years after the closure of the LBNL project. The 
pressure to produce these clinical data is increasing and hopefully the results in Table 11 
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will soon be available to corroborate the strong physical and biological case for heavy ion 
therapy. 
 
Table 111. Ongoing randomized clinical trials comparing C-ions to either protons or photon therapy. 
Source: www.clinicaltrials.gov  
 
Brief title ID Sponsors Phase Condition Arm 1 Arm 2 
Trial of proton 
versus carbon ion 
radiation therapy 
in patients with 
chondrosarcoma  

NCT01182753
  
  
 

Heidelberg 
University, 
Germany 

III Low and inter-
mediate grade 
chondrosarcom
a of the skull 
base 

Protons C-ions 

Randomised trial 
of proton vs. 
carbon ion 
radiation therapy 
in patients with 
chordoma  

NCT01182779 Heidelberg 
University, 
Germany 

III Chordoma of 
the skull base 

Protons C-ions 

C-ion 
radiotherapy for 
glioblastoma 

NCT01165671 
CLEOPATRA 

Heidelberg 
University, 
Germany 

II Primary 
gioblastoma 

Protons*,$ C-ions*,$ 

Ion prostate 
irradiation 

NCT01641185 
IPI 

Heidelberg 
University, 
Germany 

II Prostate cancer Protons C-ions 

Ion irradiation of 
sacrococcygeal 
chordoma 

NCT01811394 
ISAC 

Heidelberg 
University, 
Germany 

II Sacrococcygeal 
chordoma 
 

Protons C-ions 

Randomized C-
ions vs. IMRT for 
radioresistant 
tumors 

NCT02838602 
ETOILE 

Lyon 
University 
Hospitals, 
France  

III Adenoid cystic 
carcinoma and 
sarcomas 

IMRT C-ions 

Prospective trial 
comparing 
carbon ions to 
IMRT in 
pancreatic cancer 

BAA-
N01CM51007-
51 

NCI, USA I/III Locally 
advanced 
pancreatic 
cancer 

X-rays* C-ions* 

Prospective 
multicenter 
randomized trial 
of carbon ion vs. 
conventional 
radiotherapy for 
pancreas cancer 

CIPHER Toshiba and 
UT 
Southwester
n, Dallas, TX 

III Locally 
advanced 
pancreatic 
cancer 

X-rays* C-ions* 

 
* Combined with chemotherapy 
$ Boost following conventional chemoradiotherapy 
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Table 12. Ongoing clinical trials with CPT for LAPC [269]. 
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4. Conclusions 
The interest in particle therapy is rapidly growing worldwide. Notwithstanding the 

good clinical results, CPT remains controversial. The main controversy is the cost 
effectiveness, due to the high investment cost of the large accelerator facilities needed to 
deliver ion beams (Figure 35). 

 

Figure 35. Approximate costs of radiotherapy facilities in relationship to their biological advantage (RBE) 
and physical advantage (in arbitrary units). Fast neutron therapy has been nearly abandoned due to high 
toxicity, while He-ion therapy was first used at LBNL and will start in 2021 at HIT. 
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There are several efforts to reduce the cost of CPT, generally based on 
engineering concepts to build powerful accelerators with small footprint [22,24,276,277]. 
An accelerator able to fit the size of a conventional radiotherapy vault would probably 
make CPT affordable worldwide, and lead to a nearly full replacement of X-rays with 
charged particles. However, this scenario is not realistic in the near future. We can expect 
that for several decades the cost of CPT will remain substantially higher than conventional 
X-rays. Therefore, use of CPT can only be justified if the benefit is clearly higher. In turn, 
a high benefit will also be economically viable, because a patient cured after radiotherapy 
will eventually impose less on the health system. The patient will not have to return for 
re-treatment, and will use fewer medical facilities because of a higher quality of life and 
no long-term side effects. 

As we have discussed in Section 3, it is also unlikely that the randomized clinical 
trial will prove the superiority of CPT vs. X-rays. The advantages of CPT can be stronger 
in some patients than in others, so randomization will dilute the effect and send to X-rays 
patients that will greatly benefit from CPT. The model-based approach used in the 
Netherlands addresses this issue, with the caveat that NTCP models are affected by large 
uncertainties and derived by X-ray data only. 

Clearly research plays a major role in the future of CPT. The rationale for proton 
therapy is based on the physical advantages of particles compared to photons, whereas 
heavier ions exploit the biological properties of high-LET ions in the target [278]. Decades 
of accelerator-based studies have well clarified the cellular radiobiology of charged 
particles, in terms of RBE and OER. Yet the clinical response depends on a complicated 
mixture of factors, including the metabolic state of the patient and the characteristics of 
the tumour cells and its microenvironment, that cannot be reproduced in any in vitro 
experiment. As we have summarized in section 2.1, the great success of cancer 
immunotherapy [279] in metastatic cancer patients and the promising results of clinical 
treatments with radiotherapy and immune checkpoint inhibitors [280] has brought the 
topic of combined treatments under the spotlight, and the question of whether CPT can 
be more effective than X-rays in combination with immunotherapy is currently the most 
studied in the top laboratories worldwide [61]. In section 2.6 we have also seen that the 
new accelerators make possible to explore new strategies in CPT, such as FLASH and 
spatially fractionated radiotherapy, that can have large clinical impacts. After many years 
of heavy ion research using in vitro systems at LBNL, GSI and NIRS, particle therapy 
research is now moving to animal models and ex vivo patient samples. 

Concerning non-clinical research, the main topics are materials research and 
space radiation protection. While the first can also be performed at low-energy 
accelerators, the latter requires high-energies to simulate cosmic radiation. The user 
community at high-energy machine on these two topics is still small, but will grow because 
of the ambitious space exploration programs, of the use of COTS in microelectronics for 
satellites, and of the many opportunities that high-energy ions can offer to materials 
research h. 
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