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i’} 28 &S Critical parameters for radiation damage

-

Dose (total deposited energy per mass)

- Radiation species and energy (linear energy transfer LET)

low-LET high-LET

200 kV x-ray 2 MeV protons
20 MeV protons 55 MeV Carbon ions
33 MeV Lithium ions

Images: W. Friedland, GSF: PARTRAC Monte-Carlo-Simulation



Accelerator based biological research is necessary to answer following questions:

- Is there a difference in the effect of radiation of different quality?
Where does this effect come from?

+ Are there regions within a cell which are more radiation sensivtive or resistant?

- Are there technological possibilities to improve radiotherapy?
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ZA S Radiation facilities
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Gamma X-Ray Synchrotron Cyclotron Laser driven Linear
Sources NEIRES accelerator accelerator

: : : : Wide LET range Wide LET range
Only light ions | Only lightions | (heavy and Iigght (heavy and Iigght
Low-LET| Low-LET] ions) 1 ions) |

Defined energy | Defined energy 1

Pulsed beam | Defined energy 7|

Defined energy? Energy spectrum| Single Energy | Single energy|
: High brightness? Continuous beam 7
Single energy usefull : .
: : High Ener Continuous beam
as calibration 2 9y ! No defined energy
radiation | Mostly used for and dose |

patient irradiation|

Energy variation
possible 1

Until now no proper
facility available |

High brightness?
Only photons, not ions!
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Outline

Linear accelerators
lon beam transport
lon microbeam
Biological endstation

Enhanced RBE of high-LET particles
Radiosensitivity of Subcellular structures
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1. LINEAR ACCELERATORS




28 &S Linear accelerators
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Static electric potential:

o Cockcroft & Walton principle

o Van de Graaff principle

Oscillating electric potential (LINAC):
o Drift Tube (DTL)

o Cavity Coupled (CCL)




Electrostatic acceleration principle
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Accelerator

Accelerator is like a huge capacitor

Constant voltage between entrance and terminal (0.1 MV — 15 MV)




Accelerator is like a huge capacitor
Constant voltage between entrance and terminal (0.1 MV — 15 MV)

Charged ions enter the accelerator from the source and are accelerated to terminal




’} AN Cockroft & Walton principle
e

* Using voltage multiplier cascade to generate high DC Voltage from
low AC voltage input




Cockroft & Walton principle

H T

g C2 C4

1. V,negative peak -V, : = current through diode D1 - charge capacitor C1 to V,

2. V,positive peak +V,: > adds to the C1 voltage to 2V, (C1 righthand plate) - D1 is reverse-biased
—> current from C1 through diode D2 = charging C2 to 2V,

3. V; negative peak -V, : 2 current from C2 through D3 -charging C3 to 2V,
4. V, positive peak +V: - current from C3 through diode D4 —>charging C4 to 2V,

Capacitors are charged parallel but connected to load in series
2 Vo=V, +Ve, =4V,




} 78 S Cockroft & Walton principle

- Using voltage multiplier cascade to generate high DC Voltage from low
AC voltage input
- Vp =2NV, =NV, with N the number of stages and V,,, peak-to-peak of
input voltage

- Main drawback: For high voltages, output ripple increases
—> less voltage stability

* Mostly single ended
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*Acceleration Voltage is used once @& PTITT)

P

- Best suited for light ions
+ Typical voltages: 0.1 MV — 6 MV

- Table Top size (< 5m x 3m)
—> Suited for small labs commonly used worldwide

[

Singletron HVE
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Established: 2000
Insulating gas: 7 bar SF,
Vacuum: 107-7 bar
Used ion species (overall):
Light ions: p, H2+, alpha
Heavy ions: N,O
Used ion species for biomedical applications:
1.6-2.5 MeV p, 1-2.5 MeV alpha, 1.6-2.5 MeV H2+
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- Continuous charge transport via rubber band Band or chain

(classical Van de Graaff) or chain of pellets I
(Pelletron) ‘ +tt+4

: : : +
* Main drawback: Moving parts - Mechanical wear < J_rF
> +
+
* Mostly tandem accelerators T R g +
+
? =t
il
Corona charging

terminal
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insulating gas
isolator

i i i lon source
Acceleration Voltage is used twice \ vacuum
lons have to change charge (from negative to positive) v

— terminal works as an electron stripper Vs
Cid
R
Suited for any ion species v v

Typical voltages: up to 15 MV

Large size (~ 25m x 5m)

- Only usable within a facility only few left worldwide ¥ negatively charged ion

® positively charged ion

Lab: e.g. Maier-Leibnitz-Laboratory Munich from the TU Munich, LMU Munich
(14MV Tandem Van de Graaff)

stripper foill
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Established: 1970 (closed 2019/2020)
Length: 25m

Height: 5.5m

Tare weight: 127t

End weight: 182t

Insulating gas: 7 bar SF

Vacuum: 107-7 bar

Used ion species (overall):
Light ions: p, d, t, 3He, alpha
Heavy ions: Be — Pb

Used ion species for biomedical applications:
20 MeV p, 35 MeV Li, 55 MeV C




Additional requirements

* Avoid energy loss of particles
— jons are accelerated in a vacuum tube

« Avoid Voltage loss due to sparks between the electrodes of the accelerator
—> Keep accelerating structure under high pressure insulation gas (SFy)

« Ensure radiation safety (especially for large accelerators)
—> building has to have concrete shielding

— additional water tanks might be necessary
—> radiation monitoring of workers

-~ clean beam transport system (no obstacle in beam path)




j"} % LINAC principle
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7
\‘@’ \ acceleration gaps

RF Voltage ——— Vv

E———

lon SOUI’CG\




Za AS LINAC principle

RF power supply operating in GHz and kV range

Charged ions enter the accelerator from the source and are accelerated step by step in the
acceleration gaps

Pulsed beams are created (for best performance synchronized pulsed source necessary)




(3 o Drift Tube LINAC
- —

- Standing wave
—> Proton and lon acceleration between g=0.1-0.5

« Drift length is adapted to ion velocity
—> structure gets inefficient for large velocities
(i.e. small tube lengths)

Mode is TMO10 - length = g4
E-field




} 78 AN Cavity coupled LINAC

Single accelerating structure Frequency inside cavity

RF source (mostly Klystron)

Ca% Dl@: . wave guide
M " lon beam/

* Resonant coupling to cavity

« Cavity resonance frequency adapted to length and ion speed

- Standing wave mode is best suited

* Used for higher energies (more efficient than DTL)
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« First Proton LINAC: 1946 in Berkeley

« Status 2019: No system running, one
protoype under commission

* Reason:
o No company or large institute pushing
into field

o Success of the cyclotrons and
synchrotrons

L. Picardi, C. Ronsivalle et al.

o Advantages for Standard Proton Therapy
3 not groundbreaking

150 MeV protons + Unavoidable technolqu for modern therapy
modes as beam quality provided by
TOP IMPLART at ENEA Frascati cyclotrons and synchrotrons (might not be
sufficient ) .




f%\ 28 AN Energy selection — 90 degree magnet

* lon energy and charge state not well defined after accelerator
* Proper energy, charge state and ion species selection is done using an electro magnet
o entrance end exit of magnet are rotated by 90 degree
o magnetic field is chosen in a way that the desired ions are deflected by 90 degrees inside the magnet

* magnetic stiffer particles are deflected less, magnetic softer particles are deflected more
—> both hit the iron core where they are stopped
- Only selected ions travel in vacuum tube

ma=>»F;, mi=F +F
2

mx':mv——quZ =0
r

Y

2
v
m— = qVB,
r
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2. ION BEAM TRANSPORT
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lon beam transport
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- What is an ion beam?

Defined by:
lon species
Energy
Position in space
Divergence
etc.

« Parameters for transport (for this lecture):

Lateral position (x,y)
Divergence (O, @)

x

- Beam is defined as a time dependent vector >'<'(t)=

<

SN N N
[ ol — ~—+
SN N N N
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- Beam transport can be calculated as matrix multiplication X, =R R, ;...R,X,

- Each transfer matrix R represents an optical element (Drift, Steerer, Lenses, etc.)

x-plane
« E.g. Particle drift
o No change in divergence
o Changeinxandy
1 L 0O
- R (0100 ith L the drift length
an=lg 0 1 L Wi e drift leng
0 0 01
1 L 0 0)x X+ L6
. 01 0 0@ 0
9X :RDrlftX = =
0 0 1 Ljy y+Lo
0 0 0 1)\¢g ¢




lon beam transport

V -

Along the beam path of an ion beam lenses and steerer are placed to keep beam in vacuum
tube

Lenses are necessary because divergent beams get bigger travelling along beam path

lon beams can only be focused by quadrupoles (focusing in one direction, defocusing in the
other!)

— Lenses always in pairs: one focusing in x and one in y direction




Un/'versftdtﬂzim/\jlgr’lc}7en
o \\Y ¥
D
> ) \
A

m 74/A l&

Transfer matrix: Quadrpole lense

- Coordinates on entrance of quadrupole: Xy, 6, Yo, &,

+ Coordinates on exit of quadrupole: x;,6,,VY,, ¢

* Thin quadrupole (focusing in x: B=GXx): x, = X,

1 0 O
—dGp 1 0
) 070 1
0 0 dGp

R O O O

Y1=Yo
6, =—-dGpx+ 6,
¢1 = dey + ¢0
X
2 _
t= Q(dGp)X,
Ya
h

x-plane

ense

™

/
\

y-plane

.
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IS Broad beam

e

Conventional accelerators provide beam spot size in the range of mm to cm
— Beam is extracted from accelerator and fed through the vacuum tube to the experiment

Suited for biological and medical research x-plane

accelerator experiment

|

y-plane

transport system
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3. ION MICROBEAM
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S Microbeam
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Focus beam which is provided by accelerator to <lum

. x-plane
«  Sub-cellular research possible

Use of a set of quadrupole lenses for focusing

\

*  Transfermatrix:

R= RIBRQZRIZRQlRll /

X | [({(x|x) (x|]@) 0 0 \( %) (%) X =(X|X)xX,+(x|6)6,
. O |_ (0|x) (0|9) 0 0 16| |6 6, =(0|x)x, +(6]6)6,
Yo 0 0 (yy) (V&) Yol [Vi| Ya=(YIY)Yo+(Y|4)s
¢o 0 0 <¢‘ y> <¢‘¢> ¢o ¢1 ¢1 - <¢‘ Y> Yo <¢‘¢>¢o




jg’}\ % Creating the image (single plane)
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principle 51 o2
(Xg: ©p) planes QL @

Just x-plane

For a focused system: <x

) ((X]x) 0 )%

— A

K @)[wm wm(@j mﬁl\\\
point |

- Demagnification:

= =(xjx : NS

- Demagnification of angles: -« > <>
g focal length, f

Moges =2 =(0]6)  (Liouville’s theorem: m,,, =—)
0, m

—> focal length:

fo X _ 1

6 (0]x)




}\ AN Microbeam facilities

*  Microbeam facilities always connected to linear accelerators
+ Facilities for biological research:

SNAKE (Universiat der Bundeswehr Minchen), Munich, Germany
CIBA (NUS), Singapore

AIFIRA (CNRS), Bordeaux, France

RARAF (Columbia University), New York, USA

O
O
O
O

* Most sophisticated: SNAKE




Z
A SNAKE

\

-5
‘)
Un/'versftdtd}zm/a%chen
» \V

2
>
A
m 74/A

_ _

superconducting

SNAKE -micro-slit SNAKE -micro-slit magnetic lens  focq| _
object divergence scanning plane - Beam spot size < 1um
chopper unit | particle .
\ ) ) \ | Eetector * Applicable Ions: |
— Deam - “‘current” <1 kHz Iﬂ 20 MeV p, 33 MeV Li, 55 MeV C
-1 - |
é | : - LET range:
: x/y _
x-slit scanning | 2.6 keV/um — 360 keV/pm
N power supply | _ _ _ o
| « Counted single ion irradiation
High- [ % | < b
voltage | A detector | - Broad beam irradiation without
switch = OO signal | imaging
|
30m >
demagnification factors: X: 88 / y:24 !

ion source




SNAKE - single 1on irradiation

Necessary
components

Scanning unit
lon detection
Beam switch

divergence lens
slits beam‘ switch scan unit

b —— “
i focal plane

rate, r ; {
- . sample

IDI‘I detector

Application process

Scan beam to desired position

Wait until postion is reached with desired accuracy

Open beam switch

Count ions

Wait until desired number of ions is applied, then close beam switch
Gotostep 1

o 0hkwNE
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4. BIOLOGICAL END STATIONS




Beam exit 1.

Sample holder on moveable stage (X, )




ji} Za &S SNAKE live-cell setup
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w - .
~ S(asSsS Nozzle
) \‘ AR apr
/ e
\ Medium
GFP tagged
lllll
A . 7.5 um
Immersioh oi | Kapton foil
A
™3
N

Scintillation plate
(170 pm) y
Tmm ‘.
‘\\\\\ Single ion
“\\\\\
tras
ED illumin

Heatable
microscope stage

| I§

t (Ph1, Ph2 and Ph3)
mination
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5. ENHANCED RBE OF HIGH-LET
PARTCILES
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Enhanced RBE of high-LET particles

14
_ 0.1+
g ; _
S difference?
?
3
0.01 ~
200 kV x-ray
e 33 MeV Li
linear quadratic fit
—— linear fit
0.001 T T T T T T T T
0 2 4 6 8

dose [Gy]

_Xxray i |RBE___

D50 (2.09+0.16) Gy (0.349+0.015) Gy 5.99+0.21
D10 (4.8+0.4) Gy (1.16 + 0.05) Gy 4.14 +0.17

Data: M. Wank, Helmholtz Zentrum, PhD thesis
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Cell damage through ionizing radiation

Data: K. llicic, Rdl, PhD thesis

14
difference? .. 200 kV x-ray
©
; v
7 0.1+ @ 55 MeV C
= ]
o
0.01 - T - ' '
0 2 4 6

dose [Gy]

_____RBE

Proton 08+0.5
Carbon 4.22+0.17




High-LET

Same dose
Different number of particles

Different damage
distribution

Number of DSB can not be
counted using YH2AX




22 AS Irradiation pattern
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lon: Carbon Proton Proton
Geometry: 9.4 um X 5.4 pm homogeneous 9.4 um x 5.4 um
Dose: 1.7 Gy 1.7 Gy 1.7 Gy

lon number: 1 C per point 4 P per pm? 117 P per point




Irradiation pattern

= 9 10° = = Sg 100 = —_ 5 100 —
E E fﬁ E 48 2, 5 4 fﬁ
> 5 0 ___________________ 0 _______ 10° © > 4B 10* o > 4 10 0

23 10° 2 10° 2 10°

1:— 1 - 1

1 -1 p

E 10

QO 0| s ; ;

-3 1 N 1 -3 ]

-4 -4 AT -4

BB bl Lol -1 -5 - L . o e , £ 5 -1 B

55 48 0 9 s s 10 % 43210122345 10 S 43210123475 10

X [um] X [um] X [um]




Irradiation pattern

— 55 MeV C, single hits
—— 20 MeV p, focused
—— 20 MeV p, random

[ TT IIII| [ IIIIIII| [ IIIIIII| [ IIIIIﬂ] [ IIIIIII| [ TTTIm




. & 20 MeV p

% 20 Mev p, ™
focused

Cell survival

/”7<

BN  RBE

g Proton 0.8+0.5
>
» 0.1- G 55 MeV C Carbon 4.22+0.17
= ]
° focused 24+0.4
Protons
0.01 : : : : ,
0 2 4 6 8
dose [Gy]
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Cell survival

C - —
.gl'o Protons [I experiment 1.0 %
2 Lithium ©
= Carbon <
So.8 | - 08 S
S | s
@ S

0.6 1 - 0.6 &

0.4 - - 0.4

0.2 - §\j - 0.2

0.0 T T T T T T T T T T T T T T 0.0

0 200 400 600 800 1000 1200 1400

particles per point x LET [keV/um]

Irradiation: 1.7 Gy



particles per point x LET [keV/um]
Irradiation: 1.7 Gy

-~ =
2 BRAS Cell survival
TN s
.§1'0 i Protons [I experiment 10 %
g Lithium S
= Carbon <
T0.8 - 08 S
2 ) >
? 5
0.6 . o6 8
0.4 1 - 0.4
0.2 H - 0.2
0.0 ' | ' | ' | ' | ' | ' | 0.0
0 200 400 600 800 1000 1200 1400




particles per point x LET [keV/um]
Irradiation: 1.7 Gy

SNBSS
T A Cell survival
TN 5
él'o ] Protons [I experiment unhit cells - 1.0 %
G Lithium 8
= Carbon =
So.8 - L 08 S
> ‘ ‘=
7 S
0.6 . o6 S
0.4 - - 0.4
0.2 - 0.2
0.0 — ' I ' I ' I ' I ' I ' I 0.0
0 200 400 600 800 1000 1200 1400
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8 AS Cell survival
c - . . —
_91'0 Protons experiment unhit cells 1.0 %
% Lithium simulation &
= Carbon <
0.8 08 S
> ‘ 4s
z T S
0.6 1 -0.6 &
0.4 - 0.4
0.2 - 0.2
0.0 T T T T T T T T T T T T 0.0
0 200 400 600 800 1000 1200 1400

particles per point x LET [keV/um]
Irradiation: 1.7 Gy
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radiation damage effects
Homogeneous: The higher the dose, the higher the effect
1. 10um scale: Unhit cells define cell survival (important for high-LET)
2. um scale: Interaction of DSB
3. nm scale: Enhanced induction of DSB via interaction of SSB

10um scale um scale nm scale

homogeneous

Experiments:

dose-effect curve apply large matrices focus to ~1um spots ?2?7?

/7




NHEJ

DSB broken

= DNA-PKcs: DNA Protein kinase catalytic sul DNA strand
: Ku70/800 $ || DNA-PKcs

= Accumulation at all damages after seconds 00

= DNA-PKcs + Ku70/80 form DNA-PK

= DNA-PK prevents ligation of ends

= DNA-PK holds ends in close proximity

= DNA-PKCcs is phosphorylated to be inactivated (pDNA-PKcs)

- PDNA-PKcs can be labelled
-~ Focus size 170nm (compare gH2AX ~500nm - 1um)
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53BP1

3Gy, gamma irradiation (Co60), resolution 100nm

One to one correlation between pDNA-PKcs and 53BP1 for low-LET
- pDNA-PKcs suitable for DSB counting

54



j& Zh AN DSB counting in high-LET particle tracks

20 MeV Lithium (LET=100keV/um)

53BP1 DNA-PKcs

3 min post-IR

Number of IRIF: 13 IRIF Mask

Track length: 11 pm
IRIF/um: 1.2




ji’/ T OZARS DSB counting in high-LET particle tracks

27 MeV Carbon (LET=500keV/um)
53BP1 DNA-PKcs

3 min post-IR

Number of IRIF: 16 IRIF Mask

IRIF/pum: 2,1




Short Excursion: PARTRAC
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* Monte-carlo based simulation of damage induction (and
repair)

ion
cross sections

electron
cross sections

* Physical basis:

. ) . photon ion
o Photon, electron and ion cross-sections and foreetions interactions
Interactions
electron
interactions
ducti atomic structure
procacion of DNA target
and interaction of
reactive species DNA damage
analysis
chomatin and
DNA chromosomes
fragmentation in cell nucleus
analysis
DNA damage

repair via NHEJ

Images: Friedland et al., 2011, Mutation Research 711 (2011) 28-40



$2! s Short Excursion: PARTRAC

* Monte-carlo based simulation of damage induction (and
repair)

* Physical basis:
o Photon, electron and ion cross-sections and
interactions

» Biological basis:
o Human fibroblast
o DNA in 100kbp fiber loops
o Chromosome fiber loops are stitched together to form
chromosomes and the cell nucleus

R e ¢
46 chromosomes of human fibroblasts as used for simulation

Images: Friedland et al., 2011, Mutation Research 711 (2011) 28-40



« Simulation of Damage yield per Gbp of DNA and per Gy dose
» Also location of damage (x,y,z) can be calculated

-~ Number of DSB per track length

Images: Friedland et al., 2017, Sci Rep. https://doi.org/10.1038/srep45161

-

yield (Gbp™ Gy™)

yield (Gbp™ Gy™)

multiplicity

Short Excursion: PARTRAC

200 [T ] (T N
. 20— -
50 — C ]
1 = 15 —
1% F 2
00 4 & N
4 O 10} =
4 5 F =
- 9 = b
= > .
50 ] 50— -
(1] S . ’] (1] P | AT [NPEY [BPETTH B s
1 10 100 1000 1 10 100 1000
LET (keV/um) LET (keV/um)
20T T T T T T ] 3.0 T T T T T -
F C ] fd 3
15— i - C .
o DSB sites 4 ~ [ DSB clusters 3
- 4 % 20F =
R i C) C 3
10 4 815 —+n =
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1 10 100 1000 1 10 100 1000
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gy T T ™r T 12T T T T ]
f e ] 10 =
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L 1 < sk -
- =+ H 1 & F :
L.~ He g -O = i
i~ =& - 8 s -
- 0 4 & } He -
T N ] = [ DSBffomDNA __ ¢ 7]
2 4}- fragmentation —#%N ki
B 1 > '} analysis O -
2 ] C — ¢ Ne o
B b 2= 4B -]
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(1] I T IR TTTY PRI TTTY N (1] PPN | T T | T B
1 10 100 1000 1 10 100 1000
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dev?und!xwehr
Universitdt (> Miinchen
J\,);\

P8 A Short Excursion: PARTRAC
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Track of certain length

\

L-mum-num 060 000 000 00 0000 ul“l 41 DSB

5 q Fes]pe gocc] focp fpood PEIEeq EejEe Fep pee] ] 13 Clusters of 100nm

[65- 060 o0 600 Yoo 6556 0o 604 e o0 e e e | 4 Clusters of 500nm




DSB counting In high-LET particle tracks

—*— Li (simulation)
' —— C (simulation)
\ e Li(measurement)

= C (measurement)

+  Measurement and data fit nicely

=
a1
1

- Enhancement compared to measurements
using YH2AX and 53BP1

* Not yet real number of DSB measureable

Number of clusters/ um tracklength

2 -
G. Du,
— Can be used to generate better database for s
treatment planning o —
- Can be used to do dosimetry for high-LET and 14
mixed particle exposure
—> Can be used to prove and improve simulations
0

0 100 200 300 400 500 600
Clustersize [nm]
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6. RADIOSENSITIVITY OF SUBCELLULAR
STRUCTURES
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der Bundeswehr
Universitdt § Miinchen

Radio sensitivity of nucleol

* Nucleoli are active transcribed DNA regions of ribosome coding DNA
*  DNA content only 5% compared to remaining nucleus

- Hypothesis:
When only hitting nucleoli less genetic damage occurs compared to hitting the rest of the nucleus

Cell nucleus Nucleolus

Confocal image of chromatin of human cancer cells (HelLa)

Source: C. Siebenwirth, PhD-theis, 2017



j(’} IS Radio sensitivity of nucleoli

Method:

- Targeted irradiation setup at SNAKE

« Living cells were labelled for nucleol

* Irradiation of either only nucleoli or only
remaining nucleus

* Beam spot size ~ 1ym

« Studying micronucleus induction 48h after
irradiation

Hela cells, nucleolus labelled with Parp1-Chromobody

Source: C. Siebenwirth, PhD-theis, 2017



Radio sensitivity of nucleol
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* Micronucleus (MN) induction
Nucleolus Nucleus
: L . S Control
irradiation irradiation
MN induction rate 0.27+0.06 0.21+0.05 0.07+0.02

* No difference between nucleolus and nucleus irradiation, both higher induction rate
compared to control

- Damagerate: DR = I\:/IN nucleolus —1.29+0.24
nucleus
DR, = #DSBrugeons _ 0.37+0.16 (Based on DNA content)
# DSB

nucleus

* Nucleolus irradiation induced more genetic damage

- Nucleoli are radiosensitive region in cell nucleus

Source: C. Siebenwirth, PhD-theis, 2017




jﬁ %ﬁ% High-LET Radiation and Mitochondria
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jﬁ % High-LET Radiation and Mitochondria
e

Nucleolus Cytoplasm

Nucleus

Power plants of the cell Mitochingrion)
—> create energy from ATP

Inner membrane

Quter membrane

Only other resource of DNA than
nucleus in the cell

Matrix

Main role in Apoptosis

Cristae

Bacterium which were
incorporated by cells during
mammalian cell development

<
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Signal intensity peak followed by loss of signal = depolarisation




Targets irradiated with Superoxide bursts during
1000 ions per point (6x6 irradiation
matrix)
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Targets irradiated with Only targeted regions show
1000 ions per point (6x6 an effect
matrix)
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Irradiation time: 18 Seconds
Rise time: 17.1 Seconds

T N T M T M T M T M 1

10 20 30 40 50 60
Time

Irradiation time: 2.25 Seconds
Rise time: 2.23 Seconds
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= Mitochondria are depolarized after high dose of high LET
radiation

= Super oxide induction localized in the irradiated
mitochondria

= Next step: investigate effects on cell survival
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Problem:
- Only several tenth or hundred cells can be irradiated
- Cell survival assay needs at least several ten thousand cells

—> Tracking of living cells using phase contrast imaging over several
days




Single cell survival
after targeted irradiation
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Summary

= Research with ion beams requires dedicated accelerator based facilities

= |lon beam and especially microbeam research is necessary to
understand.:

- the effect of high-LET particles on cells
- basic mechanisms in the cells and especially subcellular regions

Contact: Prof. Dr. Judith Reindl, judith.reindl@unibw.de, 089 6004 4443
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