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Abstract: Some recent studies in Italy have focused on the possibility of exploiting high energy electron linear accelerators, normally used in gamma radiotherapy, as photo-neutrons source for in-hospital medical applications. Neutrons are produced by Giant Dipole Resonance (GDR) reactions from  high energy photons on high Z targets; by proper material and geometry optimization, interesting fluence rates of thermalized neutrons can be made available, with minimized fast neutron and gamma backgrounds, for a fractionated type of Boron Neutron Capture Therapy (BNCT) devoted to external treatment of some specific tumors.               A photoneutron converter, constituted by high Z core and  surrounded by Low Z materials, is  shaped to produce  thermal beam inside an irradiation cavity. A feasibility study on Beam Shaping Assembly using MCNPGN simulation code is performed on various geometrical shapes and material selection. A first prototype of the photoconverter  has been realized  and tested at some hospital high energy medical LINAC facilities. In this paper the preliminary experimental results of neutron fluence rate and neutron spectra produced by the photoconverter prototype are compared to the simulation data. 
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1. Introduction             

   Nowadays the BNCT facilities in the world are in limited number and the only available neutron sources are research nuclear reactors, allocated far from the hospital structures.  The international BNCT community is engaged in the development of alternative neutron sources (as compact protons accelerator [1] or D-D and D-T fusion sources [2]) suitable to be installed in the radiotherapy departments for In-Hospital BNCT treatment. 
   The PhoNeS project (PhotoNeutronSource), ongoing within Italian Nuclear Physics National Institute (INFN), is exploiting, as neutron source, linear high energy electron accelerators (18 – 25 MV) already operating in hospital Radiotherapy Units, equipped with a neutron photoconverter. The goal of the project is to optimize neutron photoproduction by using suitable photoneutron converter constituted by a high Z core for neutron production surrounded by low Z material for the moderation of the high energy neutrons until thermal or epithermal energies. This device is a passive shield that does not entail accelerator modifications and that can be easily installed and removed from the accelerator head. Different kinds of optimized moderating structures can be produced for thermal, epithermal or mixed beams  according to the medical need.
   By Monte Carlo simulation codes (MCNPGN and GEANT4) the achievable neutron production, at a clinical LINAC, has been estimated with different design of photoconverters; it has been demonstrated that an useful neutron fluence rate could be reached, ranging from 1x107 to 1.2x108 cm-2s-1, following the photoconverter charateristics. Two prototypes of different dimension have been realized and the preliminary measurements, carried out by a passive spectrometric system based on bubble detectors at Varian Clinac 2100 18 MV, confirm the simulation results.
2. Neutron photoproduction in medical linac

   It is known that high energy (18 – 25 MV) electron linear accelerators, widely used for gamma radiotherapy, are source of undesired neutrons produced in the accelerator head by Giant Dipole Resonance Reactions (GDR) [3]. 

   Neutrons are produced when the energy of the incident photon is higher than the threshold energy of the (,n) reaction. This threashold depends on the atomic number of the target, ranging from 7-8 MeV for high Z materials (W, Pb, Fe) to 16-18 MeV for low Z elements (C, O). The photoneutron energy spectrum is characterized by an evaporation peak in the low energy range and a relatively weak (10% of the integrated intensity) direct-reaction component in the several-MeV energy range with a resultant mean energy of 700 keV – 1 MeV [4]. In the traditional radiotherapy by X-rays this neutron component has to be minimized because it represents an undesired dose to the patient.
3. The Neutron Photoconverter

   A photoconverter has been designed in view to increase the photoneutron production and to obtain, with suitable moderating materials, an intense thermal and/or epithermal neutron beam to be used for BNCT applications. Different types of neutron photoconverters have been studied by simulation code (MCNPGN). An accurate analysis of (,n) and neutron interaction cross-section is carried out from the ENDF/B-VI cross-section libraries, to select the best materials for: 1) photoproduction (Pb, W), 2) moderation (carbon, heavy water, plexiglas and polyethylene), 3) reflection and gamma shielding (Pb, Bi). The photo-neutrons produced by GDR reaction in high-Z elements have an average energy around 700 keV – 1 MeV. An optimized geometrical configuration of the various components has been designed to shape the thermal beam at the exit cavity, in view to maximize the thermal neutron component useful for BNCT treatment of shallow tumors (as melanoma or limb sarcoma). In figure 1 it is shown a model of photoconverter. The high-Z core is constitued of tungsten for neutron production and the moderating structures is made of plexiglass suitably shaped. Layers of lead are used as reflector for neutrons and for gamma shielding. Blocks of carbon contribute to moderation effect. 
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Figure 1: The optimized photoconverter 
4. Material and Methods
4.1 The MCNPGN code
The simulation code MCNPGN (NEA-1733), especially developed for (,n) photoproduction in linac accelerators [5], has been used to treat the electromagnetic cascade and the photoneutron production and transport. 

   The used simple photo-reaction model assumes that the dominant neutron emission mechanism is evaporation, with a Maxwellian neutron energy distribution and an isotropic angular distribution at lower energy; a small (10%) direct neutron knockout component for En>2 MeV is also considered. Both (,n) and (,2n) channels are treated and since photonuclear cross sections are a factor 100 lower than for atomic processes, suitable variance reductions are used. 

4.2 The BDS spectrometer

   Experimental mesurements of neutron spectra have been performed in the irradiation cavity by the BDS spectrometer, based on superheated bubble detectors manufactured by BTI, Ontario, Canada. Six thresholds are available (10, 100, 600, 1000, 2500 and 10000 keV); the upper energy limit is always 20 MeV. A suitable unfolding code, BUNTO , especially developed to process the BDS responses, is used. The thermal component has been measured by BDT detector [6] sensitive to neutrons with energy from 0.025 eV to 0.4 eV.
5. Simulation results
   The accelerator head for the Varian LINAC 2100 18 MV has been simulated. The simulated neutron fluence rate is given per electron particle source. To obtain a fluence rate per second is necessary to multiply for a conversion factor depending on the duty cycle of the LINAC.  Typical LINAC working values are 23 mA for electron current, 240 Hz for the frequency electron pulse and 5 s for pulse duration. In this case the conversion factor is 1.7x1014 e-/s.
   The photocoverter is studied and shaped to produce an high mixed thermal and epithermal – hyperthermal - neutron beam [7] and to minimize the fast neutron component and the gamma component. Different configurations have been investigated and different geometries and materials have been simulated by MCNPGN. In figure 2 the neutron spectrum, related to the optimized configuration in figure 1, is compared to neutron spectrum evaluated in a simplified geometry. In the optimized configuration (fig. 1) an improvement of more than one order of magnitude for the neutron fluence rate, as well as a reduction of the fast neutron component is observed at the irradiation cavity. 
The hyperthermal ( thermal + epithermal) fluence  rate increase to 1.06x108  cm-2s-1.
   In table 1 a summary of simulation results related to each configuration is reported.
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Figure 2. Neutron spectra comparison between optimized configuration and simplified one.

Table 1. Summary of simulation results related to figure 2
	
	total
(cm-2 s-1)
	thermal
(cm-2s-1)
	epithermal
(cm-2s-1)
	fast

(cm-2s-1)
	hyperthermal
(cm-2s-1)
	%
thermal


	%
epithermal


	%
fast



	SIMPLIFIED
	
	
	
	
	
	
	
	

	IRRADIATION CAVITY
	3.45x106
	1.69x106
	1.16x106
	6.78x105
	2.85x106
	48%
	33%
	19%

	OPTIMIZED
	
	
	
	
	
	
	
	

	IRRADIATION CAVITY
	1.17x108
	7.30x107
	3.30x107
	1.10x106
	1.06x108
	62%
	28%
	10%


The gamma component, due both to the thermal neutron capture reaction in the photocpnverter materials and to the photon leakage from the accelerator head has been also calculated for the optimized configuration; the free air beam parameters D/hyper = 1.32x10-12 Gycm2 and Dfast/hyper = 1.57x10-12 Gycm2 (Dgamma dose, hyper = hyperthermal fluence rate and Dfast = fast neutron dose) has been evaluated, and indicatively compared with the recommended IAEA free beam parameters for an epithermal beam (< 2x10-13 Gycm2).
6. The experimental results
6.1 The simplified  prototype of  photoconverter
   A small prototype of photoconverter, easy to be installed and removed from the accelertaor head and suitable to be transported to different radiotherapy departments, has been realized to test the photoconversion efficiency. The expected neutron fluence rate is lower than the one 
illustrated in figure 2, where an optimized geometry and material choice  allows to maximize 
the neutron fluence rate inside the  irradiation cavity. In figure 3 it is shown the structure of the photoconverter used for a test at the Varian LINAC 2100 18 MV at Mauriziano Hospital, Torino, Italy.
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Figure 3: The small prototype photoconverter at Mauriziano Hospital, Torino, Italy
6.2 Small prototype photoconverter charateristics

The main characteristics of the small prototype are: graphite blocks external moderator (60 cm width, 75 cm height, 30 cm depth), lead target (30x30x15cm3), moderators in polyethylene (30x30x3 cm3), PMMA box (30x30x15cm3, 8mm layers), 5cm thick volumes filled with heavy water (D2O 99% purity, 8 kg), and irradiation cavity (20x20x10cm3), total weight about 300 kg. 
6.3 Experimental results

In figure 4 the experimental neutron spectrum obtained  by using the BDS spectrometer and BDT detectors is compared to the simulation result. The experimental gamma component has been evaluated with an ionization chamber. In table 2 the integral values of gamma and neutron fluence rate in different energy range are reported.  A good agreement between the experiment and simulation  is observed , both for the spectrum shape and for the integral values. 
Table 2. Summary of experimental results related to figure 4(small prototype)
	
	thermal
(cm-2s-1)
	epithermal

(cm-2s-1)
	fast
(cm-2s-1)
	D

Gys

	MCNPGN
	1.69x106±11%
	1.16x106±11%
	6.78x105±11%
	1.60x10-4±11%

	
	
	
	
	

	EXPERIMENTAL
	1.29x106±20%
	8.72x105±20%
	5.72x105±20%
	2.20x10-4±10%
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Figure 4. Comparison between the simulated and experimental spectrum

7. Conclusion
The results of the feasibility study indicate that the photoproduction from high energy linac could be a promising alternative neutron source to obtain intense neutron fluence rate for BNCT application. Better results could be reached by a dedicated facility of 30 MV with high electron current of 40 mA. 
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