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Radiation therapy (RT)

• RT = medical use (curative or palliative) of ionising 
radiation

• 50% of cancer patients worldwide (67% in Western 
countries) receive RT

• ionising radiation causes cellular damage through direct
and indirect effects (main target DNA)
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Gong et al, Int J Nanomedicine, 2021
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From X-rays to protons

• 1896: first treatment with X-rays

• today: vast majority of treatments is external 
beam RT with MV X-rays

• various types of ionising radiation used in 
RT (X-ray photons, electrons, protons, other ions, 
neutrons, …)

• proton therapy (PT):
• proposed 1946, first treatment 1954
• < 1% of RT treatments
• ≈ 220,000 patients until 2019 (source: PTCOG.ch)

• 99 clinical centres worldwide
(as of Sep 2021, source: PTCOG.ch)
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X-rays vs protons
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Eekers et al, Radiother Oncol, 2016

X-ray photons
(VMAT)

protons
(IMPT)

Main rationale for PT: better dose targeting due to Bragg peak
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PT accelerators today
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Schippers, Cyclotrons for Proton Therapy, 
CERN-CNAO-PARTNER accel. school, 2012

Cyclotron at PSI (ACCEL, Varian) Synchrotron in Tsukuba (HITACHI)

• PT requires proton beams with energies from 70 to 230/250 MeV
• cyclotrons (70%) and synchrotrons (30%)
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PT accelerators tomorrow
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Degiovanni et al, Proceedings of NAPAC 2016

Linac LIGHT (AVO-ADAM)

• linacs (LIGHT, TOP-IMPLART, TULIP, …)
• laser-driven accelerators (LhARA)
• FFAGs (also LhARA)

LIGHT: A LINEAR ACCELERATOR FOR PROTON THERAPY* 
A. Degiovanni†, P. Stabile, D. Ungaro, A.D.A.M. SA, Geneva, Switzerland  

on behalf of A.D.A.M. SA

Abstract 
ADAM, Application of Detectors and Accelerators to 

Medicine is a Swiss Company based in Geneva Switzer-
land established on 20th December 2007. ADAM was 
founded to promote scientific know-how and innovations 
in medical technology for cancer treatment. In 2007 a first 
partnership agreement was signed with CERN and in 
2011 ADAM has been officially recognized as CERN 
spin-off. After the first research results other partnership 
agreements were signed between ADAM and CERN with 
the main goal of establishing a framework within which 
the two parties can collaborate to develop novel technolo-
gies for detectors and accelerators. Currently ADAM 
research activity is mainly focused on the construction 
and testing of its first linear accelerator for medical appli-
cation: LIGHT (Linac for Image-Guided Hadron Thera-
py). LIGHT is an innovative linear accelerator designed 
to revolutionise hadron therapy facilities by simplifying 
the infrastructure and make them profitable from an in-
dustrial point of view while providing a better quality 
beam. The current design allows LIGHT to accelerate 
proton beam up to 230 MeV with several advantages 
comparing to the current solutions present in the market. 

INTRODUCTION 
Many of the accelerator and detector technologies de-

veloped in the field of particle physics have found an 
application in industry and medicine. Proton therapy is a 
very dynamic and growing market for particle accelera-
tors, with 10% increase per year in the number of patients 
[1]. 

After ADAM was founded in 2007 a first partnership 
agreement was signed with CERN and in 2011 ADAM 
has been officially recognized as CERN spin-off. Exam-
ples of projects developed by ADAM in the past years 
include: i) Intra Operative Radio-Therapy (IORT) linac at 
high frequency; ii) dosimeter for micro-dosimetry meas-
urements (based on Si detectors used in CMS tracker [2]); 
iii) X-eye, a compact 6 MeV C-band accelerator for con-
ventional radiotherapy; iv) the First Unit prototype of 
LIGHT. Currently ADAM research activity is mainly 
focused on the construction and testing of its first linear 
accelerator for medical application: LIGHT (Linac for 
Image-Guided Hadron Therapy). In this work the LIGHT 
system is described in detail, with a particular emphasis 
on the technical solutions inspired by technologies either 
developed or in use at CERN. 

THE LIGHT SYSTEM 
Electrons linacs are widely spread in hospitals for pro-

ducing X-rays used in conventional radiation therapy. On 
the contrary only cyclotrons or synchrotron are used to 
accelerate protons to energies relevant for the treatment of 
deep seated tumours. The LIGHT accelerator is the first 
high frequency linear accelerator working at 3 GHz [3] 
designed as an industrial product for proton therapy.  

The LIGHT accelerator consists of three different linac 
sections (as shown in Fig. 1): a Radio Frequency Quadru-
pole (RFQ), a Side Coupled Drift Tube Linac (SCDTL) 
and a Cell Coupled Linac (CCL) section.  

 

 
Figure 1: Artistic view of full size LIGHT accelerator. The three different types of cavities used are highlighted with a 
picture for each type. 
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8: Applications of Accelerators, Tech Transfer, and Industrial Relations

Laser-hybrid Accelerator for 
Radiobiological Applications (LhARA)

Aymar et al, Front Phys, 2020

Aymar et al. Laser-hybrid Accelerator for Radiobiological Applications

FIGURE 1 | Schematic diagram of the LhARA beam lines. The particle flux from the laser-driven source is shown by the red arrow. The “Capture” section is followed

by the “Matching and energy selection” sections, the beam is directed either into the 90◦ bend that takes it to the low-energy in vitro end station, toward the FFA

injection line, or to the low-energy beam dump. Post-acceleration is performed using the FFA, on extraction from which the beam is directed either to the high-energy

in vitro end station, the in vivo end station, or the high-energy beam dump. Gabor lenses are shown as orange cylinders, RF cavities as gray cylinders, octupole

magnets as green discs, collimators as dark-green bars, dipole magnets are shown in blue, quadrupole magnets are shown in red, beam dumps (black rectangles)

and kicker magnets are also shown.

choice has been made to select particles from the plateau of
the two-temperature energy spectrum of the laser-accelerated
ion beam [61, 62]. This should enhance ion-beam stability and
allow reproducible measurements to be carried out at ultra-high
dose rates using a small number of fractions. To create the flux
required in the plateau region, it is proposed that a 100 TW
laser system is used. A number of commercial lasers are available
that are capable of delivering > 2.5 J in pulses of duration <

25 fs, at 10Hz with contrast better than 1010 : 1. Shot-to-shot
stability of < 1% is promised, an important feature for stable
ion-beam production.

3.1.1. Target
Key to the operation of this configuration is a system
that refreshes the target material at high repetition-rate in
a reproducible manner. A number of schemes have been
proposed for such studies, including high-pressure gases [63–
65], cryogenic hydrogen ribbons [66–68], liquid sheets [69], and
tape drives [70]. For LhARA, a tape drive based on the system
developed at Imperial College London is proposed [56]. This
system is capable of reliable operation at target thicknesses down
to 5µm, using aluminium or steel foils, and down to 18µmusing
plastic tapes. Such tape-drive targets can be operated at high
charge (up to 100 pC at 15± 1MeV, i.e., > 109 protons per shot)
and can deliver high-quality proton and ion fluxes at repetition
rates of up to 10Hz or greater.

The careful control of the tension of the tape in a tape-drive
target is critical for reproducible operation. The tape must be
stretched enough to flatten the surface, but not enough to cause
plastic deformations. Surface flatness is important for a number
of reasons. Rippling of the front surface modifies the laser

absorption dramatically; uncharacterised rippling canmake shot-
to-shot variations significant and unpredictable [70]. Similarly,
rear surface perturbations can modify the sheath field, resulting
in spatial non-uniformities of the proton beam or suppression
of the achievable peak energies. Tape drives with torsion control
and monitoring to maintain a high-quality tape surface have
been designed and operated in experiments at Imperial College
London. The development of these targets continues with a
view to the production of new, thinner tapes for improved ion
generation and the creation of ion species other than protons and
carbon. This is an active area of R&D that will continue with the
development of LhARA.

3.2. Proton and Ion Capture
The use of an electron cloud as a focusing element for charged-
particle beams was first proposed by Gabor [71]. The electron
cloud is confined within the lens using a long cylindrical anode
placed within a uniform solenoid field (see Figure 2). Such a
configuration is commonly known as a “Penning trap” and
has found wide application in many fields [72]. Variations on
the Penning trap where axial apertures in the cathodes are
introduced, such as the Penning-Malmberg trap [73, 74] are
attractive for beam-based applications due to the excellent access
provided to the plasma column.

The focal length of a Gabor lens of length l is given in terms of
the electron number density by [76]:

1

f
=

e2ne
4ϵ0U

l ; (1)

where e is the magnitude of the electric charge of the electron, ne
is the number density of the electrons confined within the lens,

Frontiers in Physics | www.frontiersin.org 5 September 2020 | Volume 8 | Article 567738
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PT delivery methods
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Challenges in modern RT

• several types of radioresistant cancers:
• hypoxic tumours
• osteosarcomas
• chordomas
• chondrosarcomas
• glioblastomas

• normal tissue tolerance remains 
important limiting factor in RT

• new approaches needed to widen 
therapeutic window
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 376 Korja et al. Glioblastoma survival rates in Finland

individual treatments. However, the median survival time 
increased from 7.5 months in 2000–2006 to 9.6 months in 
2007–2013 in Finland. These figures are in line with the pre-
vious population-based studies but are lower than results 
from the Danish Neuro-Oncology Register (including 1364 
histopathological confirmed glioblastoma patients from 
2009 to 2014), which showed a median overall survival 
time of 14.3 months for patients older than 70 years and a 
median survival of 18.6 months for glioblastoma patients 
between 18 and 59 years.21

As expected, we found a relationship between age 
and survival. For example, in 2007–2013, the 1-year sur-
vival rate in patients 70  years or younger was 49% but 
only 16% in patients older than 70  years. The difference 
in 1-year mortality was notable even in patients between 
61–70 years and older than 70 years (37% vs 16%, respect-
ively, in 2007–2013). If comparing survival in patients 
between 41–50 years and older than 70 years, survival dif-
ferences seem even more evident (1-year survival 70% vs 
18% in 2007–2013). In two studies from the SEER database, 
one reported a 1-year survival rate of 19% for glioblastoma 
patients older than 70 years (study years 1999–2010)22 and 
a median survival time of 4  months (study years 1994–
2002).23 These figures are in line with our results.

We found that the incidence of glioblastoma seems to 
be increasing, especially among women. The finding is in 
line with a report from the Central Brain Tumor Registry of 
the United States and the SEER database.2,16 The increase 
in the incidence is probably linked to the higher life ex-
pectancy due to a reduction in cardiovascular deaths and 
other forms of cancer deaths in Finland.5,24 In the light of 
increasing incidence and population aging, one question 
is of increasing importance, namely how to optimally 
treat elderly glioblastoma patients today and in future. 
A  French randomized controlled trial, showed that glio-
blastoma patients 70  years or older receiving adjuvant 
radiotherapy (50 Gy) had a median survival of 6.8 months 
compared with 3.9  months in patients receiving sup-
portive care only.25 Importantly, there were no differences 
in quality of life between patients receiving radiotherapy 
compared with supportive care only, although almost 
half of the increased survival time was spent receiving 
the treatment.25 The NOA-08 trial showed no difference in 

overall survival for glioblastoma patients 65 years or older 
treated with adjuvant temozolomide compared with ad-
juvant conventional radiation therapy (60.0 Gy).26 On the 
other hand, the Nordic trial showed that conventional 
radiotherapy (60.0 Gy) was associated with poorer out-
comes in comparison to temozolomide monotherapy or 
hypofractionated radiotherapy (34.0 Gy) in glioblastoma 
patients ≥60  years.27 Further, a recently published ran-
domized controlled trial reported that glioblastoma 
patients 65 years or older had a survival advantage after 
receiving adjuvant radiotherapy (40.0 Gy) with concomi-
tant temozolomide compared with adjuvant radiotherapy 
alone.7 Despite the fact that the above-mentioned studies 
were highly selected trials that excluded a number of po-
tential elderly patients, median survival times for elderly 
were only 6.8 months,25 9.6 months,26 8.3 months,28 and 
9.3  months.7 In contrast to these trials, the nationwide 
Norwegian Cancer Registry study reported that elderly 
patients (older than 70 years) receiving adjuvant temozo-
lomide had an improved median survival time (13.4 mo).20 
In comparison, glioblastoma patients older than 70 years 
not receiving any adjuvant therapy in the Norwegian study 
had a median survival of 2.8 months.20 Still, as only 8% of 
elderly patients received adjuvant temozolomide therapy, 
this survival benefit is highly selected. In our nationwide 
study, median survival time was 4.5 months (in 2007–2013) 
for patients older than 70 years. In the Helsinki University 
Hospital subgroup analysis, the median survival time of 6 
out of 18 elderly (>70 years) patients who received temozo-
lomide was 13.2 months, and 2.5 months for patients who 
underwent tumor resection but did not follow the temo-
zolomide protocol (results not shown). This suggests that 
only a minority of elderly (>70 y) patients are pre and post-
operatively fit to tolerate and benefit from chemoradiation. 
A  recent population-based study supports this notion by 
showing that less than half of all glioblastoma patients 
complete the standard of care.29 Taken together, future 
studies should focus on defining the subpopulation of eld-
erly, who have the best likelihood of benefiting from tumor 
resection and subsequent chemoradiation.

Brain tumor resection can be considered as major sur-
gery, particularly for elderly. The only randomized trial 
looking at the role of tumor resection versus diagnostic 
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Spatially fractionated radiation therapy (SFRT)
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• spatial fractionation of the dose à laterally heterogeneous dose
à increase of normal tissue tolerance
àdose escalation in target becomes possible

• smaller beamlet size à higher tissue tolerance
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peak valley

beamletssolid beam

homogeneous dose

Standard RT SFRT

Zeman et al,
Rad Res, 1961

Murine brain tissue irradiated with deuteron beams

280 Gy 4000 Gy

GRID Lattice Microbeams Minibeams

Beamlet size ~1-2 cm ~1-2 cm 25-100 µm 0.1-1 mm

Spacing ~2-4 cm ~2-4 cm 200-400 µm ~1-4 mm

4 main types of SFRT



Minibeam vocabulary
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σy

vFWHM

hFWHM ≈ 2.355 σx

peak-to-valley dose ratio: 𝐏𝐕𝐃𝐑 = 𝐃𝐩𝐞𝐚𝐤
𝐃𝐯𝐚𝐥𝐥𝐞𝐲

peak

valley

centre-to-centre (ctc)

planar MBs
• strongly elongated
• clustered in 1D arrays

pencil-shaped MBs
• roughly circular
• clustered in 2D grids
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• beams usually well-described by 
Gaussian spatial distribution

à beam size stated as σ or full width at half 
maximum (FWHM) of Gaussian

hFWHM: horizontal FWHM
vFWHM: vertical FWHM

A minibeam (MB) satisfies:
0.1 mm ≤ min(hFWHM, vFWHM) ≤ 1 mm

A high PVDR combined with low valley 
doses improves normal tissue sparing.



Proton minibeam radiation therapy (pMBRT)
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à proton minibeam radiation therapy (Prezado and Fois, Med Phys, 2013)

peak dose
slow, exponential decay

valley dose
stays low

X-ray minibeams (375 keV) Proton minibeams (100 MeV)

homogenisation of peak
and valley doses

high PVDR
no dose beyond

Bragg peak

tumour tumour



Experimental evidence for pMBRT (1/4)
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pMBRT spares skin and brain tissue and preserves cognitive functions in rodents.

Standard PT (25 Gy, 1 fraction)

pMBRT (25 Gy mean, 58 Gy peaks, 1 fraction)

Prezado et al, Sci Rep, 2017 Lamirault et al, Sci Rep, 2020

5

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:13511  |  https://doi.org/10.1038/s41598-020-70371-w

www.nature.com/scientificreports/

so habituation to this environment led to decreased exploratory activity. The increased locomotor activity at 
the 10-month time point can be explained by the large number of tests conducted at this point, which led to 
increased global  activity20.

Analysis of the time spent in the centre of the OF arena (Fig. 2D) indicated no difference in anxiety levels 
between the two groups as a 2 (group) × 3 (month) ANOVA yielded no main effect of group, no main effect of 
month and no group x month interaction (Fs < 1). Bayesian repeated measures ANOVA confirmed the lack of 
effect as the Bayes factor for the factor group  (BF10 = 0.328) was in favor of the null hypothesis.

Concerning food consumption (data not shown), a 2 (group) × 2 (flavour) ANOVA on quantity of food pellets 
consumed by both groups (control and pMBRT rats) as a function of the flavour of pellets (normal or chocolate) 
yielded no main effect of group, no main effect of flavour (Fs < 1) and no group x flavour interaction (food dep-
rivation: F(1,17) = 2.36, p = 0.14; ad libitum regimen: F(1,17) = 0.18, p = 0.68). These results were confirmed by 
Bayesian repeated measures ANOVA, since Bayes factors for the factor group (food deprivation:  BF10 = 0.365; 
ad libitum regimen:  BF10 = 0.359) were in favor of the null hypothesis. These results show that the irradiation had 
no effect on motivation for food under both food regimen (deprivation and ad libitum).

Memory assessment. Object recognition and spatial memory were unaltered in the irradiated animals 
(Fig. 3A–D). All the animals exhibited a positive discrimination ratio (one sample T-test:  ts > 2.35,  ps < 0.05), 
suggesting good memory of the familiar object and location. No group difference or group × month interaction 
was revealed (Fs < 1). This was confirmed by the Bayesian repeated measures ANOVA with Bayes factors for the 
factor group in favor to the null hypothesis (ORT:  BF10 = 0.303 and OLT:  BF10 = 0.311).

Regarding spatial learning and memory in the MWM test, neither a significant group effect (F(1,18) = 2.25, 
p = 0.15), nor a group × day interaction (F(8,144) = 1.17, p = 0.32) was found during the training phase (Fig. 3E). 
Bayesian repeated measures ANOVA confirmed the lack of group difference as the Bayes factor  (BF10 = 0.372) was 
in favor of the null hypothesis. The distance travelled to find the platform decreased as the number of training 
days increased (F(8,144) = 6.6, p < 0.001), suggesting that all animals learned the platform location. However, an 
in-depth analysis of the first training day indicated that the irradiated rats travelled a longer distance than the 
control animals to find the platform (F(1,18) = 6.22; p < 0.05). The group × trial interaction was not significant 
(F < 1), but the distance travelled by the control animals (F(3,27) = 11.85, p < 0.001) but not by the pMBRT rats 
(F(3,27) = 1.77, p = 0.18) decreased across the four trials. These results suggested that irradiation induced some 
spatial learning delay, but limited to the first session. In the probe test (Fig. 3F), compared with the control 

Figure 2.  Motor and anxiety assessments. Similar mean time required to return on the vertical grid between 
the groups at 1, 5, and 10 months PI (A). Similar mean latency to fall from the horizontal bar between the 
groups at 10 months PI (B). Similar mean distance travelled (C) and mean time spent in the centre zone (D) 
between the groups in the OF test at 48 h before irradiation and 1, 5, and 10 months PI. The data are presented 
as the mean ± SEM.

necrosis inflammation astrogliosis demyelination

Behavioural tests
Motor and anxiety assessment

Whole-brain irradiations (normal rats, 7-weeks old)
with long-term follow up (6 months)

Radiotherapy Proton therapy Minibeams MB generation Mag. focussing Conclusions



Experimental evidence for pMBRT (2/4)
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pMBRT significantly increases the therapeutic index for rat glioma.
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Prezado et al, Sci Rep, 2018 Prezado et al, IJROBP, 2019

25 Gy mean, 1 fraction

Standard PT

pMBRT

Tumor

Tumor

pMBRT irradiation: 67% of long-term survivals (free of tumor)

Plateau irradiation of RG2-glioma-bearing rats Bragg Peak irradiation of RG2-glioma-bearing rats
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Experimental evidence for pMBRT (3/4)
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Cancers 2021, 13, 4865 6 of 14 
 

 

 
Figure 2. Radiation-induced skin toxicities after irradiation. (A) Rats receiving 30 Gy conventional 
broad beam irradiation developed severe cutaneous ulceration (radiation dermatitis) 11 to 12 days 
after irradiation. (B) Rats receiving crossfire pMBRT (in one or two fractions, 15 Gy or 20 Gy per 
array) did not show macroscopic signs of skin ulceration/radiation dermatitis. Nevertheless, they 
exhibited transient radiation-induced alopecia in the path of the beams, starting between 11 and 18 
days after the last fraction. 

3.2. Survival Curves 
Figure 3 depicts the survival curves in which it can be seen that the survival of all 

irradiated groups was statistically significantly different from that of the control group (p 
≤ 0.05). Table 3 reports the differences among the groups. 

 
Figure 3. Comparison of the survival curves of the non-irradiated control (black line), standard proton therapy (green line, 
group 5), pMBRT delivered in one fraction (red line, group 2) or in two fractions (blue line, group 3) both with an average 
dose of 15 Gy/array, and pMBRT delivered in two fractions of 20 Gy/array (brown line, group 4). The differences were 
significant for the log-rank (Mantel–Cox) test (Chi square = 52.42, df = 4, p < 0.0001). 
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Minibeams and temporal fractionation Influence of minibeam spacing
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Experimental evidence for pMBRT (4/4)
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Generation of proton minibeams
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• current PT facilities not designed for 
delivery of minibeams

• typical beam sizes:
• Passive scattering: > 1 cm
• PBS: FWHM 8-20 mm

(smallest ≈ 4-5 mm)
• minibeams: FWHM ≤ 1 mm

àuse mechanical collimators to
reduce beam size

Pidikiti et al,
J Appl Clin Med Phys, 2018

Grevillot et al,
Med Phys, 2020
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Static collimators
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inherently inefficient
inflexible
production of secondaries (neutrons) 

Peucelle, PhD thesis, 2016

Pros and cons:
compatible with current systems 
successfully used in experiments

majority (67%) of the ani-
mals treated with pMBRT,
with reduced side effects.
The tumor eradication ach-
ieved despite the lack of ho-
mogenous target coverage
contradicts the classical
paradigm of radiation
therapy.

end of the study, histopathological studies were performed to assess both the tumor
presence and the possible side effects.
Results: Tumor control was achieved in the 2 irradiated series, with superior survival in the
pMBRT group compared with the standard proton therapy group. Long-term (>170 days)
survival rates of 22% and 67% were obtained in the standard proton therapy and pMBRT
groups, respectively. No tumor was observed in the histopathological analysis. Although
animals with long-term survival in the standard radiation therapy exhibit substantial brain
damage, including marked radionecrosis, less severe toxicity was observed in the pMBRT
group.
Conclusions: pMBRToffers a significant increase in the therapeutic index of brain tumors:
The majority of the glioma-bearing rats (67%) survived 6 months with less severe side
effects.! 2019 Elsevier Inc. All rights reserved.

Introduction

Proton minibeam radiation therapy (pMBRT) is a novel
therapeutic strategy1 that notably increases the tolerances
of normal rat brain compared to standard proton radiation
therapy.2 The important reduction in toxicity offers the
possibility of using more aggressive dose escalation
schemes in the case of very radioresistant tumors, such as
glioblastoma multiforme, still among the most challenging
cases in clinical oncology. The goal of this work was to
perform a first comparison of the tumor control effective-
ness of pMBRT (quasi-homogeneous dose distributions in
the target) versus conventional (seamless) proton therapy
(PT) irradiations for the treatment of gliomas.

Methods and Materials

All animal experiments were conducted in accordance with
the animal welfare and ethical guidelines of our in-
stitutions. They were approved by the Ministry of Research
(permit no. 6361-201608101234488). Rats were anaes-
thetized with isoflurane (2.5% in air) during irradiation.

Tumor cell line and tumor implantation

The RG2-[D74] (ATCC CRL-2433) rat glioma cell line was
used.3 The cells were transfected with the luciferase gene
for bioluminescence imaging (BLI) using an IVIS spectrum
(PerkerElmer) to verify the presence of the tumor before
irradiation and to perform one part of the follow-up.4,5

Male Fischer 344 rats (Janvier Labs) were used. A
number of 5000 RG2-Luc cells were suspended in 5 mL
DMEM and then injected using a Hamilton syringe through
a burr hole in the right caudate nucleus (5 mm anterior to
the ear-bars; ie, at the bregma site, 3.0 mm lateral to the
midline and 5.5 mm depth from the skull).

For the BLI, the rats were injected intraperitoneally with
150 mg/kg (P/N 122799) of D-luceferin (Perkinelmer) in
500 mL of PBS.

Irradiations and dosimetry

Three groups (n Z 9 per group) of 7-week-old male Fischer
344 rats at the time of irradiationwere considered: (1) a control
group; (2) a group receiving conventional PT; and (3) a group

Fig. 1. Photographs of the irradiation setup.

Volume 104 ! Number 2 ! 2019 pMBRT offers significant tumor control 267

Prezado et al, IJROBP, 2019
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Dynamic collimators
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Sotiropoulos & Prezado,
Sci Rep, 2021

Pros and cons:
compatible with current systems

more flexibility

still inefficient

production of secondaries

3

Vol.:(0123456789)

Scientific Reports |        (2021) 11:18321  |  https://doi.org/10.1038/s41598-021-97941-w

www.nature.com/scientificreports/

Point-by-point scanning collimator. In the point-by-point scanning collimator system the length of the slit can 
be fixed in such length that one pencil beam spot in about the centre of the slit passes with minimal collimation 
at the slit length direction (see “Design parameters affecting the dose distributions”). In order to create a mini-
beam, the single slit collimator moves with the pencil beam spot. As illustrated in Fig. 3a, initially the collimator 
is static. The beam moves until it reaches the centre of the collimator. When the beam is at the centre of the col-
limator, the collimator starts its movement, following the beam. When the collimator reaches its final position, 
the collimator stops and allows the beam to finish the scanning. Afterwards, the collimator is positioned for the 
next minibeam in the minibeam array, to compile the full array.

This scanning approach could benefit from an aperture like collimator (see “Aperture collimator”).

Line-by-line scanning collimator. Another possibility is the maximum length of the single slit dynamic col-
limator to be large enough to produce the maximum desired minibeam. The two-level collimator, which is more 

Figure 2.  Dynamic collimator designs: (a) aperture collimator and (b) two-plane collimator. The proton beam 
direction is depicted with red.

Figure 3.  Demonstration of spot scanning collimation: (a) point-by-point scanning collimator. The beam spot 
starts outside the collimator, enters the collimator and when is at the centre of the collimator, the collimator 
starts moving. When the collimator is at its final position, the beam exits the collimator. (b) Line-by-line 
scanning collimator. The collimator has the size of the required minibeam length and remains still during the 
scanning.

2

Vol:.(1234567890)

Scientific Reports |        (2021) 11:18321  |  https://doi.org/10.1038/s41598-021-97941-w

www.nature.com/scientificreports/

Here, the concept of a scanning dynamic collimator system for proton minibeam generation is proposed. It 
aims to overcome the limitations of the multislit collimator system providing the flexibility desired for the inves-
tigation of the proton minibeam properties, both at the physical and biological layer. In this system a dynamic 
collimator that allows the selection of the minibeam size is coupled with a scanning capable system that gives 
the ability to generate any minibeam array required. Firstly, we present the system and evaluate through Monte 
Carlo simulations its ability to create minibeam arrays similar to a multislit collimator. Then a proof of concept 
experiment is conducted in order to evaluate the feasibility of the scanning collimator minibeam generation 
method when combined with a proton spot scanning system.

Materials and methods
A proton minibeam scanning dynamic collimator. The concept of a scanning dynamic collimator for 
proton minibeam generation is proposed. This scanning dynamic collimator is adapted to the pencil beam scan-
ning capabilities of the modern proton therapy machines and allows to select slit width and length, and centre-
to-centre distance dynamically in order to produce a fully customized minibeam array.

The system consists of two main elements (see Fig. 1): (i) a single slit dynamic collimator that allows the 
selection of the desired single slit parameters (i.e. width and length) and (ii) the scanning system that allows 
repositioning the dynamic collimator to form the minibeam array. For the scanning system, a hexapod was 
selected. In addition, the rotational degrees of freedom inherent to the hexapod allow rotating the single slit 
collimator in order to follow the beam divergence. Furthermore, the hexapod gives the additional capability of 
fine trimming to achieve a good alignment of the system.

Dynamic collimator designs. Two dynamic collimator designs are proposed: (i) an aperture-like collimator and 
(ii) a two-plane collimator. Another option, which however limits the flexibility of the system, would be an inter-
changeable (fixed) single slit collimator. In this case, a set of predefined slit widths and length would be available.

The collimator blocks are made of brass, since brass is the material of choice for proton minibeam 
 collimators11,13,14. This choice is based on a compromise between a good collimation that leads to a high entrance 
peak-to-valley dose ratio and neutron  production12. In this investigation the collimators used have a thickness 
of 5 cm and the collimators lateral extension is 5 cm, unless otherwise stated.

Aperture collimator. This collimator consists of 4 blocks of radiation blocking material (Fig. 2a). Each block 
has two degrees of freedom. To change the slit length (x direction) collimator 1 and 2 moves on the opposite 
direction to collimator 3 and 4. To change the slit width, collimator 1 and 3 moves on the opposite direction to 
collimator 2 and 4.

The realization of this dynamic collimator has many technical challenges. The blocks have to move with high 
accuracy to limit the gap in between. A tongue and groove approach, similar to that used in multi-leaf collimators 
could be included. This collimator results in a small footprint and would be more likely suited for small apertures.

Two level collimator. In this dynamic collimator design the length-wise and width-wise collimation is done 
at different planes (Fig. 2b). The top collimator (i.e. the one closer to the target) controls the slit width while the 
other limits the slit length. Overall, is a much simpler design compared to the aperture collimator, allows for 
making a collimator with increased length and can result to a more conical design suitable to reach close to the 
patient.

Scanning collimator. The scanning capabilities of the proposed system are exploited in order to create the mini-
beam array. Two ways of scanning are proposed, the point-by-point and the line-by-line scanning collimator.

Figure 1.  Conceptual sketch of the proton minibeam scanning dynamic collimator. The two-plane dynamic 
collimator is on top of a hexapod.

Two-stage collimator 
mounted on hexapod

Patent application filed (EP21306092)
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From collimation to magnetic focussing

• easily implementable at existing facilities
• successfully used in many experiments

• static collimators à low flexibility (may be improved with dynamic collimators)

• large part of beam blocked à low efficiency à important dose rate reduction
• production of unwanted secondary particles à increases valley doses/decreases PVDR

à solution: magnetically focussed and scanned minibeams
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Generation of magnetically focussed minibeams
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• goal: generation of magnetically focussed and scanned proton minibeams at 
clinically relevant energies and in a clinical setting

• PBS nozzles already contain focussing and scanning magnets

• strategy:
• investigate existing nozzle with computer model
• MC simulation toolkit TOPAS (based on Geant4)

• geometry and beam model of Institut Curie proton therapy centre in Orsay (ICPO)
• assessment of minimum achievable beam size
• consideration of clinical beam energies (100, 150 and 200 MeV)
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The PBS nozzle at ICPO
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virtual beam source

IC ionisation chamber
Q quadrupole magnet
SH snout holder
SM scanning (dipole) magnet
VT vacuum tank
VW vacuum window

Nozzle geometry in TOPAS 
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Beam size minimisation
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Different minimisation schemes:
unidirectional minimisation

à minimum hFWHM

à minimum vFWHM

symmetric minimisation

à minimum Ω
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Varied parameters:
• quad field strength: 0 T ≤ B1,B2 ≤ 2 T

51x51 configs
• quad orientation: 2 configs
• target position: -40 cm ≤ z ≤ 40 cm

5 positions

B1 B2 z
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Study of the PBS nozzle at CPO (1/3)

24

1 mm

Minibeam: FWHM ≤ 1 mm

Energy 100 MeV 150 MeV 200 MeV

Min. FWHM 8.5 mm 5.9 mm 4.4 mm

à magnetically focussed
minibeams cannot be achieved
with current PBS nozzle
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Study of the PBS nozzle at CPO (2/3)
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à consideration of different geometry modifications to find limiting factors 
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Study of the PBS nozzle at CPO (3/3)
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Conclusions from ICPO nozzle study

1) current PBS nozzle at ICPO will not be suitable for the generation of 
magnetically focussed proton minibeams

2) two main limiting factors could be identified:
• too much air in beam path
• distance between focussing elements and target (focal length)

3) any nozzle with similar dimensions likely not suitable either

à new, optimised nozzle design needed
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Design of a dedicated minibeam nozzle
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Patent application filed (PCT/EP2020/082766)

Schneider et al, Sci Rep, 2020

more compact
arrangement shorter focal length much shorter 

air gap
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Performance evaluation

29

• evaluation of nozzle performance:

• systematic benchmarking (theoretical beams)
• beam models of different clinical facilities

• assessment of minimum beam size and target position

• varied parameters:
• quad field strength (0 T ≤ B1,B2 ≤ 2 T, 51x51 configs)

• quad orientation (2 configs)

• focus on symmetric minimisation
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Performance of the new minibeam nozzle
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Beam model / accelerator Energy [MeV]
Min. beam size at target [mm] Beam model parameters

hFWHM vFWHM σx / σy [mm] σx‘ / σy‘ [mrad] rxx’ / ryy’

Optimised theoretical source
100 0.66 0.66 6.5 / 10.0 3.0 / 10.0 -1.0 / -1.0

200 0.33 0.35 8.0 / 8.0 7.5 / 3.0 -1.0 / -1.0

ICPO cyclotron
100 2.05 1.77 8.89 / 12.99 0.75 / 2.50 -0.80 / -0.95

200 0.38 1.20 3.96 / 5.65 0.20 / 1.50 1.00 / -0.90

RPTC cyclotron
100 10.60 4.03 3.88 / 3.29 3.13 / 3.14 0.37 / 0.41

200 5.35 2.10 4.12 / 3.25 1.62 / 1.62 0.44 / 0.49

MedAustron synchrotron
100 2.10 1.08 2.09 0.66 0.57

200 1.06 0.61 2.71 0.44 0.78

LIGHT linear accelerator
100 0.89 0.73 0.30 / 0.45 0.54 / 0.53 -0.91 / 0.98

200 0.64 0.66 0.24 / 0.47 0.20 / 0.45 0.19 / 0.97

LhARA laser-driven + FFAG 127 0.59 0.64 2.5 0.05 0.0

RPTC: Rinecker Proton Therapy Centre     - LIGHT:  Linac For Image Guided Hadron Therapy     - LhARA: Laser-hybrid Accelerator for Radiobiological Applications
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New minibeam nozzle and LIGHT linac
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Schneider et al, Cancers, 2021

Robustness against beam variations

Error type E [MeV]
Spot position [mm] Beam size [mm]

X Y hFWHM vFWHM

Translational and 
rotational 
alignment

100 2.2 3.3 < 0.01 ≤ 0.01

200 2.0 3.0 < 0.01 < 0.01

Field gradient
100 < 0.01 < 0.01 < 0.01 0.02

200 < 0.01 < 0.01 0.03 0.07

Robustness against quad errors

var 1 beam size x2
var 2 divergence x2

var 3 reduced correlation
var 4 combined variation

Different variations of beam parameters leading to 
emittance doubling:

• generally good tolerance to beam variations
• divergence should be kept small
• good tolerance to quadrupole magnets errors
• alignment errors are static and can be compensated

à robustness of linac-nozzle combination demonstrated
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Focussed vs collimated minibeams (1/4)

Comparison of three techniques:
• collimator and broad beam (C+BB)
• collimator and CPO PBS nozzle (C+PBS)
• magnetic focussing with new nozzle (MF)

Compared quantities:
• dose distributions
• irradiation efficiency
• neutron production

32

Schneider et al, Front Phys, 2021
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Focussed vs collimated minibeams (2/4)
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Dose distributions in water

lower valley
doses

results in 
higher PVDR
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Focussed vs collimated minibeams (3/4)
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Irradiation efficiency
(dose at Bragg peak depth per primary particle)

Neutron production
(neutron yield per gray deposited at Bragg peak depth)
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Focussed vs collimated minibeams (4/4)
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Mechanical collimation Magnetic focussing

Efficiency – +
Flexibility –* +
Contamination with secondary particles – +
PVDR + ++
Implementation (at existing facilities) + –

à optimal implementation of pMBRT should use magnetic focussing

*) better with dynamic collimators
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Conclusions (1/2)

• pMBRT very promising new technique

• conventional PT facilities not suitable for minibeam generation

• mechanical collimators:
• straightforward and universally applicable
• successfully implemented at ICPO used in experiments
• poor flexibility (can be improved with dynamic collimators)
• inherently inefficient
• source of secondary particles (such as neutrons)

à use magnetic focussing instead
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Conclusions (2/2)

• current PBS nozzles cannot deliver magnetically focussed minibeams

• development of new nozzle suitable for magnetically focussed minibeams

• required conditions achievable with existing technology (synchrotrons)

• very good results with new linac LIGHT and LhARA

• maximum flexibility

• magnetic focussing à maximise dose rate à pMBRT + FLASH
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Perspectives

Minibeam nozzle:
• technical design study on minibeam nozzle + LIGHT (à prototype)
• further studies on minibeam nozzle + LhARA?
• studies on pMBRT + FLASH

Radiobiology and dosimetry:
• better understand radiobiological mechanisms underlying pMBRT
• determine optimal irradiation parameters (beam size, ctc, …)
• dosimetry standards and guidelines/protocols

Transition to clinical applications:
• development of treatment planning system
• move towards first clinical trials (protocol under development)
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Thank you for your attention!
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