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Legacy Proton Therapy Technologies…

… can weight up to 200/300 tonnes

… require expensive bunkering 

… are complex to maintain 

Example: construction of the 102,000 ft2 building 

… Expensive to…

… build

… maintain / run

… de-commission

£190m

£26m p.a

3x cost of installation 

… Leading to a Dearth of Systems

 14,000 x-ray systems in use

 Only 68 particle therapy centres in the 
world

UCLH 

PARTICLE THERAPY CENTER SIZE & COST

TYPES OF ACCELERATORS PRESENTLY USED FOR PARTICLE 
RADIOTHERAPY: CYCLOTRONS

Isochronous cyclotrons

• Cyclotron frequency (typically 25 MHz) determines the RF frequency of
the accelerating cavities (in the typical range 50-100 MHz)

• Extracted bunches have fixed energy - 230-250 MeV for a proton therapy
cyclotron

• Depth (energy) control for radiotherapy treatment is achieved by reduction
of the extracted beam energy using the Energy Selection System (ESS)
from the fixed output energy.

• Absorbers produce substantial losses of protons and concomitant stray
radiation as well as a significant lateral spreading of the beam.

• The time needed to vary the beam energy is dictated by the mechanical
movement of the absorbers and is at minimum 100 milliseconds.

• Isotopes generated by proton induced reaction on iron and nickel have
relatively long half-lives t1/2 and high energy Eg, like for instance 56Fe
54Mn (t1/2 = 312 days, Eg = 0.84 MeV) and 59Ni  60Co (t1/2 = 5.27 years,
Eg = 1.17-1.33 MeV), respectively.

Inventor Yves Jongen with the 
first compact proton therapy 

cyclotron

TYPES OF ACCELERATORS PRESENTLY USED FOR PARTICLE 
RADIOTHERAPY: SYNCHRO-CYCLOTRONS

• Frequency of the accelerating voltage is reduced as protons spiral outward and away from the centre to
compensate for the relativistic effect.

• Proton bunches are extracted in pulses 5-7 microsecond long and at a typical repetition rate in the order of 500
to 1000 Hz.

• Superconducting magnets are used resulting in a more compact machine.

• At present, compact synchro-cyclotrons have been produced and are used in single-room facilities with a
footprint typically less than 400m2.

Mevion
IBA Remaining issues:

• Size
• Cost
• Shielding
• Efficiency
• …

FUTURE CYCLOTRONS

• Trend more to superconducting 
synchro-cyclotrons.

• Development is now concentrating 
on higher field strengths.

• However, additional performance 
in energy changing time is 
needed.

• Superconducting, ironless 
cyclotron with electronically 
controlled magnetic shielding.

• Eliminates the need for energy 
degrading.

Plasma Science and Fusion Center of at the Massachusetts Institute of Technology

Main Field Coils Field Shaping Coils

Field Shielding Coils

TYPES OF ACCELERATORS PRESENTLY USED FOR PARTICLE 
RADIOTHERAPY: SYNCHROTRONS

• As the beam energy increases, the beam revolution frequency and
magnetic field strength increases .

• After millions of turns, the magnetic field is held constant (‘flat-
top’), and the acceleration is stopped when the beam has reached
the energy needed to reach the required depth.

• A quasi-continuous beam can be extracted by “resonant
extraction” over many turns during a long extraction “spill” (1-10
s).

• The magnetic machine “cycle” is completed by a hysteresis ramp
down to below injection energy, for the next cycle to begin.

• At variance with cyclotrons and synchrocyclotrons, the energy of
the particles extracted during a flat-top can be varied

• Energies in the range 380-430 MeV/u are possible with larger
synchrotrons.

• Multiple energy extraction.

Remaining issues:
• Size
• Cost
• Efficiency
• …

The CNAO (Pavia-Italy) synchrotron, 
for protons and Carbon ions.
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LEGACY GANTRIES

• A gantry moves the irradiation
beam about the patient.

• Due to the accurate beam
positioning needed in particle
therapy, high gantry mechanical
rigidity is required.

• Legacy proton gantries have a 
diameter of about ten meters, up to 
250 tons.

• The gantry structure at HIT 
(Heidelberg) is 19 m long, and 
about 15 m in diameter. The total 
weight is 600 tons

GANTRY SCANNING MAGNET POSITION

Infinite SAD

“Parallel Beam”

Infinite SAD

“Divergent Beam”

• Scanning delivery proximal 
optimization can reduce skin 
dose.

• The degree of beam divergence 
from parallelism also depends on 
the applied field size (smaller 
approaches parallelism) and SAD 
(greater approaches parallelism) 
for divergent beams

NEW GANTRIES

• NIRS Superconducting gantry for 430 MeV/u 
Carbon ions

• 10 combined-function superconducting 
magnets with a field of about 3 T

• Total length is 13 meters (about half of the 
length of the HIT gantry), and the weight 
reaches 300 tons (also a factor of two 
compared to the HIT gantry). 

• Toshiba has designed a superconducting Carbon ion gantry with 
5 T bending magnets. 

• The focusing quadrupoles are integrated into the bending 
magnets

• Diameter is about 9 m, significantly smaller than the 13 m 
superconducting gantry and about the same size as a legacy 
proton gantry

Proton gantry
(Aizawa Hospital Proton Therapy Center)

DESIRABLE PARTICLE THERAPY SYSTEM IMPROVEMENTS 

# Characteristic Advantages
1 reduced 

maintenance
lower service contract costs,
greater availability and higher utilization

2 cheaper lower facility investment costs;
3 lighter lower capital and installation costs
4 smaller lower building construction costs
5 reduced shielding lower facility investment costs
6 reduced activation lower decommissioning cost
7 higher energy ion beam radiography and ion beam CT,

penetration through implants and large patients
8 fast energy changes shorter treatment times, 3D rescanning

J.B. Farr, J. Flanz, A. Gerbershagen, M.F. Moyers, “New 
Horizons in Light Ion Beam Treatment Systems," Med. 
Phys., 2018 

THE EMERGENCE OF 
LINEAR ACCELERATORS

LINEAR ACCELERATOR (LINAC)

• Linear accelerators (LINACs) accelerate beams in a straight path 
obviating the need for bending magnets.

• LINAC acceleration is provided by a single pass of the charged 
particle through a series of radiofrequency (rf) cavities.

• Klystrons produce an axial, linear accelerating gradient.

• Commercially available combinations of S-band rf modulators and 
klystrons are available providing repetition rates of about 200 Hz.

• Electron beam LINACs are the most commonly used accelerators in 
teletherapy but have yet to be adopted in particle therapy.

• Applications of Detectors and Accelerators to Medicine (ADAM SA) 
is now building a full LINAC proton therapy system called LINAC 
for Image-Guided Hadron Therapy (LIGHT).

• Proton source:  

• MONO 1000 ECRIS

• RF frequency 2.45 GHz 

• chopped at 200 Hz

• 300 -1 uA

PROTON SOURCE
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• High frequency RFQ designed by CERN

• 4 vanes type

• 750 MHz  (highest known)

• 4 modules - 2 m

• 5 MeV energy gain

RADIO FREQUENCY QUADRUPOLE

Section RFQ

RF frequency [GHz] 0.749

Energy [MeV] 0.04-5

Length [m] 2

• Designed by ENEA (Frascati, I)

• Manufactured at TSC/VDL

• SCDTL3 (TSC) 

• SCDTL1, SCDTL2, SCDTL4 (VDL)

SIDE COUPLED DRIFT TUBE LINAC

Section SCDTL

RF frequency [GHz] 2.998

Energy [MeV] 5-37.5

Length [m] 6.2

• Designed by ADAM

• Manufactured by VDL

• 4 modules already in the bunker 
(conditioned)

• CCL1 CCL2 operating

• All remaining modules in production

COUPLED CAVITY LINAC
Section CCL

RF frequency [GHz] 2.998

Energy [MeV] 37.5-230

Length [m] 15.5

LIGHT OVERVIEW

Proton Source
Modulator-klystron 
systems

Radio Frequency 
Quadrupole (RFQ)

Side Coupled Drift 
Tube Linac (SCDTL)

Coupled Cavity Linac
(CCL)

LIGHT = Linac for Image Guided Hadron Therapy 

Currently under testing:
• CERN AP2, Geneva
• STFC, Daresbury, UK

• Active energy modulation

• Pulsed beam at 200 Hz

• Small beam emittance

• Almost no losses! 

LIGHT FEATURES FOR PROTON THERAPY

 no absorber and degrader

 intensity and energy modulation 
in 5 ms

 small magnets aperture

 reduced shielding

Our intention is to deliver:

Challenges

Need Improved Treatment Quality linked 
to Patient Outcomes, currently hindered 
by:

 Conformity to target.
 Sensitivity to target motion.

LIGHT ION THERAPY APPLICATION CHALLENGES

Critical Parameters

• Transverse penumbra
• Distal penumbra
• Time dependence of beam delivery

# Characteristic Advantages
1 reduced maintenance lower service contract costs,

greater availability and higher utilization
2 cheaper lower facility investment costs;
3 lighter lower capital and installation costs
4 smaller lower building construction costs
5 reduced shielding lower facility investment costs
6 reduced activation lower decommissioning cost
7 higher energy ion beam radiography and ion beam CT,

penetration through implants and large patients
8 fast energy changes shorter treatment times, 3D rescanning
9 faster, more sensitive 

instrumentation
In order to accommodate some of the desired parameters, 
one needs better instrumentation.

10 higher flux (assuming fast energy changes, scanning, and better 
instrumentation); shorter treatment times leading to less 
patient motion and more patients treated per day

11 smaller spots or 
collimation

Better conformal avoidance, hypofractionation, SRS, and SBRT, 
although some may claim the current performance is at a 
physical limit.

12 variable spot size and 
shape, faster than 
currently available

better conformal avoidance,
faster delivery

13 ions heavier than 
protons

RBE optimization, hypofractionation, SRS, and SBRT

14 rapid gantry angle 
changes

Some claim this may lead to better conformality to targets, 
better conformal avoidance to organs-at-risk, others claim this 
is not necessary with optimized scanning techniques

J.B. Farr, J. Flanz, A. Gerbershagen, M.F. Moyers, 
“New Horizons in Light Ion Beam Treatment 
Systems," Med. Phys., 2018 
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CHALLENGE: PROTON THERAPY TARGET CONFORMITY

• Cohort of 7 H&N patients from clinical practice
• Tomotherapy and IMPT plans compared
• Dose fall off gradient determined by 1 mm expansion shells scoring 

mean dose
• On average, Tomotherapy provided a steeper dose gradient 

from the target

PROTON SPOT SIZES

Proton Discrete Spot Scanning Systems 
Fundamental Beam Quality

6 – 8 mm

1st Gen

Focus magnet 
compromised
Profile monitor 
compromised
Vacuum extent 
compromised

4 mm

2nd Gen

2.4 mm

2nd Gen

3 mm

2nd Gen

Extent of regular methods

~1.2 mm

3rd Gen

1 sigma = 2.35 FWHM

< 0.X mm

3rd Gen

PHYSICAL BEAM SPOT TRIMMER CONTOUR SCANNING
• Current practice is rectilinear grid spot placement. 
• Difference between a patient target contour and the treatment planning/delivery square spot placement 

grid can result in reduced conformity.
• Plan and apply the beam spots along the target contour — contour scanning.
• Similar to spot trimming and mini/microbeams, contour scanning may reduce dose in neighbouring 

structures. 

SCANNED PROTON MINIBEAMS
Minibeam example: Compare scanning
proton beam system results Minibeam (sigma
in air 1.2 mm) vs. Conventional (2.4 mm).

Med. Phys. 2018 Jul 15. doi: 10.1002/mp.13093. [Epub ahead of print] Farr, et al, Med. Phys. 2018 Jul 15. doi: 10.1002/mp.13093. [Epub ahead of print]

SCANNED PROTON MINIBEAMS
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Brainstem

Cord

Target

Farr, et al, Med. Phys. 2018 Jul 15. doi: 10.1002/mp.13093. [Epub ahead of print]

SCANNED PROTON MINIBEAMS

Charged Particle Therapy with Mini-Segmented Beams

F. Avraham Dilmanian123*, John G. Eley4, Adam Rusek56 and Sunil Krishnan7

SCANNED PROTON MINIBEAMS

Microbeam example: Compare scanning proton beam
system results Microbeam (sigma in air 1.2 mm) vs.
Conventional (2.4 mm).

J. Farr, et al, “Development, Commissioning, and Evaluation of 
a New Intensity Modulated Microbeam Proton Therapy 
System,” submitted for publication, Med. Phys.

• However, Multiple Coulomb Scattering 
(MCS) in patient cannot be reduced,

• Except with heavier ions

SCANNED PROTON MINIBEAMS CONFORMITY AT DEPTH – HEAVIER IONS

Helium ions for radiotherapy? Physical and biological verifications
of a novel treatment modality
Michael Krämer, et al.

Med. Phys. 43 (4), April 2016

• Proton MCS leads to degradation at depth in media 
loosing its high dose conformity in comparison to 
IMXT.

• Due to greater mass, He and C do not experience 
as much MCS, retaining their physical dose 
distribution advantage in comparison to IMXT.

• Carbon beams are associate with an 
undesirable fragmentation “tail.”

• The fragmentation tail is not observed for 
protons.

• The Helium fragmentation tail is much 
lower in magnitude in comparison to 
carbon.

With protons as the reference, when comparing 
Multiple Coulomb Scattering in water, helium-4 ions 
have approximately ½ of increased sigma with 
depth in comparison with carbon-12 ions.

LIGHT ION THERAPY COMPARISON

Assessment of potential advantages of relevant ions for particle therapy:
A model based study 
R. Grün, et al.

Med. Phys. 42 (2), February 2015

Helium and Carbon show significant 
physical and biological dose sparing to the 
brainstem.

Target Brainstem

p
+

Helium ions Carbon ions

NIRS LIGHT ION THERAPY SYNCHROTRONS

Injection conditions
•  T = 4 MeV/u
•  Operation point

(Qx,Qy)=(1.71,1.45)
•  Multi-turn injection
•  Stored particle number:

9 x 109 
(max)
Extraction conditions
•  T = 430-56 MeV/u
•  Operation point

(Qx,Qy)=(1.68,1.45)
•  3rd order resonance

+ sextupole field
•  RF-knockout slow 

extraction

Twiss parameters & dispersion

Courtesy of Koji Noda, Ph.D., Managing Director,
National Institute of Radiological Sciences, Japan
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CERN PIMMS2 DEVELOPMENT

• Multiple ion sources

• 750 MHz RFQ

• High gradient LINAC 
cavities

• High gradient means 
high RF power: needs 
efficient low-cost RF 
power sources.

• The linac offers the 
advantage of pulse-to-
pulse energy 
modulation at high 
repetition frequency.

• FLASH involves high dose rates.

• Researchers are finding that 
tumours respond the same to 
FLASH treatments as they do 
with regular treatments, but that 
normal tissues have almost no 
response to FLASH

• Additional protection to normal 
tissue is provided

• Potential major impact on curing 
more cancer with less toxicity 
to the patient

AV
O-
AD
AM 
Co
nfid
enti

FLASH

FLASH WITH PROTONS

• Cyclotron

• Synchrocyclotron

• Synchrotron?
• Linac

• Scattering?

• Scanning?
• Target size?

• Target depth?

10 Gy FLASH dose 
distribution of a mouse 

planned using beam plateau.

0

20

40

60

80

100

120

70 120 170 220

R
EL

AT
IV

E 
T

R
A

N
SM

IS
SI

O
N

 (
%

)

ENERGY (MEV)

LIGHT Conventional cyclotron with ESS

Q&A

Future Prospects for Particle Therapy Accelerators 
in Reviews of Accelerator Science and Technology, 
A. Degiovanni, J. B. Farr, S. Myers, 2018.

J.B. Farr, J. Flanz, A. Gerbershagen, M.F. Moyers, 
“New Horizons in Light Ion Beam Treatment 
Systems," Med. Phys., 2018 


