Prof. Dr. Katia Parodi
Chair of Experimental Physics — Medical Physics

Medical physics aspects of
ion beam therapy in cI|n|c
practice {

SS 2020

Contact data:

Lehrstuhl fur Experimentalphysik - Medizinische Physik
Am Coulombwall 1, 85748 Garching b. Munchen

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

Consultation upon appointment

11.05.2020


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

11.05.2020

LMU

LUDWIG-
uaxmiuans-| | Table of contents

MONCHEN

Introduction

A
A

The physical, biological and clinical rationale of ion beam therapy

lon beam interaction in matter

The clinical application of ion beams

A

Do o Do o o B> D>

Beam production and application

Beam gantries and the HIT worldwide first heavy ion beam gantry
Overview of clinical workflow and treatment planning

Pre-clinical beam characterization and modeling for TPS
Dosimetry and quality assurance

Monte Carlo modeling

In-vivo treatment verification

Novel imaging techniques and new trends in ion therapy

LMU

LUDWIG-

MAXIMILIANS- Generation of neutrons

UNIVERSITAT

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

Logarithm of neutron fluence (arb units)

Neutron yield per primary isigherfor °C ions
BUTneutron dose isomparable in proton and?C therapy

o T
Newhauser et al, PMB 54 (2009) 2277
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Neutron production: protons vs. carbon

Maximum beam energy

Method for making

Beam in the radiolherapyh a laterally uniform
Facility ~ species® (MeV/u) irradiation field® Precollimator Final collimator®
HIMAC C 400 w FLC (aluminum) MLC (iron)/
PC (brass)
HIBMC C/p 320(C), 210(p) w 2 RCs (aluminum)  MLC (iron)/
PC (brass)
scC p 220 W 2 RCs (aluminum)  MLC (iron)/
PC (brass)
NCCHE p 235 D 15
—+— p250 (PMRC)
PMRC p 250 D 3.0 —8— p235 (NCCHE)
—+— p220(SCC)

Neutron ambient dose equivalent
per the treatment absorbed dose [mSv/Gy]
p w
=

1 —*—p210 (HIBMC)
= C400 (HIMAC)
—8— (320 (HIBMC)

=

A

—
50 100 150 200 250

Distance from the isocenter, d [cm]

a) Maximum beam energy at each beam line

Measurement of neutron ambient dose equivalent in passive carbon-ion
and proton radiotherapies, S. Yonai et al. Medical Physics (2008),
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Generation of neutrons
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Neutron energy (MeV)

Thermal (1 meV E<0.4eV)

Epithermal (0.4 eV ¢ E < 100 keV)

Fast / evaporation (100 keV E < 19.6 MeV)
High-energy (E 2 19.6 MeV)

Knowledge of neutron fluence spectrumis fundamental for risk estimation

Medical Physics 42, 2572 (2015); doi: 10.1118/1.4916667
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RISK'ASSessment WMethods

7\

Organ-Specific Risk Models Dose equivalent
eg, BEIR VII (2006) =
HT Wiy DT

ICRP Publication 92

Wr 1 Radiation weighting factor
D, Organ or tissue dose

;. (modified)

Therapeutic (from tx plan)
+

Leakage (from MC)

+
0.1 1 10 100 1000
Neutron energy (MeV) Scatter (from MC)

o

@

Radiation weighting factor

Courtesy Wayne Newhauser

Risk calculation for different
treatment techniques

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)

Risk associated Risk associated Risk associated
with primary with secondary with primary and
radiation radiation secondary radiation
Tumor site CRT IMRT  IMPT PSPT  IMPT PSPT  IMPT
Annual risk of second cancer, R,. (%/yr)
Stomach and esophagus 015 011 0.0 0.0055  0.0033 0.005 0003
Colon 015 007 0.0 0.0036  0.0010 0.004  0L001
Breast 0.0 0.0 0.0 00012 0.0005 0.001 0L000
Lung 007 007 0.01 0.0035  0.0013 0.014 0011
Thyroid 018 006 0.0 0.0049  0.0037 0.005 0,004
Bone and connective tissue 0,03 0.02 0.01 0.0002  0.0001 0010 0010
Leukemia 007 005 0.03 00012 0.0005 0031 0.030
All 075 043 0.05 0.0200  0.0105 0.070 0,060

Lifetme risk of second cancer B_in percent

All 548 314 37 1.5 076 5.1 44

Ratio of lifetifne risk of second cancer from various irradiation to that from IMPT, Ry
All 124 7.1 0.8 0.3 0.2 1.2 1.0

Reduction of secondary cancer induction for p vs photon therapy
for both active IMPT and passive PSPT

Newhauser et al, PMB 54 (2009) 2277
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Out-of-field dose in an anthropomorphic phantom
The comparison of modern treatment modalities

TLD 700 dose profile for the irradiation of the anthropomorphic ph
s L . L ' L L .
10° 4 E
4—25 MV IMRT
—e— Passively mod. protons

—e— Scanned protons 3
—a— Passively mod. carbon ions
—=s— Scanned carbon ions

Normalized dose [Gy]
3
2

50 D 50 100 150 200 250 300 350 400
Distance to target central axis [mm]

(sensitiveonly to chargedparticlescontributiong
| Slice 14 |

dose inside the phantom along
| Slice 17 | . .
- the vertical laser line

phantom was treated for a

brain tumor in slice 4

from La Tessa (2012)

Courtesy R Kaderka GSI

Out-of-field dose in an anthropomorphic phantom
The comparison of modern treatment modalities

T T T . T
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(b) Lateral distance from PTV center (mm)
PAPER

Characterization of the secondary neutron field
produced during treatment of an anthropomorphic
Yieldof thermal neutronsmeasuredvith paired phantom with x-rays, protons and carbon ions
TLD 60&nd 700 @\”th different Lienrichmen) To cite this artcle: C La Tessa of al 2014 Phys. Med. Biol 59 2111
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Recent report of secondary cancer

> % @ Risk of subsequent primary cancers after carbon ion
" radiotherapy, photon radiotherapy, or surgery for localised
prostate cancer: a propensity score-weighted, retrospective,

100+

Cumulative incidence

60

404

20+

cohort study

hamad, Tok

0, A
Kamada

—— Carbon ion radiotherapy
— Surgery
~—— Photon radiotherapy

Carbon ion radiotherapy vs photon radiotherapy: HR 0.71 (95% Cl 0.58-0-88); p=0-0019
Photon radiotherapy vs surgery: HR 118 (95% C1 1.02-1-37); p=0-024
Carbon ion radiotherapy vs surgery: HR 0-86 (95% Cl 0-72-1-04); p=0-11

HR: pairwise hazard ratio

Test considered statistically significant for p < 0.05

Sata, Gora Kasupa, Hirokazu Makishima, Hak Chay, Shigaru Yamoda,

o
s
o

Time (years)

oo

10

THE LANCET
Oncology

Discussion

To our knowledge, this Article is the first report describing
risk factors for developing subsequent primary cancers
after carbon ion radiotherapy, and comparing the risk of
subsequent primary cancers in these patients compared
with those treated with photon radiotherapy or surgery.
Our results suggest a potentially lower subsequent
primary cancer risk after carbon ion radiotherapy than
after photon radiotherapy, mostly driven by a reduced risk
of solid tumours in the abdominopelvic region. These
subsequent primary cancers could be either spontaneous
or radiation-induced cancers because the cause of these
malignancies was impossible to ascertain from the
epidemiological data available.

In summary, despite the limitations of our study,
our data suggest that the risk of subsequent primary
cancer seems to be lower after carbon ion radiotherapy
than after photon radiotherapy for patients with local-
ised prostate cancer. This hypothesis-generating study
requires further validation in prospective studies or from
additional multinational datasets, in disease sites other
than prostate cancer, especially in the setting of similar
proton data.” If validated, these results should encourage
a wider adoption of ion radiotherapy in the context of
appropriate and cost-conscious patient selection.
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Particle beam physics - summary

Stopping power
S ° (dE/dX)g

O Qo
o¥s
X |[m
f{elel]
l
B

o VP

Linear Energy Transfer

LET = (dE /dX)

Finite Range R ° Rggpp © —AD

Nuclear reactions (mixed field, neutrons)

11.05.2020
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Request to accelerate ions up to 30 cm penetration in water

oy LR R RTI== T}

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

Extracted beam
- Continuous
- Fixed energy

Deflector
Dee electrodes

| (ions/s)

t(s)

@ ~4m

Synchrotron (protons, carbon ions) @ GSI Darmstadt, HIT, CNAO, HIMAC...

Acceleration
(RF cavity)

Extracted beam
- Pulsed
- Variable energy

Bending
magnets

Focusing
magnets

Ejection
magnets

Injection
magnets

| (ions/s)
Acceleration
(RF cavity)

t(s)

@ ~6m (p) - 20m (*2C)
Figures: ms.mvschools.org, www.pennmedicine.org, www.solstice.de, HIT Heidelberg
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Internal ion sources for
LMU i | | cyclotron-based facilities

Penning effectionization 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 H, 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

Internal “cold cathode” proton source

FIGURE 3.1 .
Schematic view of the ion source of the “cold-cathode” type (= no filament used) and the first
few turns,
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Injection and extraction for cyclotrons

W. Kieeven
lon Beam Applications (IBA), Louvain-la-Neuve, Belgium

LMU e | External ion sources
MONCHEN

An Electron Cyclotron Resonance lon 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

solenoid coils U,

microwave

pllasma
_UC
o | e
+U, e-gun
hexgpnl
eB
Wee = m
http://www.casetechnology.com/source.html 110,

11.05.2020
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lon sources for

cyclotron-based facilities

External re-
condensers
Extraction
lines

-—_‘ m—

Cavities in
vallevs

Cvyclotrons and Their Applications 2007, Eighteenth International Conference

10 May 2020

K. Parodi 17
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lon sources for

cyclotron-based facilities

Table 1: Main parameters of the C400 cyclotron

General properties
type compact isochronous
accelerated particles Hy' *He™". (°Li*). (°B™). *¢%
ion sources ECR. ECR. multicusp
injection axial with spiral inflector
injection energy 25 keV/Z
final energy of ions. 400 MeV/amu
protons 260 MeV/anu
extracted ions. by deflector
protons by stripping
extraction efficiency 70 % ( by deflector)
Spare &
research source,
‘switchable to:
Still under development! 14B.N.0.Ne
Cvelotrons and Their Applications 2007, Eighteenth International Conference Jongen et al
10 May 2020 K. Parodi 18
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magnet

magnet

C 4+ »
O6++ 08+

synchrotron

cb+

RFQ H IH *j—{ Stripper

duty cycle 104

c4+ ob+

A Kitagawa, NIRS

LUDWIG-
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LMU | iwesi| | synchroton-based facilities

Center Marburg

Numb. " Charge |Extraction |Intensity from Oth ired
Name of facility [. "o © Name of ion source state voltage ion source er require
Ion sources . ons
for Cion kV emicroA
Bevalac 3 SuperHILAC EVE: PIG, 3+ 40 1050 various
Local Injector: PIG (Ne) for Ne for Ne for study
NIRS-ECR, NIRS-HEC, various
[ 3 NIRS-PIG, NIRS Kei2* S e O [ e ety
Sis 1 CAPRICE 2+ 15 50 anoue
HIBMC 2 ECR1, ECR2 4+ 25 105 H2
various
HIRFL-CSR 1 LECR3 4+ 20 150 for study
HIT 2 SUPERNANOGUN 4+ 24 200 H2, 3He, O
GHMC 1 KeiGM 4+ 30 300 none
CNAO 2 SUPERNANOGUN 4+ 24 200 H2
R 2 SUPERNANOGUN 4+ 24 200 H2

A Kitagawa, NIRS

11.05.2020
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Magnetic confinement is obtained from combination of a solenoidal magnetic field
(known as axial) and multipolar magnetic field (known as radial)
(1 G=1x10*Tesla (100 pT))
10 GHz microwave(ECR at 3.6 kG)
Simple minimum B structure
+ Mirror field: 9.3 kG / 7.6 kG

Insulator

* Axialfield: 8.0 kG
Extraction voltage: 25kV max.

Plasma
Chamber

Cooling

- “k
o e l > L o 40c

IRS-ECR/ Hyogo ECR1, ECR2  “Jui i s e e
A Kitagawa, NIRS

lon sources for
LMU | [t | | synchroton-based facilities
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HIT installation

Parameters of the ion
sources:

Microwave frequency 14,5 GHz

Magnetic field of the

hexapole 11T
— — — Extraction voltage up to | 30 kV
1000 [ Date: 23/05/2006 He'.c”, 0" . - -
Required ion beams:
Main gas: CO,
Support gas: He 12C4+ 200 IJA
H o SHet+ 500 pA
; 1606+ 150 pA
p 2000 pA
.
Y Courtesy A Peters, HIT

11.05.2020
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1. To replace the synchrotron by a
compact SC cyclotron, ECRISs for
C8* are developing.

2. To reduce the size of injector linac,
EBISs &r Laser sources for C5* are
developing.

3. To remove the injector linac, EBISs

or Laser sources for C8* are
developing.

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

A Kitagawa, NIRS

Cyclotron accelerator
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Cyclotron
(protons, under development
for heavier ions)

Operational with normal- and

& 7 oereir super-conducting magnets
7 (cryostate)

»

' Defiector
Dee electrodes

magnetic fields:
Biuax = 2 T (normalconducting)

10 T (superconducting)

11.05.2020
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(Lawrence/Livingston 1932)

SOUTH POLE

Lorentz Force: p=F = (7 x B+ E), U=

Cyclotron accelerator —
LMu swvessne | | The theory

MONCHEN

Andreas Streun, PSI [

-~ - d . =
Newtons law: F:p:E(mv):evXB
assume B = B.e, — 1, = i’UUBZ v, =——v,.B, ©.=0
m ! "
= [d/dt ...] Oscillation of velocities
v (t) = vpocos(wt) + vy, sin(wt)
vy (t) = Vyo cos(wt) — vy sin(wt) Cyclotron frequency w = %Bl
v.(t) = v
— Helical trajectories (closed circles for v,, = 0)
Y o)
x(t) = x,+ peos(wt —¢) Radius of curvature p = m:%
y(t) = yo+ psin(wt —9) ,
2(t) = 2o+ vaot tang = -

Uzo

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

11.05.2020
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Cyclotron accelerator —

LMU | [Biessiete Relativistic effects
CognyVt
Lorentz force: R - qVB At 20 MeV mass variation
is 2% effect, at 250 MeV
recirculation time t = 20R _ 2p oy, Mass increase gof 1.27!
\% qB
_2p_4q .
cyclotron frequency W S _E B Constraint: wys = nWe
Solution 1: Solution 2:
w constant B constant

Increase B with y
«=B grows with R

=) isochronic Cyclotron

change w with 1/y

=) Synchro Cyclotron

No longer continuous beam!

LUDWIG-

Cyclotron accelerator —

LMU| || | Relativistic effects
MONCHEN
590MeV
Magnet—. T
Extraction
ion source magnet

Original cyclotron

3.2
3 Varian
2.8
E 26
D4
22
571 % 30 40 50 60 70 80

Radius (cm)

_—— Extraction

7IMeV

Sector cyclotron (PSI)

Andreas Streun, PSI

11.05.2020
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Cyclotron accelerator —
AVF

The problem: defocusing for ~ The solution: vertical focusing by
radially increasing B field AVF (azimuthal varying field):

| R .
IR -

alternating of focusing / defocusing

resulting in net focusing effect

Valley

Hill y ; M _—Pole extension

= i

T
6(radian)

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

11.05.2020
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Cyclotron based facility
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Example of layout proposed by an industrial provider with one cyclotron,
two gantries, and one fixed beam delivery systems.

Energy degradation
and selection system

. degrader & energy selection system 1w

2= 70" > Radioaktivitat sl(?% =

- Effizienz 1%-99% { ;:‘&_’
Y - E’

www.cancer-therapy.org

B Gottschalk

LUDWIG-

MAXIMILIANS-
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MONCHEN

RINECKER

PROTON

THERAPY
ENTER®

16
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(Veksler, McMillan 1945)

Acceleration ¢
(RF cavity)

Synchrotron
(protons, heavier ions)

Bending Focusing
magnets magnets

Ejection Injection
magnets magnets

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

Acceleration

(RF cavity) => Need of an injector

@ ~ 6m (p) - 20m (*2C)

LUDWIG-
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Schematic view of a synchrotron-based accelerator complex

lon souce
RF

Injector cavity

(e.g., LINAC) /

Beam extraction

Magnets: deflection (Dipoles)
and focusing (Quadrupoles)

11.05.2020
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Requirements for injector

- Compact
. IH - Drift Tube Linac RFQ Switching >
- Reliable 7 MeViu 400 keViu 8 keViu Ma“’"" \'Q\_,I
- Low operation costs i e -"““/"’r'JEF ﬁ;"“
. . . J [
- Fast switching of ions ar ar ar arao - soL ar Y
Stripper Macropulse Spectrometer ™~/
- Fast intensity variation Foil Chopper  Magnet & §§
. 3 as -
(1000-times) EcR 1: ‘E\SOL EcR2:
- Constant beam parameters ; im | 12g4 /@ H3 or H}
150" / 3He+
IH - model

& a0k
13%m
-03m
Ehdmdswtge  TORV
RF power s, pesk = 100K

Courtesy A. Peters, HIT

Luowic- HIT-pre-injector: RFQ-Structure

MAXIMILIANS-
UNIVERSITAT
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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

Useselectric field for focusing (RF Parameters of the RFQ:

guadrupole) and accelerating (E field

longitudinal component) Injection energy of RFQ 8 keV/u
End energy of RFQ 400 KeV/u
RF pulse power 210 kW
RF pulse length 500 ps

Schematic view of an RFQ cavity with the Courtesy A. Peters, HIT *

typical sine wave accelerator structure

11.05.2020
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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. lons are accelerated between these drift tubes

[ I ] I ] H

T o

[ ]
Acceleration of the beam particles Drift tubes

TMO1 field configuration
5% SidlEe ssses  LasEe  es%
- LLis a®

e
| —e [— e . ey ahy

[ed I I 1 ! ] P\ Ny / c\ NSty -\ Nt/ \\ Nt/
e L it Y=/ Y
aee LA NN ] seaew L]

| ] —— E-field

—— B-field

Drift of the beam particles during field reversal Resonant cavity Fr
Y,
7

Drift tube linacs '\‘P\E—p\—% )
beam | o || | Ll |

» for v < ¢ (protons, ions) \R‘l” BAEREINANIEG
> frequency ~ 100 MHz \3 E\
> gradient 1...10 MV/m

Lupwic- HIT injector — IH Drift Tube

MAXIMILIANS-
UNIVERSITAT
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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. lons 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 7MeV /u
RF pulse power 1 MW
RF pulse length 500 us
Total effective voltage 21 MV

11.05.2020
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lons accelerated by injector (up RF accslerating gap
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

Injection magnet  Extraction magnet (&
and septum and septum

-8 .~ \ Quadrupole
\ LINAC ( = lon source _ L

RF transmitter

Also magnetic components are
synchroneously varied in order
to keep the accelerated ions in
the orbit, until extraction at the A\ RF exciter for

. gl stoch. extraction __fe
desired energy 2

@ ~ 6m (p) - 20m (12C)

e Synchrotrons — cyclic operation

MAXIMILIANS-
I_Mu UNIVERSITAT mode
MONCHEN

typical Synchrotron-cycle

Beam extraction

Acceleration

Injection

Theory

S TF 3 el (1 2]

1stHIT
design

Courtesy A Peters, HIT

11.05.2020
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Features
- CompaCt Extracted Beam

. ESexir

- low operation costs
- multiturn injection !
- multiple beam extraction -

” G g
,_-:-'7 7 &
BM’P ) / ESinj

Injected Beam

o 10 20m

B utter injecti ol m M
5 i
R T Hﬂ” ‘ .
Xjm ¥ E 10 " m" I ’ 4
o w 8 |
- ]
et i
S oo i
0 L_r L I"“ f" L I e
ons L 0.0 0.2 0.4 0.6 0.8 10
0oz 0 B 0.025 time [s]
Nm ™) typical Synchrowron-cycie /
20
) . Multiple
M.UItIt'u rnf E % Beam Ilutrlctlon : beam
= 2 ] q
Irr;JdeL(;(t;I(;) dnioonr $0 & 2 extraction for
source g i reduction of
2 anQ treatment
intensities e
o L] 1 2 3 4

_ o _

11.05.2020
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The different components of HIT

IonenqueHén
Injektor
ron
HEBT+Gantry

Patientenraume

‘ Heidelberger lonenstrahl-Therapiezentrum

’ QS-Platz + Beam Dump

Particle Therapy Facnlltles — HIT/Heidelberg

Injector: 2 ECR ion
sources (8 keV/u) and
following linac

A 7 MeV/u

11.05.2020
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Particle Therapy Facilities — HIT/Heidelberg

Synchrotron:

255 energies for each ion
species up to 430 MeV/u for
12C and %60 (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

Gl S=——

Trcament room i
2
Stmmintion oo MRS

-

Framionrom

Control room .

11.05.2020
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Particle Therapy Facilities — HIMAC Japan

Two synchrotrons for acceleration of different
energies in different treatment rooms

LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MONCHEN

Hitachi Protonen-Synchrotron

Synchrotron

$:5
http://www.pmrc tsukuba.ac.ip/engBeam html

24



Cyclotrons and Synchrotrons —a comparison

CYCLOTRONS (Normal or SC) SYNCHROTRONS

-
=
e
£
5

o

The pulsed beam of fixed energy A cycling beam of variable energy
is always present - it needs absorbers has 1-2 second gaps
Persisting cw beam Discontinuous “dc beam”
Passive energy variation Active energy variation

(degrader A high local beam loss!)

Few numbers on typical operation condition

Synchrotron ~1-10 1-10 ~10-50
Cyclotron ~30-100 DC ~1-5

CYCLOTRONS (Normal or SC)

11.05.2020
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Few numbers on typical operation condition (cnt)

Accelerator RF Macro- Micro-structure bunch
Frequency structure width (ns)
(MHz) pulse (s)
Synchrotron ~1-10 1-10 ~10-50
Cyclotron ~30-100 DC ~1-5
Electron LINAC 3000 ~0.005 ~0.030
330 ps
3 GHz LINAC <>
—]|. 30 ps
200 Hz
Macropulses of ~ 2:108 electrons in ca. 2:104
S s 5 ms micropulses

Cyclotrons and Synchrotrons —a comparison

onoorn | oybron

energy variation

diameter (proton)

diameter (carbon)

energy distribution

beam intensity

efficiency

complexity

radioactivity

very flexibel

~7m

~20m

~0.1%
high

~95%

rather complex

low

fixed
~4m
does not exist
~0.5%
very high
1%-95%
simple
higher (degrader)

11.05.2020
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Ongoing developments for next
generation accelerators

[ %o,’z.x ]l 250 MeV proton cyclotron (ACCEL/Varian) ‘

=

Closed He system
4x1.5W @4K

superconducting coils
=>24-38T

4 RF-cavities
~100 kV on 4 Dees

Producbon o parice beams_ cyclotons, Marco Schppers, PSI
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[ " |  Small cyclotron on a gantry

Group

Gantry with integrated accelerator and ESS

Energy
Selection
System

cyclotron

MMWMMAMWS.E PTCOG Heidelberg 28 sept 2009 35

\on a gantry

owonthee® ator and ESS
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Lupwic- What has been recently realise

MAXIMILIANS-
UNIVERSITAT
MONCHEN

Small cyclotrons with strong field

S

mall cyclotron => very strong magnetic field

=> jron is saturated (,air like®)

=> hills and valeys do not work
=> vertical focussing only by decreasing B(r) _

and: m increases with energy (relativity) 277: '
=>T ... iIncreases with radius cﬁcie =
q.B¥

Remedy:

=> decrease fg- with radius.  (synchro cyclotron)

Jrr| TN ~1 ms™N N N

=> pulsed beam (1 kHz)

time - |

Production of particle beams: cyclotrons, Marco Schippers, PSI PTCOG Heidelberg 28 sept 2008 %
wowe | | What has been recently realized
LMU| e

e cyclotron: synchrocyclotron ¢

super

IBA S2C2
Mevion (Still River) @ 2.5 m, height 2 m, weight <50 t, 5.6 T,
S250 NbTi cryogen free coil and laminated steel
operator-free system w. remote diagnostics,
Design: T. Antaya, MIT 20 nA average beam current at 230 MeV for
@ 1.8 m, weight 20 t, 9 T, Nb3Sn coil, PBS; Extraction efficiency >50% at 230 MeV
>10 nA at 250 MeV 1 kHz beam pulse repetition rate for PBS

Superconducting technology relying on TriNiobium Core

11.05.2020
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Lupwic- What has been realised recently

MAXIMILIANS-
UNIVERSITAT
MONCHEN

* one-room facility ¢
180° gantry 220° gantry belam
ang

S it e ProteusONE"

OMEVION $250

L:14m,H: 14 m L:27 m,H: 13 m

Source U. Linz

Luowic- What could be realised soon

MAXIMILIANS-
UNIVERSITAT
MONCHEN

IBA
cryocooler .

accelerating
electrode
g ADVANCED RESOURCE CENTRE
FOR HADRONTHERAPY IN EUROPE

Carbon ions

700 tons
SC caoils
d7Tm

Int. Conf. Cyclotron and appl, Tokyo 2004

IBA C400 CYCLOTRON PROJECT FOR HADRON THERAPY
Y. Jongen, M. Abs, W. Beeckman, A. Blondin, W. Kleeven, D. Vandeplassche, S. Zaremba,
IBA. Belgium

V. Aleksandrov, A. Glazov, S. Gurskiy, G. Karamysheva, N. Kazarinov. S. Kostromin,
N. Morozov, E. Samsonov. V. Shevtsov, G. Shirkov, E. Syresin. A. Tuzikov, JINR, Russia
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Luowic- Scaling down dimensions and costs

MAXIMILIANS-
UNIVERSITAT
MONCHEN

Compact single room
proton therapy solutions
clinical operational with

cyclotrons and compact 3 IBASProteus One [ 'MEVION 250
Superconducting SC Q Superconducting SC

synchrotron

L:27 m, H: 13 m

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

Linear Accelerators
- | NIRSS Quantum Scalpel
\ Superconducting

synchrotron /gantry _
ProTom 6 Radiance 330
Synchrotron

K.Noda, J.Phys2019

LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MONCHEN

Classification of Synchrotrons

® Slow Cycle Spill Length
* Operation Period : > 1s d il‘lﬂ
* Slow Extraction :
Variable Length and Intensity
*Energy : Variable

‘Accelelation

* Energy Spread: Small< 0.2% Injection

® Rﬂ[}id Cycle Spill Length
10-5 Sec.

Accel.

* Operation Period : <0.05 s

* Fast Extraction : 106 Sec

* Energy : Variable( in Principle),
or Changed with Degrader

* Energy Spread : >> 0.2%

May 18, 2007 PTCOG Educational WS

11.05.2020
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New accelerator concepts - FFAGs

—l B / 8 \ Idea:
F— ¥ f Simplify control
f and operation,
e i no synchro-
accelerating time accelerating time accelerating time niza{ion
necessary
between B-field
and RF
D:I ... No savings in
/ space!
... but rapidly
(~ms) switchin
Synchrotron FFAG eneragy with g
Cyclotron *const. closed orbit *varying closed orbit 9y
isochronous (varying magnetic field) K(cons?. magnetic field)j ~200 .HZ
repetition rate

Courtesy A. Peters, HIT

S
A .4
wwe || New accelerator congepts - FFAGs
LMU| | P 2l

Fast acceleration

Compact footprint

Magnet aperture
must accept large Scaling FFAG __ Low E
momentum range

Variable energy Multi-stage
extraction? y due to p
M| acceptance

Possible very high rep rate
Much world wide interest.

Demo machines in early
operation, construction &
design

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

11.05.2020
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New concepts — Dielectric
LMU wowe s | | Wall accelerators

UNIVERSITAT
MONCHEN

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

G. Caporaso et al, LLNL
250 MeV protons in 2.5 m?
Pulse-to-pulse energy & intensity variation
“Hoping to build a full-scale prototype soon”

Goal to reach 100 MV/m

500 kV
accelerator

velvet
cloth
M' high-gradient

i insulator

bucking
coil

" 2-3meters " »

Figure 1: Dielectric wall induction accelerator
configuration. Courtesy A. Peters, HIT

Q)

wwe || High-gradient linear accelergtor i ]
LMU| i555% | | under development at CERN/ ADAMS |

Accelerator Beam always Energyvarlation | Time needed
RESEARCH m e [t

Jun 8, 2017 treatments methods
Compact linac designed for proton therapy

Cyclotron YES NO 80-100 ms (*)
A design for a compact, fully linear accelerator for proton Synchrotron NO S 1.2 secouds

Linac YES YES 2-3 milliseconds (**)
therapy has been developed by researchers at CERN. The T e e
linear design offers a higher beam quality than circular (**) The energy is changed by adjusting the RF power to the modules

medical accelerators but - thanks to its high accelerating
gradient - has a similar footprint (Phys. Rev. Accel. Beams
20 040101).

LIGHT system being installed in London

ADVANCED -
ONCOTHERAPY The TULIP all-linac design
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New concepts — laser plasma accelerators

titanuim foil with
Profon fich tot A Laser: 50 fs, 50 J (Petawatt!)
A 1=102" W/cm?
A 10" protons up to 300 MeV should
be possible

A Repetition rate?
A Intensity control?

Courtesy University of quasi static
5 ty electric field

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

Courtesy A. Peters, HIT
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