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“A#beam#of#par,cles#is#a#very#useful#tool...”#
!Accelerators+for+Americas+Future+

Report,+pp.+4,+DoE,+USA,+2011+

~30,000+accelerators+in+the+world+

(not+including+CRT+televisions…)+

Radiotherapy+accelerators+

Ion+implanters,+surface+&+bulk+modificaPon+

Industrial+processing+and+research+

Low+energy+accelerators+for+research+

Medical+radioisotope+producPon+

Synchrotron+light+sources+

High+energy+accelerators+for+research+(E>1GeV)+





Outline

1. Particle physics: colliders? 

2. Medical applications & requirements 

3. High power proton drivers 

4. Cost-effective accelerators



There are many types of accelerators. 
Why choose an FFA?



Well, we already saw advantages:



Some challenges for future accelerators

High power Reliable

Rapid 
acceleration

Cheap

Flexible

Muon beams
Unstable nuclei

Hadron accelerators aren’t 
known for being cheap

Neutrons, muons,  ADS Medical,  ADS Is industry limited by 
existing technology?



Brout-Englert-Higgs
4th July 2012…



1. What’s after the Higgs?

Image from nature.com, 2012. NB. nowadays the FCC is being studied not LEP3 

http://nature.com


‘Livingston plot’

Image: http://www.slac.stanford.edu/pubs/beamline/27/1/27-1-panofsky.pdf

M. Stanley Livingston:

advances in accelerator technology 
increase in energy record by a factor 
of 10 every six years.
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Muon accelerators
• Why muons?

mµ =

mµ = 105.6 me = 0.511

P ∝γ 4

2004 = 1.6 ×109

Synchrotron radiation power



Muon accelerators
Muon collider 

• Energy frontier: 

• Using a point particle means all energy goes into collision 

• Strong coupling to Higgs 

• But: 

• They are tertiary particles 

• Large beams (large energy spread & emittance) 

•  Short lifetime (2.2 usec)

p→ π → µ +νµ
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Share same complex 

ν Factory Goal:  
O(1021) µ/year  

within the accelerator  
acceptance 

Neutrino)Factory)(NuMAX))

Muon)Collider)(Muon)Accelerator)Staging)Study))

µACollider Goals:  
126 GeV   

~14,000 Higgs/yr 
Multi-TeV    

Lumi > 1034cm-2s-1 
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What are the steps…?

Image: from the US muon accelerator programme website



Comparison & challenges

Table from J. S. Berg, FFAG’14



Medical Applications



Medical applications

• Isotope production 

• BNCT 

• Proton therapy



Radioisotope Production

Isotopes used for PET, 
SPECT (gamma) and 
Brachytherapy etc… 

using p, d, 3He, 4He beams  

p, d, 3He, 4He beams  



Radioisotope Production
Accelerators (compact cyclotrons or 
linacs) are used to produce radio-
isotopes for medical imaging. 

7-11MeV protons for short-lived 
isotopes for imaging 

70-100MeV or higher for longer lived 
isotopes

Positron emission tomography 
(PET) uses Fluorine-18, half 
life of ~110 min 



BNCT -Boron Neutron Capture 
Therapy

• Deliver Boron-10 to target area 
• Irradiate with source of neutrons 
• Forms Boron-10 
• Releases prompt radiation (alpha, 

Li) to destroy cells

10B + nth → [11B] *→ α + 7Li + 2.31 MeV

Large neutron flux 
> 1x10E09 n/cm2/sec at patient

Idea:  
use energy 
recovery system

ERIT at KURRI (See. Mori, hadron.kek.jp/FFAG/FFAG05_HP/material/7th/FFAG-ERIT.pdf 

https://en.wikipedia.org/wiki/MeV
http://hadron.kek.jp/FFAG/FFAG05_HP/material/7th/FFAG-ERIT.pdf


Linac&

Foil&to&produce&x1rays&

Collima6on&system&

X1ray&radiotherapy&

Image:&copyright&Varian&medical&systems&

Cancer treatment

Radiation is used in around 
50% of all treatment cases



Can$we$only$use$X-rays?$
Dose$

Proton$

Pro
ton
$

The$Bragg$Peak$



Energy loss in materials

High speed -> small energy loss
Low speed -> high energy loss



Hadron Therapy

Greater dose where needed 
Less morbidity for healthy tissue 

Less damage to vital organs



Hadron therapy facilities

http://www.ptcog.ch/index.php/facilities-in-operation 

http://www.ptcog.ch/index.php/facilities-in-operation


Another type of accelerator?
‘Modern’ Proton/ion therapy has seemingly 
conflicting requirements for the accelerator:

Rapid variable energy

Easy to operate & reliable Precision required

Large range of energies

Relatively low intensity Variation of intensity required

Size & cost Ability to deliver best treatment



• Additional challenges still to be met:

Another type of accelerator?

How can we make smaller/
lighter/cheaper gantries?

Image: GSI Heidelberg

High intensity, compact 
sources for radioisotope 

production

• Particle species variation 
• Online proton radiography



High Power Applications

• ADSR 

• (Isotope production - already covered) 

• Space charge issues



Neutron Sources

‘Neutrons tell you where atoms are and what atoms do’ 

(Wish Diffraction Animation)

https://player.vimeo.com/video/12555378



ISIS#Accelerators#and#Targets#

• #H2#ion#source#(17#kV)#
• #665#kV#H2#RFQ#
• #70#MeV#H2#linac#
• #800#MeV#proton#synchrotron#
• #Extracted#proton#beam#lines#
• #Targets#
• #Moderators#

Pulsed#beam#of#800#MeV#
(84%#speed#of#light)#protons#
at#50#Hz#
Average#beam#current#
is#230#muA#(2.9×#1013#ppp)#
#
184#kW#on#target#(148#kW#to#
TS21#at#40#pps,#36#kW#to#TS22#at#
10#pps).#



Calcula&ng)beam)power)

Power)=)Work/&me)

)

Work)=)force)x)distance)

)

Force)on)par&cle)in)an)electric)field))

)

We)know)the)electric)field)is)(voltage/distance))and)the)

protons)(charge)+1))have)gained)800)MeV,)so)V=800MV.)

)

Also)know)current)=)charge/&me)

)

P = W
T

W = Fd

F = qE

P = 800[MV ]× 230[µA]= 184[kW ]



ADS$systems$

Thorium$

Transmuta2on$of$nuclear$waste$isotopes$or$energy$genera2on$

Major$challenges$for$accelerator$
technology$in$terms$of$beam$power$
(>10MW)$and$reliability$

Another possibility: muon transmutation, see Y. Mori, FFAG’14



4. Cost effective 
accelerators?



Electron)beam)processing)
In)the)US,)poten6al)markets)for)
industrial)electron)beams)total)
$50)billion)per)year.)
)
33%)Wire)cable)tubing)
32%)Ink)curing)
17%)shrink)film)
7%)service)
5%)6res)
6%)other)

When)polymers)are)crossIlinked,)can)become:))
•  stable)against)heat,))
•  increased)tensile)strength,)resistance)to)cracking))
•  heat)shrinking)proper6es)etc))

hKp://rsccnuclearcable.com/capabili6es.htm)



Food$irradia(on$

In$the$US$all$irradiated$
foods$have$this$symbol$

‘Cold$pasteurisa(on’$or$‘electronic$
pasteurisa(on’$$
Uses$electrons$(from$an$accelerator)$or$X@rays$
produced$using$an$accelerator.$
$
The$words$‘irradiated’$or$‘treated$with$ionising$
radia(on’$must$appear$on$the$label$packaging.$
$
$
$
Foods$authorised$for$irradia(on$in$the$EU:$
$

Lower$dose$ Higher$dose$



Other&uses&in&industry…&
Hardening&surfaces&of&ar4ficial&joints&

Removal&of&NOx&and&SOx&from&flue&gas&emissions&
Scratch&resistant&furniture&

&

Irradia4ng&topaz&and&other&gems&with&
electron&beams&to&change&the&colour&
&

Trea4ng&waste&water&or&sewage&
Purifying&drinking&water&



Cargo&scanning&

Image&source:&Varian&medical&systems&

Cargo&containers&scanned&at&
ports&and&border&crossings&
&
Accelerator8based&sources&of&X8
Rays&can&be&far&more&penetra<ng&
(6MV)&than&Co860&sources.&
&
Container&must&be&scanned&in&30&
seconds.&&

Image:&dutch.euro&



For FFAs, potential applications include: 

• Proton drivers (ADSR, neutrons) 

• Boron Neutron Capture Therapy 

• Proton/carbon therapy & isotope production 

• Emittance/Energy Recovery with Internal Target 
(ERIT) 

•  Return arcs on recirculating linac… FEL/other 

• Muon or neutrino factory source 

• + many more…



– Accelerators for Americas Future Report, pp. 4, DoE, USA, 2011 

“A beam of the right particles with the right energy at the right 
intensity can shrink a tumor, produce cleaner energy, spot 
suspicious cargo, make a better radial tire, clean up dirty 
drinking water, map a protein, study a nuclear explosion, 
design a new drug, make a heat-resistant automotive cable, 
diagnose a disease, reduce nuclear waste, detect an art 
forgery, implant ions in a semiconductor, prospect for oil, date 
an archaeological find, package a Thanksgiving turkey or… 
discover the secrets of the universe.”


