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Abstract 
Proton therapy is a powerful tool in the fight against can-

cer. The number of accelerators has increased tremen-
dously over the last years. Patients are treated now at over 
125 facilities world-wide, which is an excellent example of 
an extremely successful technology transfer from funda-
mental research to healthcare. Depending on the tumour 
species, local tumour control can reach very high levels, 
e.g. more than 96% for uveal melanoma. To minimize side 
effects and maintain tumour control, new treatment modal-
ities like FLASH or minibeams are investigated. For 
FLASH, dose rates should be higher than 40 Gy/s with 
treatment times below 0.5 s. Minibeams aim for spatial 
fractionation of the beam. Experiments on cells, organoids 
and animals have been promising. These new irradiation 
forms create challenges for the existing and future acceler-
ators: Developments in beam delivery, beam adaptation, 
and dosimetry are necessary. This paper describes changes 
on control system, beam shutters, and beam scattering sys-
tems which allow now irradiation times of 10 ms with a 
precision in dosimetry of better than 3% for a Spread-Out 
Bragg Peak at HZB. The set-up of a target station for 
minibeams will be presented. 

INTRODUCTION 
80 years ago, R.R. Wilson described the radiobiological 

use of fast protons for tumour treatment [1]. From today’s 
point of view the first patients were treated very shortly af-
ter. Groundbreaking work was performed at Lawrence 
Berkeley Laboratory [2]. In the beginning, patients were 
treated at accelerators originally built for nuclear and par-
ticle physics [3]. Since 1985 the Particle Therapy Co-Op-
erative Group (PTCOG) fosters the development of parti-
cle therapy [4]. In 1990 the first hospital-based accelerator 
was installed at Loma Linda [5]. Research comprised, 
among others, the development of more compact accelera-
tors and the development of new beam delivery techniques, 
e.g. pencil beam scanning [6]. The field then evolved rap-
idly, with dedicated and commercial accelerators taking 
over (Fig. 1) [7].  

Proton therapy is now a mature technique, with turnkey 
solutions available on the market, which broadens its use. 
However, the number of patients treated with protons is 
still very small compared to the number of patients treated 
with electron linacs. These ready-to-use solutions fulfil the 
requirements of the medical device regulations or comply 
with FDA, an intricate set of rules and regulations which 
became more complex over the years. Now it is more dif-
ficult to implement modifications as companies prefer their 
standardized, certified products. 

 
Figure 1: Centres world-wide performing particle therapy. 
Since installation of the first hospital-based accelerator in 
1990 (Loma Linda), the number of facilities increased ex-
ponentially [3].  

Albeit for some types of tumours like uveal melanomas 
very high local tumour control rates of more than 95% can 
be achieved [8], there is still room for improvement. The 
wish is to maintain the tumour control while reducing the 
side effects. Two potential techniques are discussed in the 
community: FLASH beam delivery, which is defined as 
high dose rates of at least 40 Gy/s in less than 0.5 s. The 
other technique is the spatial fractionation, where instead 
of a homogenous field a set of tiny needle beams is applied. 

ACCELERATORS 
About 50% of the accelerators used for clinical particle 

therapy as listed by the PTCoG [3] are cyclotrons, 21% 
synchrocyclotrons and 29% synchrotrons. Cyclotrons – 
and even more so synchrocyclotrons – are far more com-
pact than synchrotrons. However, they both provide pro-
tons with a fixed energy. An interesting new design is an 
energy variable cyclotron without the magnetic iron [9]. 
The average beam intensity of synchrotrons is lower than 
with cyclotrons and synchrocyclotrons, which may present 
special challenges when considering FLASH irradiations. 
On the other hand, they often provide both proton and car-
bon therapy, and permit energy changes without large 
beam losses.  

Besides these well-established accelerator types, there 
are further developments. A cyclotron is under construction 
in Caen, France, which shall provide protons, helium and 
carbon ions [10-12]. Several projects involve the use of 
proton linacs [13-16] or FFAGs [17-19]. Albeit these pro-
jects are very interesting from the viewpoint of an acceler-
ator physicist, none of them treats patients up to now. The 
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same is valid for the development of FFAG Gantries [20, 
21] which could be much lighter than the conventional ver-
sions. Effects playing a role is consideration of costs, nec-
essary manpower, and, most important, that the devices 
have to be certified according to medical device regula-
tions.  

Ocular tumour therapy is a special field with special re-
quirements to the accelerator. An expert summary by the 
PTCoG-Optic group summarises the parameters of the ac-
celerators employed in ocular therapy [22]. Only the cyclo-
trons with an energy around 70 MeV provide distal-dose 
fall-offs of 1 mm or less which is optimal for eyes, being a 
small organ with critical organs nearby. From the view-
point of a medical physicist a cyclotron with the “right” 
energy for ocular tumour therapy is desirable [23]. How-
ever, this tumour is comparatively scarce and only few ac-
celerators can deal with the world-wide occurrence, mak-
ing the field unattractive for large commercial companies. 

For this reason, most of the accelerator development, 
which will be applied to patients in the nearer future, will 
be focused on the beam delivery for either FLASH or 
minibeams. In the following sections we will concentrate 
on changes on HZB’s accelerator for further therapy devel-
opment. However, the problems encountered are repre-
sentative.  

The HZB cyclotron provides a proton energy of 68 MeV, 
ideal for ocular treatments with the eye having a diameter 
of about 25 mm. Due to the low energy spread, an ex-
tremely sharp distal dose fall-off (90% to 10%) of less than 
1 mm is achieved which permits better reduction of side 
effects, e.g. loss of vision (Fig. 2).  

 
Figure 2: Treatment plan for an ocular tumour. The sharp 
distal fall-off of the dose permits sparing of optical nerve 
and macula.  

The intensity of the extracted beam is high enough to en-
sure treatment times of less than a minute per fraction for 
conventional treatment. More than 5000 patients have been 
treated with a local tumour control of 96% and an eye re-
tention rate of 95% [24].  

FLASH 
Irradiations on animals using an electron linac showed 

fewer side effects when using FLASH irradiations [25]. 
This started very active research including the field of pro-
ton therapy [26, 27] with already first patients being treated 
in exceptional studies [28, 29].This technique poses new 
challenges for the accelerator [30]: A ±1.5% dose precision 

is still required by the medical physicists for these short 
irradiation times as well as beam intensities considered 
high for a medical accelerators, especially when the 
Spread-out Bragg Peak (SOBP) is applied rather than using 
a shoot-through mode.  

Control System 
The first step taken at HZB towards this direction was to 

compensate the delay between addressing the beam stop 
and its real closure. A 10 kHz feedforward control of the 
dose delivery was implemented using an FPGA controlled 
by LabVIEW. The FPGA reads the analogue signals from 
the two ionisation chambers and the Faraday Cup (FC) in 
front of the experiment and triggers the shutters [31].  

Shutter 
The first FLASH experiments at HZB were performed 

using the mechanical shutter also used for therapy [32]. 
The reason for having irradiation times of 200 ms were the 
relatively long opening times of 10 ms and closing times 
of 5 ms. As there are hints that shorter irradiation times are 
necessary for the FLASH effect [33], a new electrical shut-
ter was developed and installed [34]. Together with the 
changes in the control system, irradiations within clinical 
specifications are feasible down to 10 ms (Fig. 3). 

 
Figure 3: Relative dose error as a function of the irradiation 
time at a dose rate of 4 kGy/s. The precision limit wanted 
by the medical physicists is represented by the dashed red 
line. 

Scattering System 
Treatment times in ocular tumour therapy are short com-

pared to other tumours and vary between 30 s to 60 s. For 
this reason, a passive scattering system is used to adapt the 
beam to the tumour. Standard beam intensities at HZB are 
25 nA of extracted proton beam which are reduced to about 
5% by the patient-specific beam shaping: range shifter and 
modulator wheel. Hence, a dual scattering system [35] was 
developed which consists of a first scattering foil and a sec-
ond scatterer which may consist of up to 4 concentric 
rings [36]. A Python GUI optimizer was developed which 
permits the calculation of the irradiation field (Fig. 4) in-
cluding the design parameters of the scatterers and their 
position. With this system, the transmission to the 
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treatment room could be increased by a factor of 10. Field 
sizes of 30 mm in diameter can be achieved.  

 
Figure 4: Simulated and measured intensity profiles after 
the dual scattering system. The simulated and experimental 
data match well. 

SPATIAL FRACTIONATION 
Spatially fractionated proton irradiation, particularly 

proton minibeam radiation therapy (pMBRT), has emerged 
as a promising approach to improve the therapeutic win-
dow of proton therapy. Here the proton radiation is applied 
in small beams of several ten to several hundred microme-
tre beam size (σ). Figure 5 shows the different ways of how 
to apply proton irradiation. The dose in the entrance of the 
beams can be much higher than the prescribed tumour ther-
apy [37].  

 
Figure 5: schematic view of different types of proton irra-
diation. Top: Standard proton irradiation with homogene-
ous irradiation of healthy tissue and tumour. Middle: Pro-
ton minibeam irradiation with spatial fractionation pattern 
in healthy tissue and homogeneous tumour coverage. Bot-
tom: Proton minibeam irradiation with spatial fractionation 
in healthy tissue and tumour. 

Previous pre-clinical studies in mouse-ears or rat brains 
have demonstrated enhanced normal tissue sparing while 
maintaining tumour control, even at high peak doses, sug-
gesting that spatial dose modulation can fundamentally al-
ter tissue responses to irradiation [38-40]. Specifically, spa-
tial fractionation has shown potential to reduce acute [39, 
41] and late toxicities [42, 43], enable dose escalation, and 
possibly modulate anti-tumour immune responses [44]. 
These encouraging findings have stimulated growing inter-
est in combining pMBRT with other emerging concepts 
such as ultra-high dose-rate (FLASH) irradiation and im-
munotherapy [45]. 

Despite these advances, many key questions remain un-
resolved before clinical translation can be achieved. The 

biological mechanisms underlying normal tissue sparing 
and tumour response are still incompletely understood, and 
the influence of parameters such as beam size, centre-to-
centre spacing, valley dose, dose rate, energy, irradiation 
geometry, and fractionation schemes requires systematic 
investigation [46]. Importantly, many of these parameters 
are strongly interdependent in clinical beam delivery sys-
tems, making it difficult to isolate their individual biologi-
cal contributions. For this reason, dedicated research beam-
lines are essential for advancing the field. Such platforms 
must provide energies optimized for pre-clinical research, 
precise dosimetric control, and the flexibility to inde-
pendently vary relevant irradiation parameters in a highly 
reproducible manner. This enables systematic studies that 
are critical for establishing mechanistic understanding and 
identifying optimal treatment configurations for future 
clinical applications. In this context, the MiniBEE beam-
line [47] at Helmholtz-Zentrum Berlin represents pioneer-
ing work in proton spatial fractionation research. It pro-
vides a 68 MeV proton beam with a range of approx. 4 cm, 
perfectly suited for performing pre-clinical investigations 
in mice and rats. The dedicated experimental platform con-
sisting of a Small Animal Radiation Research Platform 
(SARRP, X-Strahl) together with a specifically designed 
magnet setup for focussing allows for proton dedicated 
minibeam studies, including flexible beam shaping and in-
tegration with complementary irradiation modalities, such 
as x-ray irradiation. In the current setup the MiniBEE will 
allow to provide beams with sizes as low as 50 µm and 
beam currents of max. 2 nA. This results in a dose-rate of 
270 Gy/s in the entrance and 50 Gy/s at the end of 
range [48]. MiniBEE enables, as the world’s first beamline 
of that kind, comprehensive investigations into the physi-
cal and biological foundations of spatially fractionated pro-
ton therapy. 

HELIUM BEAMS 

 
Figure 6: Monte Carlo simulations for intensity profiles 
and dose distributions for HZBs treatment room for pro-
tons (blue) and Helium (red). 

Monte Carlo simulations using TOPAS [49] have been 
performed for the treatment nozzle at HZB for 70 MeV 
protons and 280 MeV Helium ions (Fig. 6). These two ion 
species have the same range, but He ions provide an im-
provement in the penumbra from 3.1 mm to 2 mm at the 
same beam nozzle  and a sharper distal fall-off, 0.53 mm 
instead of 1 mm. Especially for ocular tumours, where rel-
evant dimensions are about a magnitude smaller compared 
to other tumours, this improvement offers a further poten-
tial to reduce side effects as demonstrated in an in silico 
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planning study [50]. Measurements with 45 MeV molecu-
lar H2

+ ions and 90 MeV He2+ ions showed that a change 
in the RF of the cyclotron is sufficient to switch between 
the two beams within 30 minutes [51].  

A cyclotron being able to provide both ion species at 
70 MeV/u is not available on the market. Furthermore, 
beam intensities of such a cyclotron should allow also 
FLASH irradiations. For this reason, a first sketch for a su-
perconducting cyclotron was developed with the help of 
AIMA development [52].  

CONCLUSION 
Proton therapy is a well-established and growing field of 

accelerator application in medicine. Several companies 
provide turnkey and certified solutions to the needs of the 
hospitals. The fact that exciting and innovative accelerator 
ideas cannot yet be found in clinical routine, shows the hur-
dles to be overcome: costs, reliability, and requested staff, 
as accelerator specialists are not present in hospitals. Reg-
ulatory work should be considered as early as possible 
when starting planning to avoid later delays.  

Besides completely new accelerator designs, changes in 
beam delivery pave the way to novel techniques in cancer 
research like FLASH irradiations and minibeams. At HZB, 
the control system, shutters and scattering system have 
been modified, successfully tested, and employed for ex-
periments. With these improvements, FLASH irradiations 
of human eyes with an SOBP are technically possible. 
Again, before application on humans, the devices must be 
medically certified.  

REFERENCES 
[1] R. R. Wilson, “Radiological Use of Fast Protons”, Radiol-

ogy, vol. 47, no. 5, pp. 487-491, 1946.  
doi:10.1148/47.5.487 

[2] C. A. Tobias et al., “Pituitary Irradiation with High-Energy 
Proton Beams: A Preliminary Report”, Cancer Res, vol. 18, 
pp. 121-134, 1958. doi:10.1016/j.nima.2024.170083 

[3] Particle Therapy Co-operative Group (PTCoG),  
https://ptcog.online/ 

[4] PTCOG Newsletters,  
https://ptcog.online/ptcog-newsletter/ 

[5] J. M. Slater et al., “The proton treatment center at Loma 
Linda University Medical Center: Rationale for and descrip-
tion of its development”, Int. J. Radiat. Oncol., vol. 22, 
pp. 383–389, 1991.  
doi:10.1016/0360-3016(92)90058-P 

[6] B. Gottschalk and E. Pedroni, “Treatment delivery systems” 
in Proton and Charged Particle Radiotherapy, 
T. F. DeLaney and H. M. Kooy, eds., Lippincott Williams 
and Wilkins, Philadelphia, pp. 33–49, 2008. 

[7] A. R. Smith, “Proton therapy”, Med. Phys., vol. 36, no. 2, 
pp. 556-568, 2009. doi:10.1118/1.3058485  

[8] L. Mortimer et al., “Ocular Survey - Perspective on Ocular 
Particle Therapy: Current Practices and Emerging Trends”, 
Int. J. Part. Ther., vol 19, pp. 101300, 2026.   
 doi:10.1016/j.ijpt.2026.101300 

 

[9] D. Winklehner et al., “A compact, lightweight, variable-en-
ergy cyclotron for conventional and FLASH ion beam radi-
otherapy”, Front. Onc., vol. 15, 2025.   
doi:10.3389/fonc.2025.1648237 

[10] Y. Jongen et al., “Compact superconducting cyclotron C400 
for hadron therapy”, Nucl. Instr. Meth. A, vol.624, no. 1, 
pp. 47-53, 2010. doi:10.1016/j.nima.2010.09.028 

[11] W. Kleeven et al., “AOC, a beam dynamics design code for 
medical and industrial accelerators at IBA”, in Proc. 
IPAC'16, Busan, Korea, May 2016, pp. 1902-1904.   
doi:10.18429/JACoW-IPAC2016-TUPOY002 

[12] J. Mandrillon et al., “Status on NHa C400 Cyclotron for 
Hadrontherapy” in Proc. Cyclotrons’22, Beijing, China, 
Dec. 2022, pp. 264-268.   
doi:10.18429/JACoW-CYCLOTRONS2022-THBI01 

[13] S. Benedetti et al., “High gradient linac for proton therapy”, 
Phys. Rec. Accel. Beams, vol. 20, pp. 040101 1-19, 2017.  
doi:10.1103/PhysRevAccelBeams.20.040101 

[14] C. Cuccagna et al., “Beam parameters optimization and 
characterization for a TUrning LInac for Protontherapy”, 
Phys. Medica, vol. 54, pp. 152-165, 2018.  
doi:10.1016/j.ejmp.2018.09.019 

[15] W. C. Fang et al., “Proton linac-based therapy facility for 
ultra-high dose rate (FLASH) treatment”, Nucl. Sci. Tech., 
vol. 32, no. 34, pp. 1-9, 2021.   
 doi:10.1007/s41365-021-00872-4 

[16] S. Hunt at al., “A Medical Linac for Affordable Proton Ther-
apy”, in Proc. Linac’22, Liverpool, UK, Aug. 2022, 
pp. 167-169.   
doi:10.18429/JACoW-LINAC2022-MOPOGE1 

[17] S. Antoine et al., “Principle design of a protontherapy, 
rapid-cycling, variable energy spiral FFAG”, Nucl. Instr. 
Meth. Res. A, vol. 602, no. 2, pp. 293-305, 2009.   
doi:10.1016/j.nima.2009.01.025 

[18] K. J. Peach et al., “Conceptual design of a nonscaling fixed 
field alternating gradient accelerator for protons and carbon 
ions for charged particle therapy”, Phys. Rev. ST accel. 
Beams, vol. 16, no. 3, pp. 030101–34, 2013.  
doi:10.1103/PhysRevSTAB.16.030101 

[19] J. M. Garland et al., “Progress on a 30 – 350 MeV Normal 
conducting Scaling FFAG for Proton Therapy” in Proc. 
Ipac’15, Richmond, USA, May 2015, pp. 2285-2288.   
doi:10.18429/JACoW-IPAC2015-TUPWI021 

[20] D. Trbojevic et al., “Superconducting non-scaling FFAG 
Gantry for Carbon/Proton Cancer Therapy” in Proc. 
PAC’07, Albuquerque, USA, Jun. 2007, pp. 3199-3201.  

[21] J. Pasternak et al., “A Novel Solution for FFAG Proton Gan-
tries” in Proc. PAC’13, Pasadena, USA, Sep. 2013, paper 
THPSM11, pp. 1406–1408.   

[22] J. Hrbacek et al., “PTCOG Ocular Statement: Expert Sum-
mary of Current Practices and Future Developments in Oc-
ular Proton Therapy”, Int. J. Radiat. Oncol., vol. 120, no. 5, 
pp. 1307-1325, 2024.   
doi:10.1016/j.ijrobp.2024.06.017 

[23] A. Denker et al., “Advocacy for a dedicated 70 MeV proton 
therapy facility” in Proc. Cyclotrons’19, Lanzhou, China, 
Sep. 2010, paper MOPCP015, pp. 75-77.  
 

Prep
rin

t

https://doi.org/10.1148/47.5.487
https://doi.org/10.1016/j.nima.2024.170083
https://doi.org/10.1016/0360-3016(92)90058-P
https://doi.org/10.1118/1.3058485
https://doi.org/10.1016/j.ijpt.2026.101300
https://doi.org/10.3389/fonc.2025.1648237
https://doi.org/10.1016/j.nima.2010.09.028
https://doi.org/10.18429/JACoW-IPAC2016-TUPOY002
https://doi.org/10.18429/JACoW-CYCLOTRONS2022-THBI01
https://doi.org/10.1103/PhysRevAccelBeams.20.040101
https://doi.org/10.1016/j.ejmp.2018.09.019
https://doi.org/10.1007/s41365-021-00872-4
https://doi.org/10.18429/JACoW-LINAC2022-MOPOGE1
https://doi.org/10.1016/j.nima.2009.01.025
https://doi.org/10.1103/PhysRevSTAB.16.030101
https://doi.org/10.18429/JACoW-IPAC2015-TUPWI021
https://doi.org/10.1016/j.ijrobp.2024.06.017
https://www-intern.helmholtz-berlin.de/pubbin/oai_publication?ID=54955&typoid=
https://www-intern.helmholtz-berlin.de/pubbin/oai_publication?ID=54955&typoid=


[24] I. Seibel, “Local Recurrence After Primary Proton Beam 
Therapy in Uveal Melanoma: Risk Factors, Retreatment Ap-
proaches, and Outcome”, Am. J. Ophthalmol., vol. 160, no. 
4, pp.628-636, 2015.   
doi:10.1016/j.ajo.2015.06.017 

[25] V. Favaudon et al., “Ultrahigh dose-rate FLASH irradiation 
increases the differential response between normal and tu-
mor tissue in mice”, Sci. Transl. Med., vol. 6, no. 245, 
pp. ra93-245ra93, 2014.   
doi:10.1126/scitranslmed.3008973 

[26] M. C. Vozenin, et al., “Towards clinical translation of flash 
radiotherapy”, Nat. Rev. Clin. Oncol., vol. 19, pp. 791–803, 
2022. doi:10.1038/s41571-022-00697-z 

[27] Y. Ma et al., “Advancing Proton FLASH Radiation Ther-
apy: Innovations, Techniques, and Clinical Potentials”, In-
ternational Journal of Radiation Oncology*Biology*Phys-
ics, vol. 123, no. 3, pp. 876-890, 2025.   
doi:10.1016/j.ijrobp.2025.05.076 

[28] J. Bourhis et al., “Treatment of a first patient with FLASH-
radiotherapy”, Radiotherapy and Oncology, vol. 139, pp. 
18-22, 2019. doi:10.1016/j.radonc.2019.06.019 

[29] A. E. Mascia et al., “Proton flash radiotherapy for the treat-
ment of symptomatic bone metastases: The fast-01 nonran-
domized trial”, JAMA Oncol., vol. 9, no. 1, pp. 62–69, 2023. 
doi:10.1001/jamaoncol.2022.5843 

[30] S. Jolly et al., “Technical challenges for FLASH proton 
therapy”, Physica Medica, vol. 78, pp. 71-82, 2020   
doi:10.1016/j.ejmp.2020.08.005 

[31] J. Bundesmann et al., “Fast Beam Delivery for Flash Irradi-
ations at the HZB Cyclotron”, in Proc. ICALEPS’23., Cape 
Town, South Africa, Oct. 2023, pp. 178-182.  
doi:10.18429/JACoW-ICALEPCS2023-MO3BCO07 

[32] G. Kourkafas et al., “FLASH proton irradiation setup with 
a modulator wheel for a single mouse eye”, Med. Phys., vol. 
48, no. 4, pp. 1839-1845, 2021. doi:10.1002/mp.14730 

[33] R. Schulte et al., “Transformative Technology for FLASH 
Radiation Therapy”, Applied Sciences, vol. 13, no. 8, 
pp. 5021, 2023. doi:10.3390/app13085021 

[34] T. Fanselow et al., “Design and Operation of the New Fast 
Beam Chopper between Tandetron and Cyclotron”, in Proc. 
Cyclotrons’22, Beijing, China, Dec. 2022, pp. 76-79.  
doi:10.18429/JACoW-CYCLOTRONS2022-MOPO011 

[35] G. Kourkafas et al., “Nozzle design optimization for proton 
FLASH therapy”, in Proc. IPAC’24, Nashville, USA, May 
2024, pp. 3629-3631.   
doi:10.18429/JACoW-IPAC2024-THPR50 

[36] J.P. de Oliveira Lima et al., “Modeling and Optimization of 
a Multiple-Ring Double Scattering System for Proton Ther-
apy”, submitted 

[37] F. Yang et al., “Proton minibeam radiotherapy: a review”, 
Fron. Onc., vol. 15, 2025.   
doi:10.3389/fonc.2025.1580513 

[38] M. Sammer et al., “Proton pencil minibeam irradiation of an 
in-vivo mouse ear model spares healthy tissue dependent on 
beam size”, PLoS One, vol. 14, pp. e0224873, 2019. 
doi:10.1371/journal.pone.0224873 

[39] S. Girst et al., “Proton Minibeam radiation therapy reduces 
side effects in an in vivo mouse ear model”, Int. J. Radiat. 
Oncol., vol. 95, no. 1, pp. 234–241, 2016.   
doi:10.1016/j.ijrobp.2015.10.020 

[40] M. Sammer et al., “Normal Tissue Response of Combined 
Temporal and Spatial Fractionation in Proton Minibeam Ra-
diation Therapy”, Int. J. Radiat. Oncol., vol. 109, pp. 76–83, 
2021. doi:10.1016/J.IJROBP.2020.08.027 

[41] C. Lamirault et al., “Short and long-term evaluation of the 
impact of proton minibeam radiation therapy on motor, 
emotional and cognitive functions.” Sci Rep, vol. 10, 13511, 
2020. doi:10.1038/s41598-020-70371-w 

[42] Y. Prezado, et al., “Proton minibeam radiation therapy 
spares normal rat brain: Long-Term Clinical, Radiological 
and Histopathological Analysis.” Sci Rep, vol 7, 14403, 
2017. doi:10.1038/s41598-017-14786-y 

[43] Y. Prezado, et al., “On the significance of peak dose in nor-
mal tissue toxicity in spatially fractionated radiotherapy: 
The case of proton minibeam radiation therapy”, Rad. Onc. 
vol. 205, pp. 110769, 2025.   
 doi:10.1016/j.radonc.2025.110769 

[44] L. Iturri et al., “Evaluation of Proton Minibeam Radiother-
apy on Antitumor Immune Responses in a Rat Model of Gli-
oblastoma”, Cancer Immunol Res, vol. 13, no. 11, pp. 1854–
1872, 2025. doi:10.1158/2326-6066.CIR-24-0902 

[45] J. Reindl and, S. Girst, “pMB FLASH - Status and Perspec-
tives of Combining Proton Minibeam with FLASH Radio-
therapy”, J Cancer Immunol. vol. 1, no. 1, pp. 14-23, 2019. 
doi:10.33696/cancerimmunol.1.003 

[46] G. Datzmann et al., “Preclinical Challenges in Proton 
Minibeam Radiotherapy: Physics and Biomedical Aspects”, 
Front. Phys. Vol. 8, 2020.   
doi:10.3389/fphy.2020.568206 

[47] A. Rousseti et al., “Current status of MINIBEE: minibeam 
beamline for preclinical experiments on spatial fractionation 
in the FLASH regime”, in Proc. IPAC’24, Nashville, USA, 
May 2024, pp. 3663-3666.   
doi:10.18429/JACoW-IPAC2024-THPR62 

[48] A. Roussetti and J. Reindl, “Design study of a ridge filter 
for FLASH application of Proton minibeam radiotherapy”, 
under review 

[49] J. Perl et al., “TOPAS: An innovative proton Monte Carlo 
platform for research and clinical applications”, Med. Phys., 
vol. 39, no. 11, pp. 6818-6837, 2012.   
doi:10.1118/1.4758060 

[50] J. Wulff et al., “Technical note: Impact of beam properties 
for uveal melanoma proton therapy - An in silico planning 
study”, Med. Phys., vol. 49, no. 5, pp. 3481-3488, 2022. 
doi:10.1002/mp.15573 

[51] G. Kourkafas et al., “Acceleration and Measurement of Al-
pha Particles and Hydrogen Molecular Ions with the HZB 
Cyclotron”, in Proc. IPAC’21, Campinas, Brezil, May 2021, 
pp. 1264-1266.   
doi:10.18429/JACoW-IPAC2021-MOPAB419 

[52] AIMA-Développement,   
https://aima-developpement.fr/ Prep
rin

t

https://doi.org/10.1016/j.ajo.2015.06.017
https://doi.org/10.1126/scitranslmed.3008973
https://doi.org/10.1038/s41571-022-00697-z
https://doi.org/10.1016/j.ijrobp.2025.05.076
https://doi.org/10.1016/j.radonc.2019.06.019
https://doi.org/10.1001/jamaoncol.2022.5843
https://doi.org/10.1016/j.ejmp.2020.08.005
https://doi.org/10.18429/JACoW-ICALEPCS2023-MO3BCO07
https://doi.org/10.1002/mp.14730
https://doi.org/10.3390/app13085021
https://doi.org/10.18429/JACoW-CYCLOTRONS2022-MOPO011
https://doi.org/10.18429/JACoW-IPAC2024-THPR50
https://doi.org/10.3389/fonc.2025.1580513
https://doi.org/10.1371/journal.pone.0224873
https://doi.org/10.1016/j.ijrobp.2015.10.020
https://doi.org/10.1016/J.IJROBP.2020.08.027
https://doi.org/10.1038/s41598-020-70371-w
https://doi.org/10.1038/s41598-017-14786-y
https://doi.org/10.1016/j.radonc.2025.110769
https://doi.org/10.1158/2326-6066.CIR-24-0902
https://doi.org/10.33696/cancerimmunol.1.003
https://doi.org/10.3389/fphy.2020.568206
https://doi.org/10.18429/JACoW-IPAC2024-THPR62
https://doi.org/10.1118/1.4758060
https://doi.org/10.1002/mp.15573
https://doi.org/10.18429/JACoW-IPAC2021-MOPAB419

	Introduction
	Accelerators
	FLASH
	Control System
	Shutter
	Scattering System

	Spatial Fractionation
	Helium Beams
	CONCLUSION
	REFERENCES


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.6

  /CompressObjects /All

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType true

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams true

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo false

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 1.30

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 1.30

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects true

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /ENG ()

    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToRGB

      /DestinationProfileName (sRGB IEC61966-2.1)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /NA

      /PreserveEditing false

      /UntaggedCMYKHandling /UseDocumentProfile

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [595.000 792.000]

>> setpagedevice



