04.05.2020

The Physics
of Charged Particle Therapy

Introduction to Particle Therapy

Part I/ll - Fundamental Concepts and Physics

Benedikt Kopp
PhD Candidate

Biophysics in Particle Therapy Group (BioPT), Heidelberg, Germany

GERMAN
z CANCER RESEARCH CENTER
@  INTHE HELMHOLTZ ASSOCIATION

« o000 000 0O Uﬁ:\[/)EEFI\;gBl—Er\BG
Research for a Life without Cancer HOSPITAL




Il Disclaimer !!




UNIVERSITY

04.05.2020 | Page 3 HOSPITAL

e | L terature R dikfz, o

* Radiation Oncology: A Physicist’s-Eye View, Michael Goitein,

Springer, Ch. 10, pp. 211-245

* Proton TherapyPhysics, Harald Paganetti, Taylor & Francis,
Ch. 2-6, pp. 19-190

* The physics of protontherapy, W. D. Newhauser and R. Zhang,
Phys. Med. Biol. 60 (2015) R155-R209

* Nuclear physicsin particle therapy: a review, M. Duranteand

H. Paganetti, Rep. Prog. Phys. 79 (2016) 096702 (59pp)



Introduction to PT Ad d Itl O n al L I teratu re h dkfz. HEIDELBERG

UNIVERSITY
HOSPITAL

04.05.2020 | Page 4

« Schardt, Dieter, Thilo Elsasser, and Daniela Schulz-Ertner.
"Heavy-ion tumor therapy: Physical and radiobiological
benefits." Reviews of modern physics 82.1 (2010): 383.

* Wilson, Robert R. "Radiological use of fast protons."
Radiology 47.5 (1946): 487-491.



Benedikt Kopp
Introduction to PT Ove rV I eW o dkfz. HEIDELBERG

UNIVERSITY

04.05.2020 | Page 5 HOSPITAL

* Introduction to Radiotherapy
* Physics:

 Energy Loss

« Lateral Beam shape

« Beam Delivery Techniques
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In cancer, the ideal radiation delivers:
In theory:

* defined dose distribution withinthe target volume
(generally a uniform);

* None outsideiit.
In practice:

* most of the dose within the target volume

* relativelylittle outside it
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Radiological Use of Fast Protons

ROBERT R. WILSON
Research Laboratory of Physics, Harvard University
Cambridge, Massachusetts

XCEPT FOR electrons, the particles
E which have been accelerated to high
energies by machines such as cyclotrons or
Van de Graaff generators have not been
directly used therapeutically. Rather,
the neutrons, gamma rays, or artificial
radioactivities produced in various reac-

per centimeter of path, or specific ioniza-
tion, and this varies almost inversely with
the energy of the proton. Thus the specific
ionization or dose is many times less where
the proton enters the tissue at high energy
than it is in the last centimeter of the path

where the ion is brought to rest.
R.R. Wilson, (1946) Radioloqy 47, 5
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Depth-dose profiles

clinical beams in water
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Depth-dose profiles

12 clinical beams in water Dose deposition clinical beams
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 Introduction to Radiotherapy

* Physics:
* Interaction Types of Particles with Matter
« Energy Loss in Material
« Lateral Beam Shape

« Beam Delivery Techniques
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Three main phenomena:

* Coulombinteractions with atomic electrons

e Coulombinteractions with atomic nuclei

* Nuclear interactions with atomic nuclei
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Three main phenomena:

* Coulombinteractions with atomic electrons «

e Coulombinteractions with atomic nuclei

* Nuclear interactions with atomic nuclei
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Coulomb interaction of a proton with an atomic electron
M. Goitein 2008
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Protons lose energy as they penetrate matter,

mainly due to Coulomb interactions of the protons with the
orbiting electrons of atoms

-> protons and electrons are attracted and the protons “take
electrons with them” (ionization)

-> the escaping electrons further ionize other atoms

Protons experience 100,000s of interactions per cm before
coming to rest (low energy per ionizationand low deflection)
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The penetration depth is determined by the beam energy
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The penetration depth is determined by the beam energy

(and material)
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Three main phenomena:

* Coulombinteractions with atomic electrons

 Coulombinteractions with atomic nuclei «

* Nuclear interactions with atomic nuclei
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Coulomb scattering of a proton by an atomic nucleus
M. Goitein 2008



UNIVERSIT
HOSPITAL

Introduction to PT Cou Iom b InteraCtlon h dkfz. HEIDELBE

04.05.2020 | Page 20 W i t h N u C | Ei

Conversely to the interactions with electrons, protons
experience a strong repulsive force when they approach
closely the charged nucleus of an atom

Deflection through larger angles (although still small)

These deflections add up and result in a net angular and
radial deviation -> “multiple Coulomb scattering”
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Highland Formula describes the lateral scattering in
a first approximation as a Gaussian with g

rad] - 4L MeV [ d [1 1 ( d ”
7ot - IBFC P L ad +9 Va0 Lrad '

r

Radiation Length of Material

I—rad

d Thickness of absorber
Z, Charge of particle

P Momentum of particle

Highland, V. L., 1975, “Some practical remarks on multiple
scattering,” Nucl. Instrum. Methods Phys. Res. 129, 497499

Highland, V. L., 1979, “Erratum,” Nucl. Instrum. Methods
Phys. Res. 161, 171.
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The lateral acceleration impinged to protonsin the
atomic nucleusfield results in the emission of a
spectrum of photons — Bremsstrahlung

Proportional to 1/m? -> much less intense in proton
therapy (~10°)
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Three main phenomena:

* Coulombinteractions with atomic electrons

e Coulombinteractions with atomic nuclei

* Nuclear interactions with atomic nuclei «
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Non-elastic nuclear collision of a proton with an atomic nuclei
M. Goitein 2008
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Nuclear interactions via “strong nucleon-nucleon force”

Elastic collisions:

p + 160 -> p + 160

(the nucleus remains intact and the protonis deflected by
several degrees — strong energy reduction)

Non-elastic collisions:

p+*0 >p+PN+p

(break-up of the nucleus and also large deflection and proton
energy loss)
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particle fraction of energy
(70)

protons 57

Protons neutrons 20

(150 MeV) alpha particles 2.9

> 1°0O nucleus | deuterons 1.6
tritium 0.2
helium-3 0.2
other charged recoil fragments 1.6

Light fragment are knocked out with high speed and heavy fragment

remains close to the initial position

M. Goitein 2008
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Nuclear interactions

« ~1%perg -cm
* Threshold ~ 20 MeV

* Occur untillast few mm of the range
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Depth-fluence vs. depth-dose
fluence (%) dose (%)

| * 80 % dose BP falling edge
125 — — 100

same depth
______ _go 90 % fluence FD falling edge

nuclear
100 - interactions

75 - range straggling _ 60
and beam ener
spread Near-flat plateanu - fortuitous
5O —fr----mmm e - 40 ) : :
cancellation between increasing
25 — - openergy deposition and decreasing
primary protons (nucl. interactions)
0 0

depth M. Goitein 2008
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Nuclear interactions
* Proton beam (160 MeV) loses 20% of its protons by the range end
* Halo of scattered primary protons and knocked-out secondary p
* "tail” tothe lateral dose profile
* Heavilyionizing fragments with very high stopping power

-> deposit dose close to the interaction point (high RBE)

* Halo of neutrons escape the patient w/o further interaction
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Heavy particles (e.g. Carbon, Oxygen, Neon ions) also
undergo fragmentation

projectile fragment

projectile \ % ¥ evap.

V, - Ve ~ Y,
P - J -

\ p,d,t

- fireball o

Q O n

target
target fragment
Abrasion Ablation

Taken from Schardt 2010 et al.
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Secondary fragments contribute significantly to
the dose for heavy ions!
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40020001 Page’ of Heavy Projectiles

Abrasion ablasion model can be used to describe nuclear
reactions in heavy particles (“He, 1%C, 1°0)

Nuclear interactions of heavy ions
e produce secondary particles

« have a higher relative secondary particle count with
depth in water
« produced fragments have increased range

—> Creates tail after the Bragg Peak
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Pr(otoﬁs

Protos scatter more
laterally

Heavy ions have a
tail

In this example, the Ca.r‘b'on ime,ns

tail dose reaches the \
brain stem (yellow) O
of the patient. [

0202 ‘Ie 18 ddoy wouy pardepy
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 Introduction to Radiotherapy

* Physics:
 Interaction Types of Particles with Matter
 Energy Loss in Material
« Lateral Beam Shape

« Beam Delivery Techniques
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The dose deposited by protons rises sharply near the end of
their range, originating the so-called Bragg peak
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Depth dose distribution of a mono-energetic proton beam (150 MeV)
(B. Gottschalk) M. Goitein 2008



Introduction to PT The B ragg- Peak .E dkfz. HEIDELBERG

UNIVERSITY

04.05.2020 | Page 38 HOSPITAL

Energy loss due to Coulomb interaction with atomic electrons

Slow energy loss, mainly transferred to atomic electrons, give rise
to the Bragg peak

In a stopping medium, the proton’s linear rate of energy loss
(linear energy transfer — LET or stopping power) is given by the

Bethe-Block formula: dE 1 (Z)zz
2

cC
dx. v A
Local energy deposition increases as protons slow down
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The energy loss of a particle can be described by the
Bethe-Bloch formula (including correction terms):

_9dE _ 2mr2m,N Zp In 2mec* 7 (/1 = ) Tmax —232_25_5
dx e elle 2 (I)2 Z,

At energies at about 10 MeV/u projectiles

recombine with free electron and the effective
charge must be used.

Zeir=Z,[1 - exp(- 1258Z,°")]
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* Vo> Vg
* D,<Dg
End of range:
ertl: | v->0
, (mcrfasmg) Dose drops to zero
F o energyand  Highly asymmetric peak
“0

velocity
(decreasmg) . Goitein 2008
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Range straggling and energy spread blurs out the ionization peak

* Range stragglingresults from statistical fluctuationsin the ionization process
-> the depth of penetrationis smeared out (1% range)

 Beams are nevermonoenergeticdueto energy spreadin the protons’
production (also 1%)
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Near-Gaussian spreadfunction (broader,more round and more symmetric)
(B. Gottschalk) M. Goitein 2008
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sof Lower energies
-> narrower BPs
“ > higher peak-to-
T 0| plateau ratio
o
§ »f Range straggling and
sol energy spread spread
out the BP (1.5% range)
0
o
il B. Gottschalk 2004
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Total path length of a particle is defined by:

E ry —1
dE
R(E) = (d—) dE",
o \dx

For heavy ions, the path length is very close to the range of
the beam.

The range of a particle with specific energy (MeV/u)
scales with A/Z2.

Taken from Schardt et al. 2010
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“He ions have S ® b A
the same range
as protons for
the same
specific energy!

E) [em H,0

|r
it

R

50 100 150 200 250 300 350 400 450
E [MeV/u]

Taken from Schardt et al. 2010
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Range — depth of penetration from the front surface of the
stopping medium to the distal 80% point on the Bragg peak

energy range in water

(MeV) (cm)

70 4.0

100 7.6

150 15.5

200 23.6

250 37.4 M. Goitein 2008
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No matter what the incident proton energy, the same
amount of energy is deposited in the last couple of g-cm- 2
of a proton’s path in the medium
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Penumbra — distal falloff of dose from 80% to 20 %

Protons (150 MeV): Protons (200 MeV):
* Range: 155 cm * Range: 25.6 cm
* Peak-to-plateauratio- 3:1 * Penumbra - 7 mm

e Peak width— 6 mm

Protons (70 MeV):
e Penumbra - 4 mm

* Range: 4 cm
* Penumbra- 1 mm
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{ Tumors may extend more than 10 cm
| This extension is achieved by

delivering many BPs with different
) ranges/energies and weights

| More proximal —> less weight

1 Near-constant high dose at distal region

1 -> spread-out Bragg peak (SOBP)

0'00 10 20 30

depth (cm H20)  B. Gottschalk 2004
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Beams of different energies superimposed to
produce a spread-out Bragg peak (SOBP) that
covers the whole tumor

Single BP withinthe tumor

a Tumor b 101 — Photons
100 —— Carbon lons
s PTOtONS
— 8-
£
) E
5 S
- :_: 6—
g £
E 50- X‘rays % A \
b
o 2
= g
73 L 2
& lon beam
0 T T T T I T T T 1
.. 0 2 4 6 8 10 12 14 16 18
0 | I T I T | T | T Depth in tissue (cm)

M. Durante & J. Loeffler.. (2010) J. S. Nat. Rev. Clin. Oncol. 7, 37
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L
R unwanted Proton SOBP dose
> : dose distribution much
.% ! superior to the one from
= | : a photon beam (LINAC)
~200 MeV | |
protons : |
< target >i
E reglgon : Entrance dose
skin-sparing |! depends SOBP extent
disadvantage |: > up to 80%

L depth

M. Goitein 2008
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How to create a SOBP
—> Algorithms and Optimization

N
x2=Y gl(Pi— D)’ (1)
i=l

where P; 1s the prescribed dose to dose grid point i, D; 1s its calculated dose, g; 1s an importance
factor for the grid point and there are N such grid points.

With the solution:

N N =
Wjk = Wjk-1 T (Zg,‘zdi.j[[)i — Di.k—l])(zgizdiz.j) (2)

where d; ; is the unweighted dose contribution of spot j to dose grid point i (Scheib 1994).

Lomax 1999
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Objectives

Tis(di — d)*
TisO(d — d;)(d; — En’

’\-

f\.r under dosage . .

f\.:: over du_s'c:;;: : E;,g@(ﬂ' - d)(ﬂ’ — (f} ObJeCtIVeS are goaIS the
’\-
(

f.vq deviation

S Tusdh optimziation is trying to
Jeup Liesdy ) .
Jonin DVH =% z,,,ow — d;)O(d; — d)(d; — d)’ reaCh (d ose In tu mor)
Jmax DVH = %\ YisO(d; — d)O(d — d;)(d; — d)’
Constraints
Cinin dose — dmr'u — K !(}g(zjrﬁ;{’dm“i JJ)

= dy + K l0g(Ziese ) Constraints ensure that
=w s a sensible solution is

CEUD = (7 Ziesd }_
Cmin DVH = \L\ E,‘,. 5‘@((! — d;‘] reaChed
Cmax DVH — \L\ EH S@(dr' - d)

Wieser et al. 2017
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 Introduction to Radiotherapy

* Physics:
 Interaction Types of Particles with Matter
« Energy Loss in Material
« Lateral Beam Shape

« Beam Delivery Techniques
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A small-diameter proton beam is substantially degraded

due to multiple Coulomb scattering of the protons
L. Hong et al, (1996) Phys. Med. Biol. 41
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(a) dose >
[ Lateral dose distribution are
! : o ==  broader but shallower at larger
! . g: depths (lower amplitude but great lateral extent)
: ' )
: E ) dose | Protons going deeper are more
' -y scattered and spread out and the
f: () . energy at the BP is smeared out
g laterally
8

-> not well suited for very small (mm)

¢— range =——p' depth
u S ' V. Goitein 2006 4€€P seated tumors (many cm)
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Lateral Beam Shape

Lateral dose distribution of charged particles

Depth dose profiles

B -

5 -
@
w -
= |
P8 [ | — photons 21 MeV i
33 —12C 270 MeV/u X |
-4
@ — protons 148 MeV/u | :
L2 He 170 f\i/‘u,/ |

1 ——— L

0 I 1 I 1 I 1 1 1 I 1 I 1 I 1 I

0 20 40 60 80 100 120 140 160

depth In water [mm]

[(mm]

FWHM

10

Lateral broadening

HEIDELBERG
UNIVERSITY
HOSPITAL
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T T T T T T T T T T T T T

— '|H
SHe
R 12C

20 40 60 8

Krémer et al., (2016) Med. Phys. 43 (4), 1995

100 120 140 160 180
depth in water [mm]
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‘

A broad beam can be
considered to be made up of a
superposition of pencil beams,
side by side

(essential to compute the dose

delivered by a scattered broad beam
within the patient)

asue|sIp

soueysip L v G

P — dose from one pencil beam
Q — dose from several adjacent pencil beams M. Goitein 2008
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dose 4 * Multiple Coulomb scattering:

- near-Gaussian core

multiple

Coulomb scattering
plural/single - Iong tail
Coulomb scattering

* Nuclear interactions:
proton halo from
inelastic scattering

- protons

» - heu trons
lateral distance M. Goitein 2008

Three charged particle components of the lateral profile of a pencil beam
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»>

dose 4

"

multiple
Coulomb scattering

plural/single
Coulomb scattering

proton halo from
inelastic scattering

.
— —

lateral distance

M. Goitein 2008

Multiple Coulomb scattering (near-Gaussian core)
- Nearly Gaussian distributionin the angle of deviation and in

the lateral spread of a pencil beam (O tera) distribution= 2% range)

Protons (150 MeV)—>R=15gcm?% 06=3 mm; FWHM =7 mm
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M. Goitein 2008

Multiple Coulomb scattering (long tail)
- The profile of the pencil beam is not precisely Gaussian in shape
- Long tail due to large angle scattering in one or few collisions

- Low amplitude and approximated by a second broader Gaussian
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Nuclear interactions (protons)

—5

lateral distance

- The scattered or knocked-out protons with high energy contribute

to the tails of pencil beam’s lateral dose distribution

- Create a halo of dose around the beam that grows as the depth

increases and is also approximated by a Gaussian
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.
—5

Nuclear interactions (neutrons)
- Nuclear interactions create a halo of neutrons that escape the
patient without further interaction, but are responsible for a low

dose in and outside the beam (cause secondary malignancies)



Introduction to PT L ateral B eam S h ap e :,b dkfz. HEIDELBERG

UNIVERSITY
04.05.2020 | Page 64 HOSPITAL

Scattering in upstream material is

[l exacerbated by any drift path (gap)
[l between the material and the patient
. Causes:

* Irradiation technique (passive or active)

* Energy control

* Double scatterers

* Location of aperture

e Pathin air after the last upstream material

compensator

M. Goitein 2008
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0 at Bragg peak 160 MeV * Forlarge energies, the lateral
:-_;E; M penumbrais dominated by the
% scatteringin the target material
f \, * Forsmall energies, the lateral
| ot entrance \ penumbrais dominated by
| ! blurring effects upstream of the
patient (scatteringin material)

2.0 1.0 0 1.0 20+ Both effects are comparable

distance (cm)

Lat. Pen. (R=15 cm) =5 mm (~3.5%)
Photons=6-9 mm (B. Gottschalk) M. Goitein 2008
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dose | plateau protons -

excitation/ionization,
& nuclear interactions

2 excitation/ionization

® (Bragg peaks),
& nuclear interactions

'y 3 range straggling and
f‘ energy spread

penumbra 4 multiple Coulomb
(80%-20%) scattering off nuclei

distance 5 wide angle Coulomb
scattering ofT nuclei

dose

6 protons and neutrons
from nuclear
interactions

7 neutrons from nuclear

distal fall-off interactions
(80%-20%)

Schema of the principal contributionsto the dose at several points
within and outside the broad beam M. Goitein 2008
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 Introduction to Radiotherapy

* Physics:
 Interaction Types of Particles with Matter
« Energy Loss in Material
« Lateral Beam Shape

« Beam Delivery Techniques
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te T,T Single-scatter:
— - D ——f=1 Excellent penumbral quality

| Not too large fields

scauering modulator  shifter ey _— Double-scatter:

T8 Larger penumbra
—)I_Ij_“_ Must be very well centered

" More efficient (transmits up to 45%
dose

skin of the beam)
Reduction of secondary dose

* Double-scattering system generates a flat transversal profile (spreading laterally)
*  Mono-energetic Bragg peak is spread out by a range modulator (spreading in depth)
* SOBP can be shifted in depth by absorber plates (“range shifter”)

* The collimator cuts out the field area defined by the largest target contour
* The range compensator adjusts the distal depth pattern  Schardt& Elsasser, (2010) Rev. Mod. Phys. 82, 383
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range compensator
modulator

full dose
) region ,
b,

first sccond -
scatterer scatterer

—-——— - T —————————

compensated
range modulator

target volume)

M. Goitein 2008
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Intensity-controlled magnetic raster scanning

Faces of dipole magnets Tumor

First magnet Second magnet ‘ O T
(horizontal (vertical
scanning) scanning) Last layer First layer
(minimum (maximum
energy) energy)

Pencil-like ion beam whose position is precisely controlled by rapid dipole magnets
M. Durante & J. Loeffler., (2010) J. S. Nat. Rev. Clin. Oncol. 7, 37
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Intensity-controlled magnetic raster scanning

* Itcan “paint” any physically possible dose distribution

* It uses protonsvery efficientlyas compared to passive scattering
technigues (more than 50% of protons have to be “thrown away”)

* It generally requires no patient-specific hardware

* The neutron background is substantially reduced

e Scanned beam delivery allows the implementation of IMRT with
protons — termed intensity-modulated proton therapy (IMPT).
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Intensity-controlled magnetic raster scanning

* The need for heightened safety measures due to the dire
consequences of instrumental or control system failure
(e.g., high intensity pencil beam lingering on the patient,
rather than moving on to the next position)

* The need to overcome interplay effects induced by organ
motion.
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Beam Delivery
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(C. Gillmann 2014) O. Jékel 2018
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Send me an E-mail: B.Kopp@dkfz-heidelberg.de



