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“Laser-based high-energy proton/ion sources hold promise for 

a cost-effective approach to implementing particle cancer therapy. Irradiation of 

nanometer-thin diamond-like carbon (DLC) foils with ultrahigh-contrast multi-terawatt 

lasers  results in highly enhanced proton yields and promise scalability to the energy 

range relevant for cancer treatment. We pursue the development of 

such a source and explore its suitability for future clinical 

applications.” 
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~100 m 

1929: Cyclotron 

1946: Idea (R.R.Wilson) 

1952: Synchrotron (Protons) 

1990: ESR @ GSI, Darmstadt 

1997: 1st Patient treatment 

2009: Clinical operation HIT 

 

 

Perfectly controlled 

Mono-energetic 

Protons with 200 MeV and  

Carbon ions with 400MeV/u 

Prof. K. Parodi 
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Many people have studied laser-electron 

acceleration 

 

Bubble Acceleration (Pukhov) 

2002 

 

First experimental observation 

2004 

 

Control and manipulation 

2009 

 

first application of electrons (and X-rays) 

2010 

Electron Acceleration/Xrays Ion Acceleration 

(Not quiet as) Many people have studied 

laser-ion acceleration (Plasma Expansion) 

2000: 60 MeV 

 

 

 

 

 

120 MeV protons/1 GeV carbons (2012) 

D. Jung PhD-thesis 

2012 

Courtesy S. Karsch/F. Pfeiffer 

Snavely, PRL (2000) 
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Picture from: A laser-driven nanosecond 

proton source for radiobiological studies 

J. Bin et al., Appl. Phys. Lett. 101, 243701 

(2012) 

Kyoto (2009), Dresden (2010), Kyoto 

(2011), Belfast (2012), Garching (2012)  
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• radiate 2-7 Gy (“lethal”) dose in one single ns pulse 

• dose response curve from a single shot 

• low laser energy (400 mJ, in principle 10 Hz) 

• low background radiation 

• thick foils: few microSv / shot 

• DLC: 1-2 microSv / 50 shot 

cells 
focus 
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Backscatter diagnostics 

FROG 

vWASP 

mm 

mrad 
1020 W/cm2 

1020 W/cm² 

few µm spot 

few 10 fs 
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Electrons become relativistic at 1018 W/cm2 

(and can furtheron be accelerated to high 

energies (GeV) in a plasma wake-field). 

 

Ions become relativistic at 1024 W/cm2 

which is beyond our capabilities (and will be 

for a while). 

 

Moreover, for therapy non-relativistic ions 

are required. 
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Daido, Nishiuchi, Pirozhkov, RPP 75, 056401 (2012) Review of laser-

driven ion sources and their applications 

Plasma expansion / Target Normal Sheath Acceleration (TNSA) 

 

 

 

A. Macchi, M. Borghesi, M. Passoni, Rev. Mod. Phys. 85, 751–793 (2013)  Ion 

acceleration by superintense laser-plasma interaction 
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Daido, Nishiuchi, Pirozhkov, RPP 75, 056401 (2012) Review of laser-

driven ion sources and their applications 

Plasma expansion / Target Normal Sheath Acceleration (TNSA) 

 

 

 

 

“Slow down laser” 

Hole-boring/shock acceleration/BOA, 

relativistic transparency 

A. Macchi, M. Borghesi, M. Passoni, Rev. Mod. Phys. 85, 751–793 (2013)  Ion 

acceleration by superintense laser-plasma interaction 
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Daido, Nishiuchi, Pirozhkov, RPP 75, 056401 (2012) Review of laser-

driven ion sources and their applications 

Plasma expansion / Target Normal Sheath Acceleration (TNSA) 

 

 

 

 

“Slow down laser” 

Hole-boring/shock acceleration/BOA, 

relativistic transparency 

 

 

 

 

Radiation Pressure Acceleration 

 

A. Macchi, M. Borghesi, M. Passoni, Rev. Mod. Phys. 85, 751–793 (2013)  Ion 

acceleration by superintense laser-plasma interaction 
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Daido, Nishiuchi, Pirozhkov, RPP 75, 056401 (2012) Review of laser-

driven ion sources and their applications 

A. Macchi, M. Borghesi, M. Passoni, Rev. Mod. Phys. 85, 751–793 (2013)  Ion 

acceleration by superintense laser-plasma interaction 

Plasma expansion / Target Normal Sheath Acceleration (TNSA) 

 

 

 

 

Hole-boring/shock acceleration/BOA, 

relativistic transparency 

 

 

 

 

Radiation Pressure Acceleration 

 

Optimised for thin targets such that the  

radiation pressure force (IL/c) equals the Coulomb attraction ~(Ne/A)² 

 

a0 = n/nc·d/l 

 

It is also the condition required to remove all electrons from the focal 

volume, Schreiber PhD (2006) 
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TNSA 

RPA 

0.1 
1 

Laser energy [J] 

  

  

Ideal TNSA Schreiber et al., PRL (2006) 

Ideal RPA Simmons et al. Am J Phys (1993) 

RPA simulations 

Experiment (Protons/Carbon) 
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DLC Nanofoils Carbon Nanotubes 

Nano-spheres Structured/Masslimited Nano-targets 
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μm thick 

nm thin 

J. Bin et al., On the small divergence of laser-driven ion beams from 

nanometer thick foils, Physics of Plasmas 20, 073113 (2013) 

ATLAS @ MPQ, 0.5 J, 30 fs 



Freestanding ultrathin 

carbon nanotube foam 
CNT foam on DLC foil 

ρ= 13~30 mg/cm3  

ne/nc =2~5 
d= 0.2~20 μm 

Density: 

Thickness: 
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CNT foam + DLC 

C6+ 

d
N

/d
E

/m
s
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Astra Gemini (CLF, QUB, IC, LMU) 

Relativistic plasma optics enabled by near-critical density 

nanostructured material, J.Bin et al. 

arXiv:1402.4301v1 
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1.8 micron sphere in Paultrap 

Experiments at various facilities: 

• MBI,Berlin: 1 J in 30 fs 

• GSI, Darmstadt: 200 J in 500 fs 

• Texas PW, Austin: 80 J in 150 fs 

Schwörer et al., Nature 439, 441 (2006) 
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Angular direction (appr. ±10°) 
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CR39 plates (5x5cm²) 
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Combine small (narrow energy spread) and 

thin (higher energy), e.g. graphene 

nanoplatelets 

v / c = (1+R)·EL / Mc2 

Carbon disc with 1 mm diameter and 5 

nm thickness (10-17kg, Mc2=1J) 

Photo courtesy The Planetary Society  

JFL Simmons et al, Am J Phys 1993 (Marx Nat 1966 ) 

5x1013km=300,000 AU (Proxima Centauri) 

http://www.howstuffworks.com/framed.htm?parent=solar-sail.htm&url=http://www.planetary.org
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LEX 

EL~6J 

20-30 MeV/u CALA 

EL~60J 

>100 MeV/u Hz-repetition rate ion-source 

employing nano-targets 
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Relevant energies have been demonstrated, 

laser systems that enable applications 

(repetition rate) come online. 

 

Mature technology needed (Automation, 

Beam-transport, detectors, Reliability, 

repetition rate, targets) 

 

“Compactness” will depend on the required 

laser energy and the laser technology that is 

available in the future (fibre lasers?) 

 

Harvesting complementary features, 

nanosecond pulsed, mixed ion species, 

shaped energy distributions, synchronism 

to X-rays, … 
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