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Context :
Cancer and
particle therapy




Context What is cancer ? (}

£ Cancer can start in any cell of the body

» Cancer cells come from genetic mutations

$» Cancer exist in many different forms

®» Grow out of control or not die when it should

&> Cancer cells divide and eventually form a tumor which will grow

Genetic .
Cancerous cell division
changes

®o—-9e
/

Malignant
tumor

Normal cell Cell division Normal cell

® — @ O ® —

Healthy
tissue  © !
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Context

Breast
2 261 419 (12.5%)

Lung

2206 771 (12.2%)
Other cancers

7 681 770 (42.5%)

Colorectum
1931 590 (10.7%)
Cervix uteri Prostate
604 127 (3.3%) 1414 259 (7.8%)

Liver Stomach
905 677 (5%) 1089 103 (6%)

Total : 18 094 716

Data source: Globocan 2020
Graph production: Global Cancer
Observatory (http://gco.iarc.fr)

$» Most common treatments :
Surgery
Chemotherapy

Lévana Gesson

Informations about cancer (‘
&> First cause of death in Europe and North America

(4

Estimated number of new cases in 2020, worldwide, both sexes, all ages (excl. NMSC) Estimated number of deaths in 2020, worldwide, both sexes, all ages (excl. NMSC)

Lung
1796 144 (18.2%)

Other cancers
31869 037 (39.1%)

Colorectum
935 173 (9.5%)

Liver
830 180 (8.4%)

Pancreas

Stomach
466 003 (4.7%)

768 793 (7.8%)

Oesophagus Breast
544 076 (5.5%) 684 996 (6.9%)

Total : 9 894 402

International Agency for Research on Cancer

5;% World Health
Organization

levana.gesson@iphc.cnrs.fr

JRJC 2022

Radiotherapy | —— Ton beam therapy




Context Radiotherapy

0
S 100

Dose
proportion
o
o

X-ray (traditional) radiation beam Proton radiation beam

Example of dose differences between X-rays 10
therapy and carbon ion-beam therapy 0

Beam treatment in multiple
direction to lessen the dose
deposition in healthy tissues

Stereotactic body RT C-ion RT
= TICRIE < 1 MY with 10 ports with 4 ports
w 12C 270 MeViu

Protons 148 MeV/u

Relative Dose
w

4
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Context What happens in cells ?

Direct effect

. ; photon
\ A i o
DNA-protein ‘
cross-link :
g 3]
i Indirect effect X- r ay S | ron
- photon &
on b H gg/”_\’/ -10.0 sec
2™ |
{ T~
; ®
— {{ ®
4 nm
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Context How 1ons beam interact ? {}

> Ionisations and Nuclear reactions

o

- | £ Secondary particles used for

= total

st | - online control

Relative ionization

~

$» Online monitoring :
to determine Bragg peak
position during irradiation to
permit TPS correction if needed

o
w

target exit

%» Most used : Prompt y and

Relative ionization
o
~N

=

protons
0.0 = > -
0 5 10 15
water depth (cm)
Lévana Gesson . From Gunzert-Marx et al., “Secondary beam fragments produced by
levana.gesson@iphc.cnrs.fr 200 MeV/u 12C ions in water and their dose contributions in carbon 10

JRJC 2022 ion radiotherapy”, New J. Phys. (2008).



Context
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Imaging
Define tumoral/targeted

Treatment plan

f Treatment planning \

System (TPS

v

\ - IZED izmmn o [1y

4 Physical dose calculation \}\

a N
Physical Biological
processes processes

. .

\_ Uncertainties )

Treatment

| r

/| Trradiation
Control (PET)

 Corrections
Comparison between
delivered dose and

\ planned one

v

y,

J
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Context Physics simulation code

10"
10°F

10° fft”

Flux (particles/(cm>-MeV/n-year))
Flux (particles/(cm’-MeV/n-year))

» Simulation codes do not agree together

$» Data does not agree with simulations
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10"k

— —s— — Geantd (QMD) — —=— — Geant4 (QMD)

——=—— Geantd (INCLXX) ———— Geantd (INCLXX)
[| ——e—— MCNP6 ———s—— MCNP6

——=—— PHITS 10° | ——=—— PHITS
o — 3DHZETRN (N=1) A E— 3DHZETRN (N=1)
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10° 10' 10° 10° 10 10" 10° 10’ 10° 10° 10
Kinetic energy (MeV/n) Kinetic energy (MeV/n)
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Context Clinical center {}
(HIT, Heidelberg)

3) synchrotron

(3) Hi
8h Ene

3 r

KR P Jg; Beam Transpory i
- 7"
(1) ion .
‘ e
sources \1\\\0
< £ O QO ? 5 .  N

%

> 2 \ ) / :
\ VARS
treatment \ g
room 1 & :
N

treatment
room 2
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Context Ion accelerator ‘>
(GSI, Darmstadt)

Ringbeschleuniger
SiS18

lonenquellen

Fragment-
separator FRS

Experimentier-
speicherring ESR

Hauptkontroliraum

Experimentierhalle | Experimentierhalle Il

X0 Beamline
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Nuclear data
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CLINM project

$» Combine measurement of secondary particles and
radiolyse effectiveness

Charged
AE+ToF

Start
(PMTs+Scint.)

Incident beam

Target .

Recoil Proton Telescope

o %

Cells - 1 cm thickness

’H

B 4 3  §
Incident beam I (*He)-'He-"He
'I protons

Target PMMA - 17 mm
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Nuclear data Secondary particle W
qualitative/quantitative characterization

10°

Secondary particles depose energy in a plastic detector
(AE), then in a CeBr; detector where they stop (E).

AE - plastic (MeV)

Plastic scintillator

2mm of polyvinyl
102

toluene
Proton / C-ion AE
beam 10
R R T R
PMMA target 5,1 cm of CeBr; E - CeBr3 (MeV)
scintillator AE-E results from simulation with a carbon-ion
E beam of 200MeV, the detectors at 5° from the

beam axis, and a PMMA target of 4 cm
Work done by M. Vanstalle

Lévana Gesson
levana.gesson@iphc.cnrs.fr 8
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Nuclear data
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o Secondary particle o (}
qualitative/quantitative characterization

Measurement of the time the secondary particles ;_
take to go from the target to the detector o
CeBr; crystal f— o
scintillator E
Plastic F
scintillator T . 10
N 3
. <\ 5-10° =
o [ s B BN
L 1 [ I D  -F 1
. 5
to ToF (ns)
PMMA TOF results from simulation with a carbon-ion
target beam of 200MeV, the detectors at 5° from the
beam axis, and a PMMA target of 4 cm

Source : A.Secher, PhD thesis
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Nuclear data Calibration in amplitude for plastic \>
scintillator

[ 1 ( }
.
e £ 300 -
= [ — 5
g *0 = —e— Plastique2_1100 Amplitude E Ok —e— Plastique2_1100
g 205 g :
= 290 f_ Function 250 :_ — Function
285 f_ :_ Birks’ formula:
= 2 Q= [OFE+1]
280 i I
275F- 150 1+[2]'E
270 - 1.06183e+01 8.05365¢-01
sexl. 100[— p1 3.69906e+00 3.90812e+00
E - p2 1.43832e-02 2.58435e-03
260 E_ 50 C
1] 1 l 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 l 1_J 1 l y | 1 1 l 1 1 1 l 1 L L 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1
25% 36 38 40 a2 a4 46 48 50 10 20 30 40 50
E (MeV) E (MeV)

Work done with C.Mozzi and J.Gross
during their internship
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Nuclear data Calibration CeBr, scintillator with \>
carbon-ion beam

)
—
)
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. - . " 52000/—
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Work done with C.Mozzi and J.Gross
during their internship
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4D Motivations (@
monitoring
with CMOS

Respiratory
motion Under or
overdosage
—> o Need to monitor the dose
. . Increase the dose
Density gradient between exposure to the heart
tumor, lung tissue and  —
bones

:';:_(mmin_l.}mr_w_ho_l (m (_.H ea l‘t % : ::g_:.mm.u_r._yn.m_w_nu « Ra n g e overs h oot

Dose distribution of heavy ions for lung tumor [7]
Lévana Gesson treatment planned at the end of inhale.
levana.gesson@iphc.cnrs.fr
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4D Motivations
monitoring
with CMOS

Induce differences in
secondary particle

Use of the density. production

Need to monitor the dose gradient between lung
and tumor

More secondary particle if
the beam touch the tumor
than the lung

el Range overshoot

Dose distribution of heavy ions for lung tumor [7]
Lévana Gesson treatment planned at the end of inhale.
levana.gesson@iphc.cnrs.fr
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4D
monitoring
with CMOS
Carbon ion beam
173 MeV/u
~ 10%ions/s
m— —
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CMS Mimosa-28

Experimental

Vertex (production point)

inside foam

Pixelated
2X2 cma2

Target : PMMA cylinder

setup

Moving table

\

Reconstructed
track

\

o

o
!
10°

\ \ \ CMOS
” ’ trackers

10°

I

25



4D Experiment in MIT
monitoring | '
with CMOS

Lévana Gesson
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4D Preliminary results (}

monitOring Vertex position at Z

vtVixPosZ
o - Entries 1242479
with CMOS o R
C Std Dev_ 4.819e+04
14000f—
g 12000{—
5 10000— .
- Carbon ion beam
2 8000/—
[5 6000{—
3 -
< 4000
2000—
E IS I I I sl k108
850 "200 150 100 -50 0 50 100 150 200 250

[ Foam Vertex position along the beam axis (um)
D PPMA TaI’get_ Vertex position at Z

vtVixPosZ
20000 — Entries 2028316
- Mean -1667
18000 — Std Dev_5.503e+04
16000 —
14000 —
12000 —
3 10000 — .
g Carbon ion beam
2 8000 —
E 6000 —
4000
4 o
2000
P o
L = g ) ) . b L L x10°
évana Gesson %50 200 150 100 -50 0 50 100 150 200 250
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4D Preliminary results 9
monitoring
with CMOS Vertex position at Z = Touching PMMA

target centered

20000 .
== Touching

18000 foam

16000

Number of vertex

14000

12000

10000

8000

6000

4000

2000

9%

Ll "
-200 -150
[ Foam
Lévana Gesson
levana.gesson@iphc.cnrs.fr D PPMA TaI‘get
JRJC 2022

PR TSR RTNTY AN SR S ||||IIII)(10:3
-100 -50 0 50 100 150 200 250

Vertex position along the beam axis (jam)

Co“LIII|III|III|III|III|III|III|III|III|III|I
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To clinical application

2> GATE — advanced opensource software for numerical
simulations in medical imaging an radiotherapy
—based on Geant4

©» Simulate on a human phantom

&> Create a device based on CMOS
monitoring usable in clinic

LGATE



Particle therapy :
Secondy particles
produced by the
beam fragmentation

Need to understand
dose contribution of

those secondary
particles

and the interaction
between the beam

Conclusion

N/

Dev. of a beam tim&
monitoring during
lung cancer
treatment with
CMOS detectors,

uclear data with
AE-E and TOF

method to
characterize

secondary particles

usable in clinics production
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Differential angular cross-sections of
12C(12C 4He) reaction @ 95 MeV /n
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Radiation environment
during space travel

Radiation sources Primary particles Shielding

87% Protons
% 12% Helium
1% Heavy nuclei
100 MeV - 100 GeV
Galactic Cosmic rays (GCR)

Electrons & Protons
‘ =8 - 1k - 12k km 1 - 5 MeV
; 13k - 60k km 10 - 100 MeV

Earth radiation belts

2% Heavy nuclei

Tea 92% Protons
(‘v ) 6% Helium
¥4
keV - 100 MeV

Solar Particle Events (SPE)

Secondary particles

Neutrons
Protons
Electrons
X-rays
Gamma rays

Recoil heavy nuclei

Barratt, Baker, Pool, 2019 (modified
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Heavy nuclei distribution
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Cell damage

[4]
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Nuclear interactions (}
‘
.9
Stable Stable
nuclei  x bl clei
Neutron f :‘:d:l Neutron n: s Exclt'::l
—y - @ — @ -
B "
b) Inelastic scattering: Production of
secondary radiation by nuclear de-
a) Elastic scattering: Recoils’ excitation (n, y, p, alpha, ...), highest for
nucleus, highest energy loss high-Z materials.

per collision for low-Z materials.

Abrasion Ablation

Quasi-target fragments Quasi-projectile decay

Lévana Gesson N

levana.gesson@iphc.cnrs.fr T . preey T R
|
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Context Radiations interactions
with matter

\ 4

2 Protons and 2 Neutrons
Alpha
Rays
lonisation * * *
Beta m P -
lonisation * *
Gamma
RaYS High Energy EM Radiation
X-Rays i~
Neutron PSS WENETon:
. ! v

Thin A Water or Concrete
Aluminum Thick Lead
Stops neutror

[2]

Lévana Gesson [1]
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Context Nuclear interactions {}

/Charged particles (EM and strong*)\
Coulomb elastic or inelastic with
Photons (only EM) © o and nucleus

Neutrons (strong)
o Photoelectric effect S i olasti _ th o Absorption/capture
o Compton scattering © nsréig? Inelastic scattering wit o Elastic scattering

o Pair production o _ o Inelastic scattering
o Fission/Fusion*

Q)nly for ions /

i secondary
O— * * ‘ o proton and
proton neutron
projectile G target maction O target
nucleus fragment
’_’ ‘ ./' He and
» neuton
e B B T -
HC target raction target pmjectile
ks fragments  fragments
._‘ = == ‘ ® a
, “C projectile . ﬁ
Lévana Gesson o & L W
levana.gesson@iphc.cnrs.fr m‘t':"f" reaction target  projectile o
) ents 8
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Context Material effectiveness as
shielding (1 GeV/u 5°Fe
as proxy GCR)

H_- ————

l_QEi-=EJe =
PMMA - H
MSFC 645 - H
H
H

MSFC 824 -
MSFC FC1 -
MSFC G3C11 A H
CH, +B - H
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Epoxy{————— H
CH,+LiC{————————7H
(] S —
Epoxy+B{—————— H
Carbon{— " H
— " H
— 7 H
7 H
— " H
— H
—
—
1
|

PETI-5 -
Gr-Ep
Mars Bar
Al +CH, 10 A
Al +CH, 7 -
Al

Cu

Sn

Pb A

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
8D, (g cm?)!
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Statistics about cancer f)

°
o
e ° °

Ranking of cancer

Premature mortality (0-69)
1st (57)
2nd (55)
3rd - 4th (23)
5th-Oth (48)

[ Nodata [ Not applicable

N\
The boundaries and names shown and the designations used on this map do not imply the expression of any opinion whatsoever Data source: GHE 2020 \‘?; \t), World Health
on the part of the World Health Organization concerning the legal status of any country, territory, city or area or of its authorities, Map production: CSU I 3 Organization
or concerning the delimitation of its frontiers or boundaries. Dotted and dashed lines on maps represent approximate border lines World Health Organization SSF
for which there may not yet be full agreement. © WHO 2020. Al rights reserved
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Radiotherapy




Ion beam therapy

Heavy ion
beam

2Ce+ jons

proton

oose= 5 |
Ose—%

High dose delivered to
cancer tumor

More conformal dose

lon beam

2 6 10 14 18

Deith in tissue [cm] From [1
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 X-RAY THERAPY

- TREATMENT EXPLAINED

From [3]
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Particle therapy in the
world
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Spatial radiations

_/ Constant Solar Wind

Solar Energetic Particles
Solar Particle Events (SPE)
Coronal Mass Ejections

_—
—_—

—————p

Constant Solar Wind




- &
Plan of exploration and )

colonization
The Earth’s Accessible Outer
. Neighborhood ~—  "Planetary Surfaces—  'Planets™
BN A
i N € N
Earth- The Sun- Mars Asteroids
Moon L1 Moon Earth L2 or Other

Targets...
Up to 180 Days

,,,,,
.....

S~
-
-
e DY s = T

s me "

500 to 1000 Days 2000 Days +
3 mSv/d

Up to 100 Days
Dose-rate 1 mSv/d 2 mSv/d
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Vertex reconstruction

Clustering

@ Centerof mass

Vertex - clusters map for sensor 2
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i
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Search of a corresponding line between the

\

3 CMOS of a tracker

Vertex - Tracks map for sensor 2
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Vertexing

Beam axis

Intersection between the beam axis
and the track reconstructed

Vertex position at Z

vtVixPosZ
Entries 14927
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