THE STARTRACK EXPERIMENT

nanodosimetric STructure of hAdRon TRACKS

A really complicated experiment with interesting results
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THE TRACK STRUCTURE OF IONIZING PARTICLES
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Track structure = detailed description of the interaction pattern of single
particles

\%«é The damage to segments of the DNA &
’“»ﬁ%& is initiated to a great part by ionizing processes ﬁ/
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Effectiveness of radiation strongly depends on the track structure 3
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THE TRACK STRUCTURE OF IONIZING PARTICLES
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Track structure = detailed description of the interaction pattern of single
particles

“‘«ﬁ Characterization of Particle Track Structure by Measuring
ﬂ%& the frequency distribution of the number of ionizations in.
-x hanometre-sized target volumes K
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Effectiveness of radiation strongly depends on the track structure

. mﬂ

‘s.

4

\'"4



THE TRACK STRUCTURE OF ENERGETIC IONS

The track component
P due to primary-particle
° Interactions:

: Track-core region

&
®

4 o % || The track component
4 due to secondary-

. Y particle interactions:

Penumbra region

A detector to measure the track structure characteristics in the core and in the penumbra
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THE PHYSICS OF THE INTERACTION

at the um level at the nm level
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A «picture» of the track structure

with a pixel of 20 nm
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STARTRACK: THE EXPERIMENTAL SET UP



RATIONAL OF THE EXPERIMENT

A narrow parallel particle beam is passing a cylindrical target
volume of diameter [, at impact parameter r

LY 3
o-electron ° .. o-electron
0 . ° -
primary trajectory s Y
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vt

and the number v of
...................... _.— jonizations in the
volume is counted




RATIONAL OF THE EXPERIMENT

A narrow parallel particle beam is passing a cylindrical target
volume of diameter 0, at impact parameter r

% s

®
d-electron . S-electron
primary trajectory s a ._

3 mbar propane, T = 25°C

pc =5.47E — 06 g/cm3




SINGLE IONIZATION (ELECTRON) COUNTING

Counting single electrons

single electron gain distribution ]
Peak amplitude hoc vx G

G =G (@)

<%) Single electron

avalanche variance

Because of the small number v of
initial electrons, the resolution of

measured signal is strongly
influenced by gas gain fluctuations.

Gain G /10’

Small volume = small v = high gain =
large fluctuations

lonization measurements based on

counting of individual electrons
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SINGLE IONIZATION (ELECTRON) COUNTING

1
= e o B = e
et el I '

Average arrival time and std of the time
distribution controlled by the drift E field

At low electric fields, the diffusion is symmetric.
o, = o7

2D rx 2&X
w=pk o= w | eE

p : mobility coefficient; Dy r: diffusion coeff.
g : characteristic energy

x: drift distance

E: electric field

Gaining factor: longitudinal diffusion

Dispersive factor: transverse diffusion



STARTRACK: DATA ACQUISITION
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DATA ACQUISITION AND ANALYSIS

£ GageScope (Professional edition) ver. 3.82.22 - [C522GB-1GHz:YT1] M=

E| File Wew Capture Tools wWindow Help
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Waveforms of 16 us length are sampled at a frequency of 1x10° s1 by a

PCI analogue to digital acquisition card and stored for off-line analysis.

<

Ready
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DATA ANALYSIS: 1. CORRELATION OF RAW DATA

To increase the signal-to-noise ratio,
correlation techniques are applied off-line to
the raw pulse trails.

The correlation method

In this technique, each digitized primary
electron track is correlated with a typical
pulse

N—1 ft Search Spectrum

C; = z ft G+t g: Data Spectrum

t=0 C; Correlated Spectrum

* Pulses above a threshold are counted

..] Analyse Wave On/Off Line m|

File View Analyse Help
i O BE 120 ontie | — Num Segment | Searchrpulse - Saveswie | [ Loaded | Mopulse |
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Samples

-00010.sig Selected Items = 1 MM

Number of pulses Arrival time/ns Peak amplitude/mV

3 9500 300.3

10250 400.8

10800 464.6

11000 328.2

11132 25.2

12898 56.4




DATA ANALYSIS: 2. AMPLITUDE & TIME THRESHOLDS

Number of pulses Arrival time/ns Peak amplitude/mV

3 9500 300.3

10250 400.8
A threshold is applied to correlated pulses. 10800 464.6
11000 328.2

11132 x

12898

A selective time window is applied in order to
reject all the pulse trails that are not
consistent with the expected drift time.

t=139us
o = 0.64 ps
FWHM = 1.52 ps

sampled pulses
sampled pulses
N electrons

. g —————7—
5000 10000 15000 20000 5000 10000 15000 20000

arrival time / ns arrival time / ns arrival time / us




DATA ANALYSIS: 3. BACKGROUND SUBTRACTION

ao"’

®

Measured distribution

The measured cluster distribution P, (r) is the overlap of

primary electron distribution B, (r) and a background
distribution B, ()

B() = ) Py () By ()
j=0

Background distributions are also measured and unfolding
procedure is applied

Nmax

R0 = ) BB

j=v

5 10 15 20

cluster size v

baékgrouhd

Unfolded
RLLE

cluster size v

cluster size v



DATA SIMULATIONS

» Dedicated Monte Carlo code developed (Grosswendt).

» Response function included in the Monte Carlo code.

) v
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RESULTS OF MEASUREMENTS AND SIMULATIONS
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RESULTS OF MEASUREMENTS AND SIMULATIONS

P,(r) probability of vionizations at . L
Impact parameter r 3 \

M, =Y,v-P,(r) mean cluster size r g X
-
dion  lonization mean free path of the .
primary ion on— No_(T)
- D
D/2ion, Mean number of electrons set in M, (my)
motion by the primary ion along Aion

a path length D



RESULTS OF MEASUREMENTS AND SIMULATIONS

CORE REGION
Impact parameter r =0 nm

=

=

lonizations produced by the
primary particles +

lonizations produced by the
secondary electrons (5 rays)

PENUMBRA REGION
Impact parameter r >0 nm

lonizations produced only by
O-rays



TRACK CORE

Symbols: measurements  lines: Monte Carlo simulation

0

10 D//lion Ml
‘ 1H 20 MeV 0.97 0.19
10_1 ’H 16 MeV 2.1 0.43
6Li 48 MeV 19 3.8
Li 26.7 MeV 36 7.3
107 ! M, = 0.55 D | D
= "M, =0.30 \ Aion Aion
all a LT " T K I I

Sparsely ionizing particles, like 20 MeV protons, and
densely ionizing particles, like 26.7 MeV ’Li-ions, show
markedly different ionization patterns

] | RN\, |, INTT I\ |

With decreasing ionization mean free path length of the
primary ions the distributions become peaked and shift
to larger cluster sizes
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TRACK CORE: same velocity, different Z

2(®)

Symbols: measurements
To improve:
1. Efficiency for large cluster sizes.

Cluster sizev

lines: Monte Carlo simulation
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Z D/Aion Ml
2H16 MeV | 1 21 |0.43
6Li 48 MeV | 3 19 3.8
12C 96 MeV | 6 & 15
‘ M, «x D
N\ 1
i Aion
M, M5(2H)|= 0.55
0.55xB2=4.95
] 0.55x 6%2=19.8
1074 | | & _’l




TRACK CORE: same Z, different velocities

Symbols: measurements lines: Monte Carlo simulation

1510
++ 12¢,240 MeV  M,=8.1 A.=0.57 nm
a
-1 ++l M10C D
110 ? T T~ t Aion
12C,96 MeV ~ M,=15
i Aon=0.26 nm
Q.
-2
510 / /4 k

Slower particles have more time to interact with the target
molecules which results in a larger interaction cross section and
hence in a smaller ionization mean free path length of primary

particles.

\v) J RV LI VYV Jd (o)) 9J

cluster size -



AGREEMENT BETWEEN MEASUREMENTS AND SIMULATIONS

Does it mean that the experimental results are correct?

NO |

Validation of the Monte Carlo simulation code

Simulations as a tools to supplement experimental measurements

27



RESULTS OF MEASUREMENTS AND SIMULATIONS

TRACK STRUCTURE in the PENUMBRA
impact parameter r > 20 nm

lonizations produced only by the secondary electrons
(0 rays)
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TRACK PENUMBRA: 240 MeV !2C-ions, different r

- ' 1 ] &
E |
10Cluster-size distributions exhib.it.the sanﬁ\e.svlﬁp

0 irrespectively of impact parameter 15

cluster size multiplying P, () X (rr/D)? &




TRACK PENUMBRA: P,., X r2/D?

0 240 MeV *2C-ions

P.x (r / D)2

N

—

: o :
Fronhtve mpoitipbédibwtbba aitam om &gt - e disanipetisite, t
adiation quality dosecalintzsy &Eotlensuseems to be the same,
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only the probability of being, it decreases with increasing r.

comparing different ioNS  re—



TRACK PENUMBRA: different Z and velocities

12C, 96 MeV

12C, 240 MeV

Li, 26.7 MeV

SSEEDE

J.\

INE EPWY

Cluster-size distributions in the pe
the same shape, irrespectively of velocity and Z.

numbra region exhibit

cluster size

Dividing P,s1(d) ~ M, e——



TRACK PENUMBRA after dividing P,>1(Q) +~ M,

L) L) L L { L) L L L) | L L) L) L) | L) L N
an
S z — m 12 q
1

10 - 4 Aign=0.55nm  12C, 240 MeV
107 | \ A= 9.41nm  2H, 16 MeV

' Ai,,=0.55nm  Li, 27 MeV
10° \,,\

_'\;N

107 | N
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10° | G
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$ v 1+ 4
6 I n :: A £

10° ) t v_ .

If divided by M,, the distributions form a single curve, almost
Independent of radiation quality (charge state and velocity)
0) ) 10 15 20

cluster size



CONCLUSIONS

L Y
'l- The track structure is mainly determined by 4., (M,)
o o
M D
1 X
Aion

» AP ' ~
'l- The shape of the cluster size distributions is largely independent

of r and also of particle type and velocity.

Cluster-size distributions in nanometre-sized volumes reflect special

properties of particle track structure



240 MeV ?C-IONS HOMOGENEOUS EXTENDED BEAM

34
Total cluster distributions for beams of different radius Rjieiq

Given particles’ flux 'R ' 3

10”3

field

0.5 mm
® 2mm ~Ry

3 mm ]
® 5mm
® 8mm

From R > 3 mm (1.5 Ry) the shape is the same



240 MeV ?C-IONS HOMOGENEOUS EXTENDED BEAM

Riq= 8 mm (45 nm)

—— ;
R=05mm

1o°§--'........, .
1] * R=1mm
10 X ®» R=2mm ]

,1 N * R=3mm !
10 “\Q\iL ® R=5mm 3

\I LL,\! ® R=8mm

0 3} 10 15 A A

Contribution from R > 3 mm (1.5 R,,) only increases the fraction of zeros



Challenges:
1. a practical instrument for track structure measurements.

2. a practical instrument (TEPC) for measurements at the
nanometer level.




