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Therapy accelerators

LOW power LOW energy
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Swept frequency cyclotrons

1980's Design studies confrm 1/B3 scaling of  SC cyclotrons, 
but leave synchrocyclotrons (swept RF frequency) out of reach.

ACCEL Superconducting COMET (below): 80 tons, 3 m dia.
250 MeV protons with markedly better extraction efciency
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Rapid Cycling Medical Synchrotron

Racetrack design
2 super-periods
Strong focusing minimizes 

the beam size
FODO/combined function 

mags with edge focusing
2x7.6m straight sections, 

zero dispersion, tune 
quads

Working tunes: 3.38, 3.36

Compact footprint
Circumference: 27.8 m
Area: 37 sq m
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Required rep rates?

What rates do current “point-and-shoot” slow 
extraction facilities deliver?

PSI 50 Hz (Med. Phys. 31 (11) Nov 2004)
20 to 4,500 ml per treatment volume
1 to 4 felds per plan 
200 to 45,000 Bragg peaks per feld
3,000 Bragg peaks per minute
few seconds to 20 minutes per feld

MDACC ~70 Hz (PTCOG 42, Al Smith, 2005)
10x10x10 cm tumor treated in 71 seconds
22 layers, 5,000 voxels
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Clinical requirements

Easy to operate
– environment is very diferent from a national lab

Overall reliability of 95%
– accelerator reliability greater than 99%

Penetration depth
– 250 MeV protons penetrate 38 cm in water
– carbon equivalent is 410 MeV/u - 2.6 times the rigidity

Dose rate
– deliver daily dose of 2 Grays (J/kg) in 1 or 2 minutes
– 1 liter tumor needs (only) ~ 0.02 W  very low power!
– need x10 or x100 with degraders & passive scattering
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Thorium Energy Amplifers

ThorEA!
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Global interest
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Protons injected into a target generate neutrons into a 
subcritical core which “burns”, creating heat & electricity.

Power generation ceases quickly when the beam stops

Inherent safety at the cost of ultra-high reliability!

Energy amplifer basics

Neutron multiplication
factor typically k = 0.98

Accelerator

NeutronsProtons

Reactor core

Spallation 
target

Grid

Energy
extraction
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World Thorium Resources

Country
Australia
India
USA
Norway
Canada
South Africa
Brazil
Other countries
World total

Reserve Base 
(tons)

340,000
300,000
300,000
180,000
100,000
39,000
18,000

100,000
1,400,000

Source: U.S. Geological Survey, Mineral 
Commodity Summaries, January 2008

Sustainable

Known Thorium reserves are more than sufcient for 
centuries of signifcant power production.

More will be found – Thorium has been of little interest.  

India, Australia, Canada, U.S., 
Norway have lots.

Strong interest/activity in 
Australia, China, EU, India, 
Norway-UK.

Exploding global interest will 
soon include North America?
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Thorium Energy Amplifers (possibly) enable a method 
of nuclear power generation that avoids the problems of:

Critical accidents.  Not possible (AND) turn beam of.

Long-lived waste.  The modest amount of “true waste” has 
only to be stored for some 300 years, not millions.

Plutonium stockpiles.  Transmutation of conventional 
reactor waste includes plutonium - “negative waste”.

Fuel inventory.  Re-fueling only every 5 to 10 years enables 
easy central management & monitoring of many reactors.  

Proliferation. The fuel mixture cannot be used for nuclear 
weapons – neither unburnt nor after the burn cycle.

ThorEA
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http://www.thorea.org
“The need to avert climate change 
through reducing our use of fossil 
fuels is now acknowledged to be 
of paramount importance. Nuclear 
power is a zero carbon energy 
source, but the Uranium-
Plutonium fuel cycle in current 
use suffers from problems around 
safety, waste disposal, and 
weapons proliferation. Problems 
of public acceptance persist.”

“Thorium-fueled subcritical 
reactors driven by accelerators 
(Thorium Energy Amplifiers) do 
not have the drawbacks of 
conventional nuclear power, and 
can provide safe, clean, carbon-
free power that will satisfy the 
world’s energy needs for tens of 
thousands of years without the 
danger of weapons proliferation, 
or the need to dispose of long-
lived waste. Thorium EAs have 
the additional benefit that they 
can use the waste from other 
reactors as fuel.”
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ThorEA accelerators

HIGH power LOW energy
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What beam energy?

Above ~1 GeV neutron fux is proportional to beam power

(Depends somewhat on the target & moderator design)
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What beam power?

Full scale electricity plant needs (eg) 1 GW thermal
– if criticality factor k = 0.985, then gain G = 200
– required beam power = 5 MW

Medium scale demonstrator only needs (eg) 
– k = 0.94, G = 50, 
– thermal power = 10 MW, beam power = 200 kW
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Demonstration – SBVR75 submarine reactor?
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4 accelerator technologies

Some truths seem self-evident ..... ??

SRF linac cost estimate > $1B or 1 B Euro !!
SNS reliability is 80% : multiply by availability!
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KURRI

“Study neutron production”

3 stage FFAG, 120Hz

0.1 – 2.5 MeV

2.5 – 20 MeV

20 – 150 MeV (?)

Current ~1 nA

Beam power ~0.15 W

Therapy?

EMMA & PAMELA

FFAGs
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Synchrotron space charge

Laslett space 
charge tune shift 

parameter

Injection energy: 
maximize, eg  

DTL: ~200 MeV

Extraction 
energy: 1 

GeV or more

Rep rate! 
Want ~kHz

Space charge limits injected intensity, output beam power

Rapid Cycling (RCS) technology has been with us for more 
than 40 years – before “real” control systems.

FNAL 15 Hz, Cornell 60 Hz, DESY 50 Hz, KEK 50 Hz, RAL 
50 Hz, (transformers 50/60 Hz), ...
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Critics claim that accelerators:
– are not reliable enough
– don't have the performance at a reasonable cost

Very likely they are wrong.
– How to prove it without making extravagant promises?

What accelerator R&D?

What demonstration stages?

How to answer the critics?
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Common RF challenges:

Therapy OR Thorium
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FFAGs & RCSs face a similar need for fast RF with 

~1 kHZ rep rates, especially (but not only) with
~1 GeV high power thorEA implementations:

~ 10 times more RF volts
~ 10 times faster df/dt

7 MeV to 250 MeV: factor of 5.1 freq swing
100 MeV to 1 GeV: factor of 2.0
200 MeV to 1 GeV: factor of 1.5

FFAGs frequency swing somewhat ameliorated?

Fast RF challenges
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Voltage requirement

700 kV solution not yet demonstrated … !

… but plausible given enough space(?)
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Biased ferrite (RCMS)

RCMS cavity design is ready 
for early prototyping

Ferrites procured and tested 
for large frequency swing
– 1.3-6.6 MHz
– 60 Hz is aggressive but 

feasible

60 Hz requires two cavities
– Expected voltage limit 

is about 6-7 kV/cavity
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Barrier buckets (AGS) 
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Linnecar: “Our cavities are about 16 m long and can work in fixed 
frequency operation for a beta swing of about 10%.”

“Reducing the length, and .... voltage (at the moment .... 2 MV), by a factor 
10 should allow the beta or frequency swing to reach ~ 1.5.”

“For a 1 GeV top kinetic energy 
[and] 200 MeV injection the swing is 
1.54 and for 100 MeV it’s 2.04.” 

“So .... [wave packet] operation is 
not excluded!”

“Traditional ferrite tuners can also 
do this readily – but can they be 
persuaded to do it at 600 Hz?” 

”Wave packet” (SPS) 
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Very Rapid Cycling Synchrotrons 
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Bipolar injection + “Wilsons” magnet

Cornell synchrotron (60 Hz) & FNAL booster (15 Hz) use 
the same combined function magnet, with “no” beam pipe. 

Bi-polar injection gives redundancy & doubles the frequency

Wilson magnet 
8.5 x 11 inches
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Multiple redundancy

Eg, use 3 or 4 accelerators 
per reactor core?

1st is down for maintenance, 
2nd fails, 3rd & 4th keep on ...

Need inexpensive unit cost

Single points of failure?

PS Booster: 1.4 GeV, ~1 Hz

1.6 kJ per cycle per ring!

Factor of 4 in rep rate!?
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As well as RF, a VRCS also must worry about

   1. eddy currents: beam pipe, magnet iron & copper
   2. high voltages in driving magnets that fast.

Four 60 Hz “Wilson” magnet rings with bipolar 
injection and extraction take the rep rate up to 

4 x 2 x 60 Hz = 480 Hz

Beyond 1 kHz: direct-wind iron-free bent active 
shielding SC combined function magnets?

Eddy currents
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Direct wind iron-free magnets

ALPHA octupole 
for anti-proton 
cooling experiment 
at CERN.

Very fast turn on 
(half-cycle?)!

ILC prototype IR 
quadrupole QD0, 
with concentric 
corrector layers.  
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Combined Function 3.5 T direct wind magnet
 for a Carbon gantry
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What next?
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May 4–6, Vienna: IAEA meeting, with reps from China & India.

Sept, Chicago area:  FNAL & ANL joint workshop on ADS.  
Some involvement of the BNL non-proliferation folk?
 
Sept++, DC area:  DoE Nuclear Engineering ThorEA workshop.

October, DC area: DoE Science workshop (2, phased).  What 
does it mean, “OHEP is the steward of accelerator R&D"?

ThorEA stakeholders: DoE Science, DoE NE, NE 
departments, NE industry, National labs, Universities, AR+D, .....

Upcoming ThorEA events
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Chu ... plans to appoint a blue ribbon panel to develop a comprehensive 
plan to deal with nuclear waste ... DOE will begin a “vigorous research 
and development program” to determine how to reduce the proliferation 
risk associated with the recycling of nuclear waste.  Chu [said that] "We 
are trying to ... restart the American nuclear industry again."

AIP Bulletin of Science Policy News, Number 50: April 29 2009

“ARPA-E applicants are required to submit a concept paper as the fi rst 
step ... Only after notifi cation from ARPA-E on the concept paper will the 
applicant be permitted to submit a full application.”

“Submission of concept papers begins May 12, 2009 [until] 2 June 2009.”

“... funding for the FFRDC [eg BNL, FNAL] portion of the work will not 
be included in the ARPA-E award, and instead will have to come through 
the “DOE fi eld work proposal system.” 

DOE & ARPA-E
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0) Develop a loosely co-ordinated global plan, in broad agreement 
with ThorEA (target/moderator/core) & therapy folk.

1) Early hardware prototyping without beam, eg fast RF & magnets

2) Low power acceleration, with minimum complexity.  

3) Demonstrate & develop reliability.  Increase power.

4) Medium power integrated tests (eg SBVR75)

5) Full power electricity production ....

ThorEA (accelerator) stages
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Summary
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ThorEA: more haste, less speed

Fusion promised too much too soon!  Don't!

A prominent early failure would cause lasting harm

Aim low, succeed with ease, look good, move on!



Lake Geneva WI, May 13 2009 40S. Peggs 

1) FFAGs &/or VRCSs may eventually provide excellent low and high 
power proton performance – power, reliability & availability at 
reasonable cost – for Therapy, ThorEA, HEP, .....

2) Fundamental accelerator R&D topics are fast magnets (eg VRCS) 
and fast RF (eg FFAG & VRCS).

3) Collaborate with ThorEA, first with zero or low power 
demonstrations, only then with medium power prototyping. 

4) Leave GW electricity production until later.  

5) Don't promise too much too soon!

Summary: Accelerator R&D



Lake Geneva WI, May 13 2009 41S. Peggs 

There is only one boat!

Easily said:

No destructive war between competing designs

Share R&D on common challenges, eg RF
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