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Introduction 

3 Particle therapy – still a growing field…   

Data from www.ptcog.ch, in ref. [1] 

http://www.ptcog.ch/
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Introduction 
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Irradiation 

technique “state 

of  the art”: 

Raster-scanning, 

resp. 

Spot scanning 

method 

 Possible beams 

to be used: 

• “DC” beam 

• c.w. beam 

• Pulsed beams 

with high rep. 

rate (kHz) 

Demanding constraints for all beams: 

Reproducibility of  intensities, position and 
foci within a few percent deviation only! 
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Further developments in the usage of 

synchrotrons for particle therapy: 
a. Upgrading of existing synchrotron-based accelerator 

facilities 

 “Multiple-Energy-Operation” 

b. Shrinking the size using superconductivity 

 gantries, synchrotrons 



Upgrading the synchrotron operation 
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Principle idea by HIMAC, Japan of  squeezing out the synchrotron 

based PT method: „Multiple-Energy Operation“ 

Predefined patterns of  

multiple extraction energies 

within one synchrotron cycle! 

 

Energy change within ~100 ms 

…but all energy steps have 

to be passed! 

See ref. [2, 3] 



“Multiple-Energy Operation” by HIT 
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The HIT approach of  „Multiple-Energy Operation“ aims at a selective 

choice of  energies (#1, #2, #3, …), directly linked to the individual 

patient treatment plans. Irradiation time may shrink by around 50%! 

IES #1 
IES #2 

IES #3 
   B 
Dipole 

t 

t 

IES #1 
IES #2 

IES #3    B 
Dipole 



Upgrading the synchrotron operation 
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First steps in the development of  the “multiple-energy-operation” project 

at HIT are underway: 

 Prototype implementation for two-energy-operation (possible 

within the given HIT-ACS framework of  today) is almost finished for 

the synchrotron and the HEBT.  

 First beam tests were done in Q4/2016; example: E#1 << E#2 

( more results will be presented at IPAC 2017) 

 Demanding task now: Design of  a “next generation control system” 

1. Acc.    1. Extr.      2. Acc.       2. Extr. 



Shrinking the size using superconductivity 
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First gantry prototype 

with superconducting 

magnets for carbon 

ion beams at HIMAC 

(commissioning in 

2016) 

 

Reduced size and 

weight in contrast to 

normal conducting 

version at HIT (below) 

TOSHIBA is now working on a 2nd 

commercial version with 4 – 5 T 

magnets instead of  3.2 T (HIMAC) 

See ref. [5] 



Shrinking the size using superconductivity 

12 See ref. [4], 2012 



Shrinking the size using superconductivity 
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See ref. [3, 6] 

Super MINIMAC, 

advanced NIRS-

Design, max. 5T, 

Circumference: 20m 

 Challenge: Fast 

ramping, curved 

superconducting 

dipoles 

 

“…we expect that 

within 10 years we 

can produce a CIRT 

setup that fits within 

20 square meters…” 

(T. Kamada, 2015) 



Shrinking the size using superconductivity 
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See ref. [7], 2016 
(*) Actual value: 

dB/dt=0.038 T/s 

(HIMAC-Gantry magnets) 

(*) 
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Particle therapy and imaging – combining 

proton/ion beams with MRI 
 



Combining proton/ion beams with MRI 
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Motivation (ref. [8]): 

• “Seeing what you treat”  Online diagnostics would be 

favorable 

• CT is almost standard today, but MRI causes no further 

radiation dose (especially important in pediatric treatments!) 

• Tumor shrinkage during therapy – avoidance of  errors in 

adapted dose  

allocation 

 

 

• MR-Linac Systems 

(photons) are 

currently 

being introduced 

in radiotherapy 



Combining proton/ion beams with MRI 
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Furthermore: 

Doctors normally use 

large margins around 

the tumor volume 

because of  possible 

range uncertainties, 

movement of  the tumor 

along the irradiation, 

etc.   Better 

diagnostics is 

necessary to shrink 

these margins! 

See ref. [9] 

A 6.5 mm thick margin (peel) consists 

of  the same volume as a 5 cm diameter 

target (orange). 



Combining proton/ion beams with MRI 
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MRI devices have complex magnetic 

fields, which would interact with 

proton/ion beams – compensation? 

See ref. [10] 
Possible arrangements of  MRI 

device vs. beam direction 

Inline 

Perpen-

dicular 



Combining proton/ion beams with MRI 
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In case of  a 

parallel 

particle 

source (PPS) 

the MRI 

device causes 

(complex) 

distortions 

and 

deflections of  

the beam! 

See ref. [10] 



Combining proton/ion beams with MRI 
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In case of  a  

Diverging point 

source (DPS), 

e.g. a raster 

scanning 

system, similar 

(complex) 

distortions and 

deflections of  

the beam 

occur! 

See ref. [10] 

Furthermore: Effects on secondary particles 

have to be taken into account!  
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Future concepts: Laser-driven 

acceleration of protons and (light) ions 



Laser-driven acceleration of protons/ions 
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There are different acceleration 

techniques under investigation today 

for particle therapy (e.g. DWA, 

FFAG), but the largest interest as 

well as R&D and possible potential 

seems to be in the field of  “Laser-

Driven Acceleration”, some hints: 

• Large community 

• High amount of  publications from 

laser physicists up to biophysics 

related researchers 

• Development of  Tera-/Peta-Watt 

lasers in industry is still advancing 

• Some (new) facilities: DRACO, 

Dresden; SCAPA, Glasgow; 

ELI(MED), Prague; … 

 
See ref. [11] 



Laser-driven acceleration of protons/ions 
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Vision of  a compact PT facility based on a “High Power Laser” 

See ref. [12], 2009 



Laser-driven acceleration of protons/ions 
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What is reached so far? Actual results for protons  energy 

See ref. [13], 2016 



Laser-driven acceleration of protons/ions 
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“Using laser pulses with high temporal contrast and an intensity 

of  the order of  1020 W/cm2 we observe proton beams with cutoff  

energies in excess of  85 MeV and particle numbers of  109 in an 

energy bin of  1 MeV around this maximum.” 

See ref. [14], 2016 



Laser-driven acceleration of protons/ions 
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Further developments: 

 

Other target scenarios under investigation besides 

“target normal sheath acceleration (TNSA)”: 

• laser breakout afterburner (BOA) 

• radiation pressure acceleration (RPA) 

• Collisionless Shock Acceleration (CSA) 

 

 Aim: Reduction of  energy  

spectrum of  produced 

protons/ions up to mono- 

energetic particles! 

 

See ref. [15], 2012 



Laser-driven acceleration of protons/ions 
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Project started in 2008/2012: 

150 TW Ti:Saphir Laser DRACO 

(Dresden laser acceleration source) 

– meanwhile extended  up to 

1 Petawatt 

 

Directly 

besides 

Proton Therapy 

Treatment 

Facility 

Later 

connection 

foreseen 
Courtesy of Stephan Helmbrecht, Oncoray, Dresden 



Laser-driven acceleration of protons/ions 
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Next center in Europe to become operable: SCAPA (Scottish Centre 

for the Application of  Plasma-based Accelerators ) in Glasgow, 

equipped with laser technology from THALES Optronique: 

See ref. [16, 17], 2016 

One research aim: 

Proton and light ion beams of  energy up to 100 MeV/c with 5 Hz 



Laser-driven acceleration of protons/ions 
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ELI, Prague/Research Program 3 

- Particle acceleration by lasers: 
 

The goal of  this research program is 

to develop laser-accelerated, 

versatile sources of  ... protons/ions 

with energies achieving a few GeV. 

A particular goal is the development 

of  repetition rate proton/ion quasi-

monochromatic sources with energy 

typically between 60 and 250 MeV. 

This research will be focused on 

improving the stability and quality of  

the generated beams, in terms of  

luminosity, emittance, and the 

energy profile. 

 

Experiment E4: 

ELIMAIA (Multidisciplinary 

Applications of  laser-Ion 

Acceleration) including ELIMED 

See ref. [18], 2017 

Ion Beam Features (PW) Enabling Experiments Flagship Experiments 

Energy range 3-60 MeV/u 3-300 MeV/u 

Ion No./laser shot 
>109  (0.1 nC) 

in 10% BW 

>1010 (1 nC) 

in 10% BW 

Bunch duration 1-10 ns 0.1-10 ns 

Energy spread ±5% ±2.5% 

Divergence ±0.5° ± 0.2° 

Ion Spot Size 0.1-10 mm 0.1-10 mm 

Repetition rate 0.01-1 Hz 0.01-10 Hz 



Summary / Perspectives 

• There is still a lot of  potential for the advancements of  existing 

(cyclotron and) synchrotron based facilities, e.g. usage of  

superconductivity or enhanced “multiple-energy” operation 

modes. 

• In Particle Therapy a view on the whole chain – accelerator, 

irradiation technique, diagnostics – is necessary to lower the 

costs of  such facilities and/or to enhance the functionality, e.g. 

combining proton/ion treatment with MRI. 

• One potential candidate for future particle therapy sources are 

laser driven acceleration schemes, but still a lot of  fundamental 

research is necessary! A closer collaboration of  the laser 

community and the accelerator physicists may help sometimes, 

e.g. in the field of  diagnostics. 
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