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Brilliant X-rays Radiation therapy with
for biomedical laser accelerated
imaging particles

Medical applications:

TRUMPF ot
Medizinische

Anwendung

ore,

GG-7: Tumoptheraple mit
GG-6: Biomedizinische Bildgabung lasararzeygten Teilchenstrahlan
miit brillanten Rontgenstrahlan /ﬂ

GG-5: Steusrung von Elektranan
mit maigeschnaidertan

Lichtfeldern SI EMENS

GG-4: Erforschung elzktronischar
Prozesse und ihrer Phanemens in
Echtzeit

S8 GG-3: Brillante Rantgen- und
lemenguallen

GG-2: Fraquanzkamme und
Attosebundenpulse, Pulse im Angstrbm-
Wellenlangenbereich
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LEX

Phot#nics

CALA.,

Laboratory Centre for Advanced
for Extreme Photonics Laser Applications

LEX-Photonics: 6J,20fs, 5 Hz

CALA: 60J, 20fs, 1 Hz
~500 mJ, 5fs, 1 kHz
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LION target chamber
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phase space of the simulated source
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e Laser-Pulses accelerate
ions to MeV/u over
several um‘s within less
than 1 picosecond

e Largeion numberin
very short time and
typically very broad
spectrum

e So far mostly single
shot/proof of principle
experiments
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Proton Spectra
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A. Henig et al, PRL 103 (2009)
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Ultra-short (<= ns) and
highly intense (> 107 ions/cm?)

ion pulses

EMP presence
Mixed radiation background

Large energy spread of ions

Challenge for any electronic online detector but

‘ ;Iso dosimetry
W/V}W@‘*_
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Jj Detection of

(a) Trident (b) . .
____Nawaveplate CR39 / Pixel detector as online
(optional) image .
Thomson  plates detector in Thomson
K =+ DLC foi g
target ApHOEDNDoR: spectrometer:

double
plasma
mirror

l}

RCF stack

Advantages of pixel detectors
v’ real time measurement

v’ excellent spatial resolution

Y4A2> 1N v’ good energy resolution

108 particles / cm? = 1 particle / pm?




[RExf]
LUDWIG- | I | ’
| 1\ ll ] =8 '. m

MAXIMILIANS-
UNIVERSITAT e
MONCHEN -

Unique possibilities to test detector response:

* protons: 8- 25 MeV
e 3irradiation modes:
= single particle
= continuous
= pulsed: 107 protons /cm?/ ns
= similar to laser ion pulse

Investigated detector systems:

» Kappa DX-4 (commercial system)
o Timepix (scientific & commercial system)

» collaboration with IAEP CTU Prague
* RadEye (commercial system)
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RadEye 1 sensor

Silicon pixel detector

512 x 1024 pixel

48 um pixel pitch

25 x 50 mm? sensitive area

Read-out electronics
Parallel read-out of 4 sensor modules
50 x 100 mm? sensitive area

Compact stand-alone system combines
computer control and read-out
electronics
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Munich 14 MV Tandem accelerator Cluster pixel distribution:

e continuous beam

e 15 MeV protons %10000 —all glusters _i
o« ~ 1O4p/cm2/s © —1 p!xel cluster %
1000 — 2 p!xel cluster ]
— 3 pixel cluster 3
Cluster distribution: 100 — 4 pixelcluster
single hit  double hit :
E R e e 10 =
= 4l — all clusters | 3
§ 10 g . — 1 pixel cluster 3 1 .
N 2 —— 2 pixel cluster
B ‘ — 3 pixel cluster 100 120
10° : —— 4pixel cluster = ixel values [ADU
i ey ] P Al
B #’F | v .
10° £ : . No charge sharing effects
i ] observed
CEL L g N v' Single and double hits can be
0 20 40 60 80 100 120

cluster sum [ADU] diStingUiShed
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Munich 14 MV Tandem accelerator = N ——
e pulsed beam 8 "= L pulsed 01
. 204MeV 7protonzs 5 jo [~ pulsed 02 > S y
e 10% - 107 p/cm?/ns 2 - =11l e
Q N =T .
a b %_ 1052— 1= =
: ! |
103_ Lol ! Lol ! Lol |

10 10° 10°
® [protons/cm?]
No saturation observed
Good agreement to continuous
~ measurements

620 - —
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Mu

nich 14 MV Tandem accelerator
e continuous + pulsed beam
e 20 MeV protons
e <=6-10% p/cm?

10°

10?

average dark pixel value [ADU]

101
@ [protons/cm?]

10°

)

pulse heigth [ADU]

108

10°

/J
_‘ —— 1o pre-darﬁage o l
—— 1x 10"° protons/cm? ~ .

= ——6x10"% protons/cm® T E E
: EE F'—_-_‘t“” :
o D Pl L T N
L - *
I e —
L |

10°* 10°

protons per pulse

Lifetime © 90% residual dynamic

range

— 3000 shots (20 MeV, 10’p/cm?)

System ready for laser-ion-acceleration experiment !

_
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Energy conversion: 1.11 +/- 0.09 ADU/keV
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Online Diagnostics

Particle
spectrometer
combined with
RadEye detector
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- simultaneous detection of protons and ®*C-ions
—> 10% accuracy in particle number determination possible

x10°
il T T 1 | TTrrr I Trrr I T 1 0 1 I | i R | I T rri j Trrir |7 3
1.4 —— "Csignal B
e 1.2 —— background E
w * 1
E 1 : ]
~ EE é:
E 0.8 " 3
% 0.6F -
5 - ‘
= 04 =
02__ x [mm] .
Qo 25 30 35 40 45 50 55 60

energy [MeV]

ions/ MeV /msr

x10°

T [ T 1T

proton signal

background

y [mm]
o o w

L L L

B F B 3|

g
{ msr

ions / MeV

II1|III1II1IIII1II!|:

012
energy [MeV]

i
14

N

S. Reinhardt et al., Journal of Instrumentation 8, 03008 (2013)
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Dosimetry of laser-accelerated ions
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MAP main goal: Radiation therapy with laser-accelerated ions

L . Main idea:
laser-driven

7 1 \=— conventional  EXploit broad energy spectrum to
: . generate SOBP
Pl | =
0 50 200 250 2l e i
2 ik of 6 conventional i
4 % dose spots
= g
s 1T
2 ANNNN
: ° L A
o ]
— _. [ total depth narfow
0 20 40 a | dose curve broad spectrum
depth [om] g spectrum
S. Schell et al, Med Phys 37 (2010)
_____/\\
s =y

0 1 1 I 1 L
0 5 10 15 20 25 30
73 j depth in tissue [cm]
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10 — carbon C**
= protons
experiment
10° .
linear
polarization

energy (MeV)

0 10 20 30 40 50 60 70 80 9

0

—t=45fs

L LA |
100 carbon C —_t= 2211
simuhtion
linear
10 poharization |

0 10 20 30 40 50 60 70 80 90

energy (MeV)

o
—

particles (arb. units)

1o = carbon C*
~ Protons
experiment
10° )
circular
polarization

10
0 10 20 30 40 50 &0 70 80 90

energy (MeV)

=t =45fs
—t=22]fs
simulation

carbon C**

circular

\x;:olan’zation
-l

0 10 20 30 40 50 60 70 80 90
energy (MeV)

A. Henig et al, PRL 103 (2009)

Ultra-short (<= ns) and
highly intense (> 107 ions/cm?)

ion pulses

EMP presence
Mixed radiation background

Large energy spread of ions

—> Challenge for dosimetric measurements
—> Investigation of biological response required
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MAP: Radiation therapy with laser-accelerated ions
— Bio-medical studies at LEX/CALA — Dosimetry

» Special dosimetric application
* high pulse dose rate (> Gy/ns)
* Low energies
( protons < 20 - 30 MeV @ LEX)

» Development of film dosimetry protocol:
Radiochromic EBT2/EBT3

» Application in cell and mouse tumour
irradiation
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Polyester Laminate - 50 microns

Adhesive Layer - 25 microns
Topcoat - 4.5£0.5 mi

Active Layer - 303 microns

Polyester Base - 175 microns

EBT2

same active layer

Lithium pentacosa-
10,12-diynoate (LiPCDA)

EBT3

but symmetric

configuration

Matte Polyester Substrate - 125 microns
Active Layer - 27+3 microns

v'Dose range: 0.2 - 40 Gy
v'Water-equivalent
v'Sub-mm spatial resolution

v'2D read-out by RGB flatbed

scanner

v'Self-developing by polymerization

R
/
C/J'C
N
& AE
R/ R "
o
g
7
/C#
R

N, N\
—R (=R
! !
g !
gy N
R —R
/ ]
,, y
f /
R— C\ R—C\

Matte Polyester Substrate - 125 microns
_
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e of EBT2 vs. EBT3:
S o ] No general response difference
. ] * No particle type dependence
“r E » difference photons-protons < 3.0 %
2~ o * Intra-batch variations < 2.5%
0" arision oo pew - e Batch-to-batch variations <11.5%
0.05 0. 015 0.2 025 03 035 04
netOD
Problem:
» dose under-response in Bragg Peak E T ~ ' ' ' |
region (high LET) i 33_5 :
» already known from other radio- Sk
chromic films oH o N I
S. Reinhardt et al, Med. Phys. 39 (2012) I
S. Reinhardt et al, Rad Env Biophys (2015) 1

e« TPS —= EBTZ -+ EBT 3

DO! 10.1007/s00411-014-0581-2

h||||||||||||||||||||||||||
0 5 10 15 20 25

7V A water-equivalent depth [cm]
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e RBE Difference due to irradiation mode?
(continuous vs. pulsed)

e 23 MeV protons:
< 6 mm range in water

e spatial dose distribution required

—> Gafchromic EBT2 - films for fluence
measurements

e PTVdose: 20 Gy, using5 fluences
—>dose range on film:  0.54 Gy - 4.00 Gy

/jA v

Mouse tumour irradiation at S
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O. Zlobinskaya et al, Rad Res 181(2014)

Our in vitre and in vive studies showed no evidence of a
substantially different radiobiology associated with the i

proton, continuous

cEntinl cure GD
ultra-high dose rate that characterizes protons generated 8- /[ o . : %04
from advanced laser technology. 74 " P
i “ > » 35d

. E° f te ot b
We conclude that dose prescription for pulsed protons 854 | TR L

can be based on established therapeutic concepts for £ / i * s 5 X g P

protons. However, one should bear in mind that differences é s H——* o

in the RBE values smaller than 10% cannot be excluded yet
and should be accounted for in dose constraints for organs

at risk.
=20 -10 Q f0 2 N *D“mﬁeﬂld]m 70 80 8¢ 100 110 120
RBE VaIUES: _ photons proton, pulsed
a': | it ™1 ;Dd B-‘ Iﬂﬂl’ﬂ!’ﬂﬂ.ﬂl: = I?
* pulsed beam . 5 1| 3
= < e 7 . L
] » 37d 1 } » 41d
1.22 +0.19 gel | o $ a0 o]
— ? 5- I *» e 8d % 5-" |(
gd: Yo ’ §4~ -
. g i v = Al
39 ) - 2 4 e
e continuous beam | §°1 .. [ /’ = B e
7 i - -‘ i Y' i
1.10 i 0.18 11#@;' t . j%ga TR M .

|
_ Ik L P
L}
j =20 -10 0O 10 20 30 40 50 60 ?D 80 90 100 110 120 20 10 o 10 2[} 30 40 5£l GU- ?0 80 Btl 100 |1[II 120
7YY time [d] time [d]
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gafchromic
/ film

Kapton

o S SR
E [MeV]

1
]

aperiure

quadrupole
parabola magnels

cel
holder

|
i
i

200 810 20 100 303 mm

{ - 5 Delivery of single shot
I ° doses up to 7 Gy to living
f - cells (HelLa)

R T S ) B
6 8 10
cell sample
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gafchromic

// film

Kapton

aperture

holder,
303 mm

20 100 l

MPQ cell irradiation experiment
3.1 MeV protons @ active film

layer

» considerable LET dependence

» low energy calibration
required

relative efficiency [%]

e
o
T

D
o
T

A
<

n
o
T

¢ dLET, primaries only
* fLET primaries only
° dLET all charge +1

= fLET all charge +1

+ A07160902

*+ F06110902

* A11021102

I
100 7/ B
i E RS e 3

OC)

dose [Gy]

20 40 60 80 100 120
LET [MeV cm?/g]

5 —
81— photon
L =6MV

proton
- %3 MeV
4 - 11 Mev
- 200 MeV

netOD
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J. Bin et al, APL 101 (2012)

FIG. 5. Initial DNA damage in HeLa cells. (a) Sam-
ple exposed to a mean dose of 1.0Gy and (b) corre-
sponding unirradiated control. Foci of y-H2AX
(red) and cell nuclei (blue) are shown (3D micros-
copy, maximum intensity projections, background
correction, contrast enhanced). The red vertical bars
in (a) are part of the grid used for spatial registration
(Fig. 4). Horizontal scale bars, 10 gm.

40
Irradiation of Hela cells: °] :
a, =1.3%0.8
30 A a, =(23.7+0.9) Gy

RBE for induction of repari foci
1.31+0.3

t

a, = 1.4+1.1
a, = (18.541.0) Gy

-
[4)]

Foci per cell (f)
(%]
(=]

-
(=]

No new radiobiogolical effects by single

HProtons
* X-rays

high pulse dose rate ~10° %

0 0.5 1 1.5 2
/ Dose (d) in Gy
VY-
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Gafchromic films
= EBT3 and EBT2 show similar performance
= Film dosimetry in low energy proton beams possible
RadEye-Detector
= Single proton sensitivity
= Limited energy resolution
= Sufficient radiation hardness
= Linear pulse dose response up to 107 p/cm?

Outlook

> RadEye in routine use for laser accelerated ion detection in LEX
> New detector developments required for ion detection in CALA
> Online dosimetry required for future experiments in LEX/CALA
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Thank You !




