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Application and future development of
heavy Ion radiotherapy
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Parameter X-rays Protons Carbon lons
Volume of Large Small Smallest
irradiated normal
tissue
Biological effectiveness

In normal tissue ow Low Low
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Carbon lon Proton Tomotherapy RapidArc Gamma Knife
Cyber Knife
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DIRECT AND INDIRECT ACTION OF RADIATION
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It 1s estimated that about
to DNA in mammalian cells 1s caused by




Radiations used
for Radiotherapy
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Proton Therapy
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We currently treat the following cancers in children and adults:

./ Brain tumorny

. . 100 and §

Lymphoma
ﬁ

Pancredtic cancer

Gymecokog pevic

s and
recurment peivic
Wil tumory

Recurrent Su )
Rectdd
Cancer

Pediatrk tumors

ey

Prostate
Concer

o Salivary gland cancer (e.g. adenocystic carcinoma)

* ENT tumors, e.g. paranasal carcinoma

* Chordoma / Chondrosarcoma of the base of the skull or the
pelvis

* Prostate cancer

* Brain tumors, €.g. glioblastoma, glioma, meningioma,
pylocytic astrocytoma

* Pancreatic cancer

o Livercancer

N NN\

* Recurrent rectal cancer

* Lung cancer

* Cancers for which ion radiation is favorable, especially deeply
placed tumors that can be treated effectively or those where

particular care is necessary for the surrounding tissues

o [ymphomas, e.g. malignant mediastinal lymphomas
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Advantages of carbon ion beams
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Figure X The structurs of a proton and a carbon track in nanometre resolution are comparsd with
a schematic representation of a DNA molecule, The higher density of the secondary electrons,
produced by carbon ions, creates a lange amount of ¢lustersd DMNA damage.

It has been shown, for carbon beams, that the location of elevated RBE
coincides with the Bragg maximum. In particular, for many cells and many
biological reactions, the RBE becomes definitely larger than 1



Advantages of carbon ion beams

Table Z. The energies of column 2 comespond to a range of 26.2cm in water. The other columns
give LET values at different residual ranges.

LET (ke pm -1y at various

Charged £ residual ranges in water (mm)
particle (MeV u-1)

My Z Range = 22mm 262 150 70 30 |
I+l 20010 05 06 DR 1.1 4.5
e+l 2020 18 22 31 44 200
T+ 2343 37 46 62 ES 400
Hp+3 3295 85 100 135 190 1.5
R 390.7 110 135 1735 245 1120
447 430.5 145 175 2235 315 1420
Fyp 4680 180 215 280 390 1750

One can see that the LET of carbon ions is larger than 20 keVum—1 in the
last 40mm of their range in water, while for helium this only happens in the
last millimetre.

For protons, the range of elevated effectiveness is restricted to a few
micrometres at the end of the range—too small to have a significant clinical
Impact. For ions heavier than carbon the range of elevated RBE starts too
early and extends to the normal tissues located before the tumour.



Advantages of carbon ion beams

Figure 4. Companson of treatment plans with 2 ficlds of carbon ion (IMPT—Ieft pancl) and with
9 ficlds of x-rays (IMRT—right pancl) [23]. In both cases the conformity to the target volume is
goad but for carbon ions the dose to the normal tissues is much smaller.

This applies also to protons, yet carbon ions are more
effective for radio-resistant tumors.

These types of tumors are thus the elective targets in a
carbon ion facility, while protontherapy is well adapted to
other cases in which a tumor is close to the organs at risk
that cannot be irradiated.
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Postoperaand Nasopharyngeal Spacetive Chordoma
in the Clivus &R £ BH X8 (R 5 8R%)

Carbon 10n dose: 60.8 GyE/16 frs.

Pre c-1on RT Dose distribution ~ Post 67 months
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Proton: 4+4 sites

Carbon: 1+2 sites
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NIRS

Specification of the Compact Carbon-

HIMAC Therapy Facility__,
/1 lon species: high LET (100keV/um) charged particle - Carbon\ /
2. Range: Max. 25cm in water Optimized for
3. Maximum irradiation area: 20cm square Carbon beams
4. Dose rate: 5Gy/min/——1.2x10%ps (C ions)
5. Irradiation direction : horizontal, vertical
6. Treatment rooms: 3 (H&V, H, V)

\ 7. Irradiation technique: gating & layer stacking irradiation /

/.

Accelerator systems and Irradiation systems :

High reliability, stability, reproducibility, easy operation, easy

maintenance and absolute safety
Furthermore how can

The other requirements : s e T T,

- Precise beam delivering

- Easy beam tuning in a short time within a few minutes
- Accurate dose measurement and control

- Fail-safe system

34
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Detailed design and R&D was
completed in FY '05. Its size is

downsized to 1/3 compared with 2 P
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ECR lon Source(electron cyclotron resonance)

— 10 GHz microwave(ECR at 3.6 kG)
— Simple minimum B structure
« Mirror field: 9.3 kG /7.6 kG
 Axial field: 8.0 kG

— Extraction voltage: 25kV max.

Insulator
o’
o o. .
° ®
N o

sextupole
magnet

E xtraction ]
ectrod Mirror W ater
ectrode : i
Coll Cooling
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Alvarez (Drift Tube) Linac

Energy: 6MeV/u
(9/m<1/7)

No. of cavity : 3

Peak power :
1.4AMW/cavity
Frequency:
100MHz




Synchrotron

Maximum energy:
430MeV/u (g/m=1/2)

Repetition rate: 0.5Hz
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RF cavity
acceleration voltage: <9kV

frequency: 1 - 8MHz

Bending Magnet
rigidity:9.7Tm
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PARTICLE BEAM PRODUCTION: CYCLOTRON

Our cyclotron

+ 230 MeV penetration depth of in water
- 4 accelerating gaps
* proton extraction: electro-static deflector




CYCLOTRON ION SOURCE

V|

— free proton (H*)



Diameter =4 m
235 MeV

Gradient
corrector

‘ja(:ks
(2 total)



1) 0
Cyclotron Nozzle

Using magnetic fields, the cyciotron A 21p00-pound magnet guidss the baam

can acoslerats e fydrogen protons to {othe patant through a nozzis

byl ooy T IBA proton

e 230MeV

Electromagnets /
The magnets foru r s y
tha r'ﬂ!‘:r beams toward . . ﬂ

.'f"/ a\p

Gantry

The gantry can rofate 360" around Te

patient 1o position the nozzis
=
¥



MEVION Medical System

Single Room
contains all
equipment

y o4

Cyclotron mounted
on gantry

Clean clinical environment
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SYSTEMS
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Z Varian proton therapy

- Fully integrated image-guided IMPT

2.A newly de5|gned SRPT with proton
gies ranging from 70 to 220

019.(13

- a




Pronova Proton Therapy
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High Performance Hadron Therapy Centers
with Carbon and Proton Beams

» Heidelberg ion therapy (Germany)
» Marburg (Germany):2015
»CNAO (Pavia, Italy)
Austron (Wiener Neustadt,Austria):2016




REQUIREMENTS FOR THE THERAPY
AT HIMAC

lon species: high LET (100keV/mm) charged particles
= He, C, Neg, Si

Range: 30cm in soft tissue = 430MeV/u (C)
800MeV/u(Si)

> 22¢cm In diameter

/



HISTORY OF CONSTRUCTING HIMAC

Heavy lon Medical Accelerator in Chiba (HIMAC)

1984: 10 years strategy for confronting the cancer

1986 International Workshop on Heavy lon Treatment
Facility

ne construction
oeams were successfully



THERAPY CONTROL ROOM
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ALVAREZ (DRIFT TUBE) LINAC

Energy: 6MeV/u
(q/m<1/7)

No. of cavity: 3

Peak power:
1.AMW!/cavity

Frequency: 100MHz . -
Diameter: 2.2m
Length: 24m




SYNCHROTRON

Maximum energy: 800MeV/u
(9/m=1/2)

Repetition rate: 0.5Hz max.



TREATMENT ROOM




GUNMA INJECTOR LINAC AND ECR SOURCE




GUNMA SYNCHROTRON




GUNMA TREATMENT ROOM A, HORIZONTAL LINE




Figure 8, The GSIisocentric gantry for carbon ions. Itis about 25 m long and vertically occupies
three floors,

HIT is a very ambitious project that applies all the techniques and methods

developed in the framework of the pilot project and features
, which weighs about (figure 8).

HIT is a joint project of the Heidelberg Clinics and GSI in the sense that the
responsibility for accelerator is given to GSI. The irradiation system and the
medical equipment will be supplied by . The
construction of the buildings and the operation is with the Heidelberg Clinics.



HIT Treatment room H1
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D. Schardt PMRC 04-March-2010




(HIT)

At a glance
1. Targeted and gentle treatment against certain cancer types
2.700 patients per year

3.Extensive expertience in treating children and adolescents
% of patients are treated as outpatieents

lon: several minutes up to



Carbon 1on facilities
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Figure #. The general layout of the facility designed in the PIMMS [35]. The beam distribution
line is long as it has the special feature that various functions are performed by different modules.

The coverad area is 15000 m-.

PIMMS: Proton ion Medical Machine Study




CNAO:Nazionale di
Adroterapia Oncologica

Beam particle species: P, He?*
,Li%* Be** ,B% ,C8* (0O8*)

Future Layout

Present Layout

Source H;'

Source H;'

Source C"

N
Source C

igh Energy
Transfer
Lines

Treatment
Rooms




Marburg particle therapy center

”ﬁf‘ RHON-KLINIKUM
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Proton/lon Treatment Facility Marburg (Germany)
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Spread-out Bragg peak

Modulated proton beam
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Particle therapy —beam delivery system

Broad Beam(Passive Scattering)
a.1Wobbling or scattering
a2.RangeModulator/Ridge filter
a3.Aperture and Compensator

b.Scanning
Various modes of particles scanning techniques

1.Discrete spot scanning




range - range- compensator
modu&nor shifter

collimator
tumour
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Double scattering

B HighZ v ‘

= LowzZ

Block and Range

Fixed Scatterer » Second Scatterer compensator

Rdnge Modulator
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Scattering material

Irradiation




Movab!
Wedge

Motion of
Wedge

Stationary
Wedge

FIG. 18. Schematics of a double wedge system which is used to shift the|
range of the beam.
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Passive beam scattering
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Scanning magnets in x and y Slices
already
treated

proton beam

distribution on % 8 Scanning
' Magnets

the actually
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Pencil Beam Scanning

Scanning Magnets

- ()

-
Cmiml

Scanning Magnets Structure

Proton Penci
Beam

Powerful scanning magnets direct thousands of ultra fine proton
beams, one by one, toward a patient’s tumor. Intricate treatment
planning allows for the protons to deposit their potent dose of
radiation to the exact dimensions of the tumor, leaving nearby
healthy tissue and critical structures untouched.

/



m 2 5

J N

ok 2
P

T30\
35
-nn\«

LRSI AT BT i E AR AR S
2 BM S H R
3. PenC|I beam ,—.. A
3 ’}i%ﬁ* mF’ :L R
% i




Thank you!




