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PURPOSE hoéésc?pe (x,z,t)
ion beam
The aim of irradiation monitoring during a treatment in ion therapy is to control in real time the agreement between Fig. 1. Configuration of the monitoring system: the prompt gamma-ray emission
the delivered dose and the planned treatment. In fact, the discrepancies might come from uncertainties such ) % points are reconstructed by intersecting the ion trajectory and the
as the positioning or the morphological changes of the patient. They can lead to ion-range variations of a few ” Compton cone. The ion trajectory is obtained with the hodoscope and
millimeters. Several devices are under development over the world to detect secondary radiations, which are the Compton cone is reconstructed with the camera. Time of flight (TOF)
correlated to the dose deposited by incident ions. Compton cameras are in particular investigated for their measurements between the absorber detector and the beam hodoscope
potential high efficiency to detect prompt gamma rays [1,2,3,4]. The present work aims at discussing the clinical tx N (with an appropriate delay) are performed. [5]
applicability of a Compton camera design by means of Monte Carlo simulations for proton and carbon ion therapy. y%
absorber (x,y,E,t) .
KEY POINTS A beam time structure is modeled and applied to the simulation data in order to estimate the coincidence
_ _ rate (true/random) for a clinical application of the Compton camera. The treatment is done for protons
e Monte-Carlo simulation: Geant4.9.6 and carbon ions.
e Use the standard electromagnetic processes and the Binary Cascade model for hadrons
¢ Taking account. of the Doppler broac;lemng and polarization 100 blocks of streaked BGO crystals CLINICAL Protons Carbon ions
e Cut at 0.1 mm in PMMA and 1 mm in the detectors 38x38x3 cm’ CHARACTERISTICS
ion beam Facility Cyclotron C230 IBA = Synchroton at HIT
FIOLES ||(Ceieon (e Clinical intensity 2x10™p/s 5x 107ions/s
Number 108 4 x 107 Table 1. Parameters used stack of 7 Si layers
for the simulation of the Fx9x0.2.cm Energy 160 MeV 305 MeV/u
Energy 160 MeV = 305 MeV/u Compton camera. :
. 5 » 55 BEAM STRUCTURE Bunch time [nS] 3.2 30
LY [PEEL [P -0 Cm Period [ns] 9.4 170
: . Table 2. Realistic resolutions secondary particles Particles / bunch 217 9
Resolution (FWHM) @ 1 MeV | BGO Si defined in the simulations for OMMA 10 x 25 x 10 |
T the detectors. The energy x25x 10 cm? - - -
Spatial [mm] 3 0.9 esolution for the silicon i oerm e 20 DETECTORS Coincidence window [ns] 40 40
"0 defined with the Equivalent < »< »><
Energy [%] 17 2.3 Noise Charge (ENC). The ENC Table 3. Characteristics of clinical beams using protons and carbon ions. Each particle is treated
.. ) for the silicon is expected to be as an individual story in the simulation Geant4.The beam time strucure is modeled in the simulation
Timing [ns] 3 15 200. Fig. 2. Diagram of the simulation setup. data analysis.
COINCIDENCE

COINCIDENCE RATE FOR PROTONS COINCIDENCE RATE FOR

CARBON IONS Coincidence: one energy deposit in the BGO absorber and one (only one) energy deposit in a Si of the scatterer.
Random coincidence: the energy deposits in the scatterer and the absorber are induced by radiations coming
Structure Single proton IBA Single ion HIT from 2 different incident particles (on the target).

True coincidence: the energy deposits in the scatterer and the absorber are induced by one or several

1 6 9 10 6 | 7 . a . . . . .
Intensity 10° p/s 1.2 x10° p/s 2 x 10" p/s 10°ion/s 5 x 107 ions/s radiations coming from a single incident particle.
Detectors perfect = real = perfect real  perfect real — perfect real perfect = real * same gamma: a true coincidence coming from the same gamma in Si and BGO.
e other: the other possibilities for a true coincidence are :
Random 0 0 0.3 47.1 7.1 92.3 ~0 8.9 x 102 4.7 64.0 — two different kinds of particles
— two different gamma rays
ine all 100 100 99.7 52.9 92.9 7.7 ~100 99.9 95.3 36.0 . .
Coincidence — same particle but different than gamma
[%] True samegamma 92.0 = 51.5 91.7 27.3 85.5 2.9 84.6 22.5 80.6 7.7
9 RECONSTRUCTION METHOD
other 8.0 48.5 8.0 25.6 7.4 3.8 15.4 /7.4 14.7 28.3 , e : .
The reconstruction method chosen to get the falloff position is the line-cone method. This method calculates the
Count rate coincidence [MHZ] / / 7.7 x 107 0.2 4.7 15.3 / / 0.03 0.3 intersection between a line (trajectory of the incident particle on the target) and a cone (the Compton cone): there
1%t silicon are two solutions. Some coincidences have no solutions with this method. Therefore, there is a difference between
Count rate single layer / / 1.4 22.7 / / 1 the coincidence rates in table 4 and the number of reconstructed coincidences due to the solutions allowed by
[MHZ] absorber y y 16.8 081 / y 3 1 the line-cone method. There are three times less events in the profile than the number of coincidences. Moreover,
. : only the closest solution to the falloff is taken into account.
Table 4. The relative coincidence rates are given for three different proton and carbon ion intensities. There are 5 a . b . c
no cuts in energy or with time of flight. The count rate is the sum of the random and the true coincidences. The " x10 " 16220 ’-c x10
count rate single is the number of particles which deposit energy in the detector independently of a coincidence. S4.5F g Al Coincidences S [ g /! Coincidences S r — All Goincidences
The first silicon layer has the highest single count rate. s [ o _'?a”dom_ Coincidences S 14 gl Random Coincidences S14— — Random Coincidences
*GEJ 4 rue Coincidences g - True Coincidences '8 B True Coincidences
_-8 E —— True - same gamma ﬁ 12_ —— True - same gamma UE) 12-_ —— True - same gamma
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STRUCTURE % 3:_ § 1o Hé 10:_ camera shift
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Single particle: One patrticle is run each microsecond E Z T 2 b
. . . . pza - - 61—
IBA or HIT: Application of the specific time beam structure b °F N
DETECTORS 1 | N §
. L . . . . E el T o 2/—
Perfect: no timing resolution is applied. The time window defined to nW L MWW W‘Wi'r# ﬁ\h%‘mi
detect a coincidence is the time for a photon to fly from the silicon layer T BT R T B T B T T T Qo b L e e 00 R T T R VT B S T
to the absorber. y [mm] y [mm] y [mm]
Real: a realistic timing resolution is applied to the detectors (table 3) and the Fig. 4. Reconstructed profile in the case of protons (a) and carbon ions (b,c) with the time structure of the beam and realistic detector resolutions. The theoretical falloff position is 0 mm along the Y axis. For
time window for a coincidence is set at 40 ns. the figure 4a and 4b, the camera is centred on the Bragg peak position. In the figure 4c, the camera is shifted to 50 mm after the Bragg peak position. It shows that the maximum of the random coincidence

distrubution is due to the position of the camera and not related to the falloff position. Therefore, we have to distinguish true coincidences which are the only way to get the falloff position.

PROTONS THERE ARE THREE PARTS:
¢ The fraction of random coincidences is about 90 % with a clinical beam and realistic detectors. 1. Hodoscope —) Poster 32 (J. Krimmer) @
This can be explained by: e Scintillating square fibers: 140 x 1 x 1 mm?
The beam structure: The number of protons per bunch at 2 x 10'° p/s is 217. Therefore, there is a large amount of secondary * Number of fibers: 2 x 128
particles at the same time that contribute to the random coincidences. * 8 PMTs Hamamatsu multianodes H8500
The timing resolution of silicon: The 15 ns induce a large uncertainty on the real interaction time and require a large e Timing resolution: 1 ns
coincidence window. * Count rate: 10° counts/s

2. Scatterer (Double-sided silicon strip detector)

¢ Possibilities to improve the rate of true coincidences:

Cuts in deposited energy: An analysis on the deposited energies in the detectors was made in order to eliminate the e Number of layers: 7 =

coincidences due to charged particles. It works well for high energy (deposited energy >10 MeV in BGO and > 1 MeV e Dimensions: 90 x 90 x 2 mm?® — =

in Si). However, the ratio between true and random coincidences is not improved because the majority of the random * Number of strips: 2 x 64 =

coincidences deposit a small amount of energy. It appears that the energy selection is not sufficient to improve the fraction e Pitch: 1.4 mm

of true coincidences. * Expected performances

Use of the time of flight information: The time of flight between the hodoscope and the absorber (or using the cyclotron HF * Spatial resolution: 1 mm

signal) could help to differenciate gamma which are faster than neutrons or protons. e Energy resolution: 2 keV (FWHM) @ 1 MeV

Smaller goincidence window: The frac?tion of random coincidences reduced to ~10% with a perfect detectors which let some 3. Absorber (streaked BGO)

perspectives for Compton camera using very fast detectors. , , _ .

Increase distance: at 1 meter, the random coincidences are divided by a factor 50, whereas the true coincidences are only * Dimensions: 380 x 355 x 30 mm

divided by 10. However, with only 1.1 x 10° true coincidences per second, we will no longer be able to reach the desired : T%T/It_’l_er of bg?Ck;' 96

statistics for a beam spot. o Timi S pel’l tQC . 3 Fig. 5. a. The hodoscope with its 512 optical fibers connected

e Conclusion: . S'g;ltri]agl :23?)'3{'8?1 4 rr]r?m b. Eron:) IEnddcadrd flor a first h(()jdoscope prototype 2 x 32 fibers

. . c. Double-sided silicon strip detector

For a clinical beam intensity (2 x 10'° p/s) with these detectors and this setup, the number of protons in a bunch is too . d. First prototype of an ASIFC)) for the DSSD’s front end

high. The true conincidences are completely dominated by the random coincidences. A solution could be, at least, to 4. UTCA acquisition system =) Poster 3 (C. Abellan) e. BGO block (96 blocks compose the absorber)

decrease the intensity for the distal spots and then to have a higher intensity beam for the rest of the tumor. With the diminution e Communication between the pTCA and the f. Each block is connected to 4 PMTs

of the clinical intensity, the quality assurance could be possible in real time with this Compton camera. acquisition computer thanks to a gigabit ethernet link.

CARBON IONS

e The coincidence rate is more favorable for carbon ions thanks to the lower beam intensity.

e The data analysis is still under progress. The number of neutrons and protons generated by nuclear reactions
is high. Therefore, we expect that the time of flight information will improve the rate of true coincidences.

e The Compton camera applicability for carbon ion therapy seems more realistic.
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With a standard MLEM reconstruction algorithm, the source distribution is reconstructed by intersecting all the Compton Tel: +33 (0)4 72 43 14 81

cones together. Some of the cone intersections do not correspond to an actual source position. These points are eliminated
by the iteration process. This should improve the reconstruction of the falloff position [6].
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