
11.05.2020

1

Prof. Dr. Katia Parodi

Chair of Experimental Physics – Medical Physics

Medical physics aspects of 
ion beam therapy in clinical 
practice 
SS 2020

Organisational information

Contact data:

Lehrstuhl für Experimentalphysik - Medizinische Physik

Am Coulombwall 1, 85748 Garching b. München 

Telefon:+49(0)89 289-14085
Fax:+49(0)89 289 14072
E-Mail: katia.parodi@physik.uni-muenchen.de

Consultation upon appointment

mailto:katia.parodi@physik.uni-muenchen.de


11.05.2020

2

Table of contents

Introduction

Å The physical, biological and clinical rationale of ion beam therapy 

Å Ion beam interaction in matter 

The clinical application of ion beams

Å Beam production and application

Å Beam gantries and the HIT worldwide first heavy ion beam gantry 

Å Overview of clinical workflow and treatment planning 

Å Pre-clinical beam characterization and modeling for TPS 

Å Dosimetry and quality assurance 

Å Monte Carlo modeling 

Å In-vivo treatment verification 

Å Novel imaging techniques and new trends in ion therapy 

Generation of neutrons

Neutrons are produced in beamline (beam delivery!) and in the patient

Negligible in-field dose contribution, however of concern for shielding 

and secondary cancer induction distant to the primary irradiated area

Newhauser et al, PMB 54 (2009) 2277 

Neutron yield per primary is higherfor 12C ions

BUTneutron dose is comparable in proton and 12C therapy
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5K. Parodi10 May 2020

Generation of neutrons

Extensive experimental campaignsat scanningproton beam facilities (e.g. Trento)

Position 1
Position 2
Position 3
Position 4

Knowledge of neutron fluencespectrumis fundamental for risk estimation

Thermal (1 meV E < 0.4 eV)
Epithermal (0.4 eV ¢E < 100 keV) 
Fast / evaporation (100 keV E < 19.6 MeV) 
High-energy (E ²19.6 MeV)
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Risk Assessment Methods

 = R,T T TH w D

Risk = rT · HT 

Organ-Specific Risk Models 

eg, BEIR VII (2006)

WR,T Radiation weighting factor

DT Organ or tissue dose

Therapeutic (from tx plan)

+

Leakage (from MC)

+

Scatter (from MC)  

Courtesy Wayne Newhauser

Dose equivalent

Risk calculation for different
treatment techniques

Newhauser et al, PMB 54 (2009) 2277 

Reduction of secondary cancer induction for p vs photon therapy 

for both active IMPT and passive PSPT

CRT: 6 MV conformal photon RT
IMRT: 6 MV intensity modulated photon RT
PSPT: passively scattered proton therapy
IMPT: intensity modulated proton therapy (active scanning)
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08.06.2013 K.Frey, LMU – PTCOG 2013

Out-of-field dose in an anthropomorphic phantom

from La Tessa (2012)

dose inside the phantom along 
the vertical laser line
phantom was treated for a 
brain tumor in slice 4

The comparison of modern treatment modalities

Courtesy R Kaderka GSI

(sensitive onlyto chargedparticlescontributions)

08.06.2013 K.Frey, LMU – PTCOG 2013

Out-of-field dose in an anthropomorphic phantom

The comparison of modern treatment modalities

Yieldof thermal neutronsmeasuredwith paired
TLD 600 and700 (with different Li enrichment)
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Recent report of secondary cancer
in 12Cion therapy

HR: pairwise hazard ratio
Test considered statistically significant for p < 0.05

Particle beam physics - summary

12K. Parodi11 May 2020

Stopping power
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Linear Energy Transfer
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Synchrotron (protons, carbon ions) @ GSI Darmstadt, HIT, CNAO, HIMAC...

Ø ~ 6m (p) - 20m (12C) 

Acceleration

(RF cavity)

Bending

magnets

Focusing

magnets

Ejection

magnets

Injection

magnets

Acceleration

(RF cavity)

Cyclotron (protons) @ MGH Boston, PSI, RPCT Munich, ...

Ø ~4m

Extracted beam

- Continuous
- Fixed energy

t (s)

I (ions/s)

Figures: ms.mvschools.org, www.pennmedicine.org, www.solstice.de, HIT Heidelberg 

Extracted beam

- Pulsed
- Variable energy

I (ions/s)

t (s)

Request to accelerate ions up to 30 cm penetration in water 

Internal ion sources for 
cyclotron-based facilities

Penning effect: ionization of gas by energetic e- in electrical discharge

2 cathodes at negative voltage (few kV) at each end of vertical hollow cylinder at 
ground potential (chimney), where H2 is flushed (~1cm3/min)

Free emitted e- are accelerated and in turn ionize gas confined by B field, so that a 
plasma is formed. Protons and ions diffusing to a little hole in the chimney wall will 
experience the field of a „puller“ (at same electric potential as cyclotron RF 
accelerating structure in „Dee“), and correct ions will be then accelerated  
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Internal ion sources for 
cyclotron-based facilities

External ion sources

http://www.casetechnology.com/source.html

An Electron Cyclotron Resonance Ion Source (ECRIS) is based on a plasma, 
which is held in an open magnetic trap. 

A microwave with a frequency which is equal to the gyration frequency of the 
electrons around the magnetic field lines is injected, heating resonantly these 
electrons which ionize a plasma until extraction

Due to the relative long time of confinement and low gas pressure (small
recombination), also multiply charged ions can be reached
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17K. Parodi10 May 2020

Ion sources for 
cyclotron-based facilities

IBA proposal for an hadron therapy ion cyclotron (up to carbon ions)

18K. Parodi10 May 2020

Ion sources for 
cyclotron-based facilities

Jongen et al

Still under development!
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Ion sources for 
synchroton-based facilities

A Kitagawa, NIRS

C

A Kitagawa, NIRS

Ion sources for 
synchroton-based facilities
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A Kitagawa, NIRS

Ion sources for 
synchroton-based facilities

NIRS-ECR / Hyogo ECR1, ECR2

(1 G = 1×10−4 Tesla (100 μT))

Magnetic confinement is obtained from combination of a solenoidal magnetic field 
(known as axial) and  multipolar magnetic field (known as radial)

Ion sources for 
synchroton-based facilities

HIT installation

Courtesy A Peters, HIT

Parameters of the ion 

sources:

Microwave frequency 14,5 GHz

Magnetic field of the 

hexapole 1,1 T

Extraction voltage up to 30 kV

Required ion beams:

12C4+ 200 µA

3He1+ 500 µA 

16O6+ 150 µA

p 2000 µA
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A Kitagawa, NIRS

Ion sources -
Outlook

(*) An electron beam ion source (EBIS) uses a powerful 
electron beam to bombard atoms and produce highly 
charged ion

(*) 

Cyclotron 

(protons, under development 

for heavier ions)

Operational with normal- and 

super-conducting magnets 

(cryostate)

Ø ~4m

Cyclotron accelerator
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Cyclotron accelerator –
The theory

Non-relativistic heavy particles (i.e. constant m) move on orbits of

increasing R but always reaching the accelerating RF gap with same 

phase for acceleration

Cyclotron accelerator –
The theory



11.05.2020

14

No longer continuous beam!

Cyclotron accelerator –
Relativistic effects
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At 20 MeV mass variation 
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Cyclotron accelerator –
Relativistic effects
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Cyclotron accelerator –
AVF

The problem: defocusing for 
radially increasing B field

The solution: vertical focusing by 
AVF (azimuthal varying field): 
alternating of focusing / defocusing 
resulting in net focusing effect

M. Schippers in The Physics of proton therapy, H Paganetti, CRC Press

Cyclotron accelerator –
AVF

Focusing effect needs to be enhanced with increasing radius r.
Hence, the angle between the proton trajectory and the field step 
is increased with radius using a typical spiral twist of the hills

M. Schippers in The Physics of proton therapy, H Paganetti, CRC Press
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www.cancer-therapy.org

Example of layout proposed by an industrial provider with one cyclotron, 

two gantries, and one fixed beam delivery systems.

Energy degradation 

and selection system

Cyclotron based facility

B Gottschalk
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Synchrotron 

(protons, heavier ions)

Ø ~ 6m (p) - 20m (12C) 

Acceleration

(RF cavity)

Bending

magnets
Focusing

magnets

Ejection

magnets
Injection

magnets

Acceleration

(RF cavity)

Optimal operation requires
initial energy beam of some 
MeV/u (while ion energy after 
ECR sources is in keV/u region)

=> Need of an injector 

Beam extraction

Injector
(e.g., LINAC)

RF
cavity

Magnets: deflection (Dipoles) 
and focusing (Quadrupoles) 

Ion souce

Schematic view of a synchrotron-based accelerator complex
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35
Ion source

IH - model

Requirements for injector

- Compact

- Reliable

- Low operation costs

- Fast switching of ions

- Fast intensity variation 
(1000-times)

- Constant beam parameters

Courtesy A. Peters, HIT

Synchrotron injection system

36

HIT-pre-injector: RFQ-Structure

Courtesy A. Peters, HIT

RFQs (radio frequency quadrupoles) 

are high frequency accelerators, which 

simultaneously focus, bunch and 

accelerate low energy ion beams 

(where space charge defocusing is 

high and conventional drift tube linacs

are inefficient) with high efficiency
View inside the RFQ cavity

Parameters of the RFQ:

Injection energy of RFQ 8 keV/u

End energy of RFQ 400 KeV/u

RF pulse power 210 kW

RF pulse length 500 µs

Schematic view of an RFQ cavity with the
typical sine wave accelerator structure

Uses electric field for focusing (RF 
quadrupole) and accelerating (E field
longitudinal component)
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HIT injector – IH (Interdigital H-
mode) Drift Tube

An IH-DTL is a cavity resonator for high frequency alternating electrical
fields. Inside an IH-DTL a structure built from many small cylindrical
drift tubes is inserted. Ions are accelerated between these drift tubes

Acceleration of the beam particles

Drift of the beam particles during field reversal Resonant cavity

Drift tubes

HIT injector – IH Drift Tube

An IH-DTL is a cavity resonator for high
frequency alternating electrical fields.
Inside an IH-DTL a structure built from
many small cylindrical drift tubes is
inserted. Ions are accelerated between
these drift tubes

Parameter of the IH-DTL:

Injection energy into the IH-DTL 400 KeV/u

End energy of the IH-DTL 7 MeV / u

RF pulse power 1 MW

RF pulse length 500 µs

Total effective voltage 21 MV
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The synchrotron 

Ions accelerated by injector (up 

to few MeV) are put into ring, 

where they are accelerated at 

each passage through RF 

cavity of variable frequency, 

syhnchronised with ion speed 

variation 

Also magnetic components are 

synchroneously varied in order 

to keep the accelerated ions in 

the orbit, until extraction at the 

desired energy

Ø ~ 6m (p) - 20m (12C) 

Synchrotrons – cyclic operation 
mode

Theory

Implementation

Hysteresis 
compensation.

1st HIT 
design

Courtesy A Peters, HIT
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HIT Layout: Synchrotron 

Features 

- compact

- low operation costs

- multiturn injection

- multiple beam extraction

Courtesy A Peters, HIT

Multiturn
injection for 
reduced ion 
source 
intensities

Multiple 
beam 
extraction for 
reduction of 
treatment 
time

Courtesy Th. Haberer, HIT
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The different components of HIT

Injektor

Ionenquellen

Synchrotron

HEBT+Gantry

Patientenräume

QS-Platz + Beam Dump

Particle Therapy Facilities –HIT/Heidelberg

Injector: 2 ECR ion 

sources (8 keV/u) and 

following linac 

Ą 7 MeV/u
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Particle Therapy Facilities –HIT/Heidelberg

Synchrotron:

255 energies for each ion 

species up to 430 MeV/u for 
12C and 16O (i.e., max range in 

water of ~ 30 and ~25 cm)

High energy beam transport 

(HEBT) delivering beams with 6 

variable foci (~ 4-10mm FWHM) 

at isocentre of treatment rooms

Particle Therapy Facilities –HIMAC Japan
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Particle Therapy Facilities –HIMAC Japan

Two synchrotrons for acceleration of different 

energies in different treatment rooms
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Cyclotrons and Synchrotrons – a comparison

Persisting cw beam Discontinuous “dc beam”

Passive energy variation Active energy variation 

(degrader Ą high local beam loss!)

Courtesy A. Peters, HIT

Few numbers on typical operation condition

Accelerator RF 
Frequency
(MHz)

Macro-
structure
pulse (s)

Micro-structure bunch 
width (ns)

Synchrotron ~ 1-10 1-10 ~ 10 - 50

Cyclotron ~ 30 - 100 DC ~ 1-5
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Few numbers on typical operation condition (cnt)

Accelerator RF 
Frequency
(MHz)

Macro-
structure
pulse (s)

Micro-structure bunch 
width (ns)

Synchrotron ~ 1-10 1-10 ~ 10 - 50

Cyclotron ~ 30 - 100 DC ~ 1-5

Electron LINAC 3000 ~0.005 ~0.030

5 ms

3 GHz

200 Hz

5 ms

330 ps

30 ps

LINAC

Macropulses of ~ 2·108 electrons in ca. 2·104

micropulses

Cyclotrons and Synchrotrons – a comparison
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Ongoing developments for next 
generation accelerators 

What we have already today...
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What could be realised soon

What has been realised recently



11.05.2020

29

What has been recently realised

What has been recently realized

Superconducting technology relying on TriNiobium Core
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What has been realised recently

Source U. Linz

What could be realised soon
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Compact single room 
proton therapy solutions 
clinical operational with 
cyclotrons and compact 
synchrotron

Compact 12C ion accelerators and gantries
under development toward small
footprint solutions

NIRS ðQuantum Scalpel

Superconducting

synchrotron /gantry

K. Noda, J. Phys2019

ProTom ðRadiance 330

Synchrotron

Scaling down dimensions and costs

MEVION S250

Superconducting SC

IBA ðProteus One

Superconducting SC

L: 27 m, H: 13 m L: 14 m, H: 14 m
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New accelerator concepts - FFAGs

Idea:

Simplify control 
and operation,     
no synchro-
nization
necessary 
between B-field 
and RF

… no savings in 
space!

... but rapidly 
(~ms) switching 
energy with 
~200 Hz 
repetition rate

Courtesy A. Peters, HIT

New accelerator concepts - FFAGs

Further projects: EMMA (GB), RACCAM (F) and othersCourtesy A. Peters, HIT

20 MeV150MeV

Multi-stage
due to p
acceptance
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New concepts – Dielectric 
wall accelerators

Courtesy A. Peters, HIT

Goal to reach 100 MV/m

Induces a travelling electromagnetic wave in a tube mostly made by dielectric material

High-gradient linear accelerator 
under development at CERN / ADAMS

LIGHT system being installed in London
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New concepts – laser plasma accelerators

Á Laser: 50 fs, 50 J (Petawatt!)
Á I = 1021 W/cm2

Á 1011 protons up to 300 MeV should 
be possible

Á Repetition rate?
Á Intensity control?

Active area of research in Munich
(CALA) and Chair (Prof. Schreiber)

Courtesy A. Peters, HIT


