This can be explained by: The beam structure: The number of protons per bunch at 2 x 10 10 p/s is 217. Therefore, there is a large amount of secondary particles at the same time that contribute to the random coincidences.

The timing resolution of silicon: The 15 ns induce a large uncertainty on the real interaction time and require a large coincidence window.

• 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 coincidences due to charged particles. It works well for high energy (deposited energy >10 MeV in BGO and > 1 MeV in Si). However, the ratio between true and random coincidences is not improved because the majority of the random coincidences deposit a small amount of energy. It appears that the energy selection is not sufficient to improve the fraction of true coincidences. Use of the time of flight information: The time of flight between the hodoscope and the absorber (or using the cyclotron HF signal) could help to differenciate gamma which are faster than neutrons or protons. Smaller coincidence window: The fraction of random coincidences reduced to ~10% with a perfect detectors which let some 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 divided by 10. However, with only 1.1 x 10 5 true coincidences per second, we will no longer be able to reach the desired statistics for a beam spot.

• Conclusion:

For a clinical beam intensity (2 x 10 10 p/s) with these detectors and this setup, the number of protons in a bunch is too high. The true conincidences are completely dominated by the random coincidences. A solution could be, at least, to decrease the intensity for the distal spots and then to have a higher intensity beam for the rest of the tumor. With the diminution of the clinical intensity, the quality assurance could be possible in real time with this Compton camera.

CARBON IONS

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

• 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. • The Compton camera applicability for carbon ion therapy seems more realistic.

RECONSTRUCTION

With a standard MLEM reconstruction algorithm, the source distribution is reconstructed by intersecting all the Compton 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]. Real: a realistic timing resolution is applied to the detectors (table 3) and the time window for a coincidence is set at 40 ns. 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 and carbon ions. • Communication between the µTCA and the acquisition computer thanks to a gigabit ethernet link.

COINCIDENCE

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 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 radiations coming from a single incident particle.

• same gamma: a true coincidence coming from the same gamma in Si and BGO.

• other: the other possibilities for a true coincidence are :

-two different kinds of particles -two different gamma rays -same particle but different than gamma

RECONSTRUCTION METHOD

The reconstruction method chosen to get the falloff position is the line-cone method. This method calculates the intersection between a line (trajectory of the incident particle on the target) and a cone (the Compton cone): there are two solutions. Some coincidences have no solutions with this method. Therefore, there is a difference between the coincidence rates in table 4 and the number of reconstructed coincidences due to the solutions allowed by the line-cone method. There are three times less events in the profi le than the number of coincidences. Moreover, only the closest solution to the falloff is taken into account. 
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 41 Fig. 4. Reconstructed profi le 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 the fi gure 4a and 4b, the camera is centred on the Bragg peak position. In the fi gure 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.
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 135 Fig. 1. Confi guration of the monitoring system: the prompt gamma-ray emission points are reconstructed by intersecting the ion trajectory and the Compton cone. The ion trajectory is obtained with the hodoscope and the Compton cone is reconstructed with the camera. Time of fl ight (TOF)measurements between the absorber detector and the beam hodoscope (with an appropriate delay) are performed.[5] 
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 324 Fig. 2. Diagram of the simulation setup.

COINCIDENCE RATE FOR PROTONS COINCIDENCE RATE FOR CARBON IONS

  

			Structure	Single proton		IBA			Single ion	HIT	
			Intensity	10 6 p/s	1.2 x 10 9 p/s	2 x 10 10 p/s	10 6 ion/s	5 x 10 7 ions/s
			Detectors	perfect real	perfect	real	perfect	real	perfect	real	perfect	real
			Random	0	0	0.3	47.1	7.1	92.3	≈ 0	8.9 x 10 -2	4.7	64.0
	Coincidence		all	100	100	99.7	52.9	92.9	7.7	≈100	99.9	95.3	36.0
	[%]	True	same gamma	92.0	51.5	91.7	27.3	85.5	2.9	84.6	22.5	80.6	7.7
			other	8.0	48.5	8.0	25.6	7.4	3.8	15.4	77.4	14.7	28.3
	Count rate coincidence [MHz]	/	/	7.7 x 10 -2	0.2	4.7	15.3	/	/	0.03	0.3
	Count rate single	1 st silicon layer	/	/	1.4		22.7		/	/	1	
	[MHz]		absorber	/	/	16.8		281		/	/	8.1	

Table 2 .

 2 Realistic

resolutions defi ned in the simulations for the detectors. The energy resolution for the silicon is defi ned with the Equivalent Noise Charge (ENC). The ENC for the silicon is expected to be 200.