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The physical advantages of heavy ions

Durante, Debus & Loeffler, Nat. Rev. Phys. 2021



High tumor dose, normal tissue sparing
Effective for radioresistant tumors
Effective against hypoxic tumors

Radioresistant (S) phase cells are sensitized

Fractionation spares normal tissue more than 
tumour

Reduced angiogenesis and metastatization

Systemic effects in combination with 
immunotherapy

Potential advantagesEnergy
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Durante & Loeffler, Nat. Rev. Clin. Oncol. 2010



New compact accelerators for biomedical applications

Durante, Debus & Loeffler, Nat. Rev. Phys. 2021
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NEW NUCLEAR 
PHYSICS 
ACCELERATORS: 
FAIR, ELI, SPIRAL2, 
SPES, NICA, 
RAON,….



FAIR
Future Beams:
Intensity: primary HI 100-fold

secondary RIB 10000-fold 
Species: Z = -1 – 92
(anti-protons to uranium) 
Energies: ions up to 35 - 45 GeV/u

antiprotons 0 -15 GeV/c
Precision: full beam cooling
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Price tag now around 
3 G€



Biomedical applications: opportunities from new
accelerators

Patera et al., Front. Phys. 2020
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§ 250 participants from 27 countries in 5 continents

International Biophysics Collaboration Meeting
Darmstadt, May 20-22, 2019
www.gsi.de/bio-coll
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High intensity
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The FLASH Effect evidence

Vozenin et al. 2019, 
Clin. Canc. Res. 

‣ Decreasing of the normal tissue response

V. Favaudon et al. 2014, Sci. Transl. Med.

‣ Preservation of the tumor responses

CONV

FLASH



The first clinical result
§ multiresistant CD30+ T-cell cutaneous 

lymphoma disseminated throughout the 
whole skin surface. 

§ Localized skin RT previously used over
§ 110 times for various ulcerative and/or 

painful cutaneous lesions progressing 
despite systemic treatments.

§ Treatment  given to a 3.5-cm diameter skin 
tumor with a 5.6-MeV linac specifically 
designed for FLASH-RT.

§ Prescribed dose to the PTV = 15 Gy, in 90 
ms. 

§ Results: At 3 weeks, i.e. at the peak of the 
reactions, a grade 1 epithelitis (CTCAE v 
5.0) along with a transient

§ grade 1 oedema (CTCAE v5.0) in soft 
tissues surrounding the tumor were 
observed. 

§ Clinical examination was consistent with 
the optical coherence tomography showing 
no decrease of the thickness of the 
epidermis and no disruption at the basal 
membrane with limited increase of the 
vascularization.

§ In parallel, the tumor response was rapid, 
complete, and durable with a short follow-
up of 5 months



FLASH „boom“

1
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Parameters for FLASH/noFLASH

Montay-Gruel et al. Clin Cancer Res 2020
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Employed facilities

Esplen et al. Phys.Med. Biol. 2020



Multi-energy raster scanning lasts too long for FLASH

§ Synchrotron Cycle > 1 sec , normally 
~ 5-10 sec

§ each energy step requires a new 
cycle

§ However for FLASH
8 Gy with 40 Gy/s 

should by appied in  t < 200 ms

ð the normal multi-layer raster 
scanning 
for 3D conformal irradiation
does not work 

(neither for proton cyclotron, IBA, 
VARIAN …)

ðbig  issue  for FLASH in particle 
therapy

Particle beam scanning and FLASH

Durante et al., Nat. Rev. Phys. 2021



Transmission beam technique
• Using 244 MeV proton transmission beam (VARIAN proton machine)
• Penetration of the whole patient with the beam

(stereotactic lung irradiation)

van Marlen  et al.,  Int J Radiat
Oncol Biol Phys 2020

Issues:

• Not conformal as IMPT  
(scanning)

• SOBP advantage lost
• Higher integral Dose
• Many fields and           

long irradiation time for 
the treatment

However:

Clinical study started 
Treatment of symptomatic 
Bone Metastases
Cincinnati Proton Centre



Beam application with 3D Range 
Modulators:
Single-energy Irradiation

Example for a 
spherical target volume, 
5cm diameter, 
12C,  E=400  MeV/u

(FLUKA simulation)

Central axis Dose profile Central axis Dose profile 

Scanning needed

Simeonov et al., Z. Med. Phys. 2020



FLASH with C-ions - 2019



-HIT ≈ 5×108 ions per spill 
ð 8 Gy |  50 Gy/s   for 10 × 10 mm2

-GSI > 5× 109 ions per spill (reliable)
ð 18 Gy | 100 Gy/s   for 20 × 20 mm2

vacuum 
window

beam 
monitors

( He-CO2 filled )

ripple
filter

range 
shifter

absorber

mice holder box
for thorax irrad.
(with inlet for 
anesthetic gas)

3D printed 
range 
modulator

Scanned ion beam

D= 18 Gy

C-ion FLASH

Tinganelli et al., Int. J. Radiat. Oncol. Biol. Phys. 2021
Weber et al., Med. Phys. 2021



Preliminary results

Skin exfoliation in: 
4/6 animals irradiated with conventional
1/7 animal irradiated with FLASH  



Lung Metastasis form limb osteosarcoma
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Durante et al., Radiother. Oncol., submitted
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Bragg peak in particle therapy

Durante, Br. J. Cancer 2019

X-rays Protons



Durante & Flanz, Semin. Oncol. 2019

Total margins ∼ 1 cm compared 
to a proton penumbra ∼ 2 mm

Range uncertainty jeopardizes the Bragg peak precision

Verellen et al., Nat. Rev. Cancer. 2007



In-situ range verification with PET
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The FAIR program on RIB-PET



Radioactive Ion Beams (RIB) for simultaneous treatment and range verification

• Improved count rate (one order of magnitude larger than 
for stable ions)

• Improved correlation between activity and dose

• Reduced washout blur thanks to short lived isotopes

Hampered by the low intensities achievable

RIB therapy is now revived thanks to the construction of 
therapy compatible high-intensity accelerators.

e.g. FAIR Phase 0 at GSI (Darmstadt, Germany)

Boscolo et al., Front. Oncol. 2021

www.gsi.de/BARB

www.gsi.de/BARB



BARB: first experimental tests in June 2021

Isotopes: 10C 11C 12C
Half-life (min): 0.322 20.36 stable
Intensities: ~106 pp/s ~107 pp/s ~108 pp/s

Energy: ~270 MeV/u and ~135 MeV/u
Imaging phantoms: PE and PMMA
FRS ion optical modes Monochromatic and achromatic

PET image

BEAM
11C beam, 
257 MeV/u
Monochromatic mode



FAIR-phase-0 2021 - BARB: commissioning of the FRS-Cave M 
beamline and test of the new g-PET detector

PET image



Mini- or microbeam radiotherapy





Conclusions

§ FAIR and other new accelerators (e.g. NICA, RAON, 
SPIRAL2, ELI…) offer new opportunities for biomedical 
research

§ Both high energy and high intensity can have important 
applications in different fields such as space radiation 
protection and particle therapy

§ Space radiation research is urgently needed to allow a 
safe exploration of the solar system

§ High intensity (FLASH, RIB, minibeams,…) can provide 
breakthrough in particle therapy

§ The Biophysics Collaboration at FAIR is open to 
contributions, ideas, proposals from the whole scientific 
community
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Thanks you very much!

www.gsi.de/biophysik
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Thank you!
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