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Background and purpose: Accelerator-Based Boron Neutron Capture Therapy is a radiotherapy based on compact accelerator neutron sources requiring an epithermal neutron field for tumour irradiations. Neutrons of 10 keV are considered as the maximum optimised energy to treat deepseated tumours. We investigated, by means of Monte Carlo simulations, the epithermal range from 10 eV to 10 keV in order to optimise the maximum epithermal neutron energy as a function of the tumour depth.

Methods: A Snyder head phantom was simulated and mono-energetic neutrons with 4 different incident energies were used: 10 eV, 100 eV, 1 keV and 10 keV. 10 B capture rates and absorbed dose composition on every tissue were calculated to describe and compare the effects of lowering the maximum epithermal energy. The Therapeutic Gain (TG) was estimated considering the whole brain volume.

Results: For tumours seated at 4 cm depth, 10 eV, 100 eV and 1 keV neutrons provided respectively 54 %, 36 % and 18 % increase on the TG compared to 10 keV neutrons. Neutrons with energies between 10 eV and 1 keV provided higher TG than 10 keV neutrons for tumours seated up to 6.4 cm depth inside the head. The size of the tumour does not change these results.

Conclusions: Using lower epithermal energy neutrons for AB-BNCT tumour irradiation could improve treatment efficacy, delivering more therapeutic dose while reducing the dose in healthy tissues. This could lead to new Beam Shape Assembly designs in order to optimise the BNCT irradiation.

Introduction

Boron Neutron Capture Therapy (BNCT) is a binary radiotherapy intended for the treatment of invasive and extended tumours with complex spatial distribution or radio-chemotherapyresistants. This radiotherapy consists in fixing 10 B on cancer cells through targeting carriers and then submitting the patient to an adapted epithermal energy (between 0.5 eV and 10 keV) neutron field [START_REF] Slatkin | A History of Boron Neutron Capture Therapy of Brain Tumours[END_REF][START_REF] Suzuki | Boron neutron capture therapy (BNCT): a unique role in radiotherapy with a view to entering the accelerator-based BNCT era[END_REF]. Neutron capture by the stable isotope 10 B results in the production of an alpha ( 4 He) particle and a lithium ( 7 Li) nucleus, as described below: 10 B + n -→ [ 11 B * ] 4 He + 7 Li Q = 2.792MeV (1a) 4 He

+ 7 Li Q = 2.310MeV + γ[0.48MeV] (1b) 6% 94%
Those nuclear particles have path lengths between 4.8 and 8.9 µm in tissues and a high linear energy transfer (from 160 to 200 keV/µm) [START_REF] Sauerwein | Neutron capture therapy: principles and applications[END_REF]. As the average cell diameter reaches 10 µm for human tissues, neutron capture products only affect the targeted cell by releasing most of their energy inside the cell volume and sparing surrounding cells.

As neutron capture reaction on 10 B cross section increases exponentially at low neutron energies, thermal neutrons are required at the tumour level to optimise the number of neutron captures and thus the treatment efficacy. Thermal neutron fields are considered mainly for superficial cancer cases, such as superficial melanomas [START_REF] Pazirandeh | Design and simulation of a neutron source based on an electron linear accelerator for BNCT of skin melanoma[END_REF]. Since neutrons are thermalised and absorbed in tissues, incident neutrons with energies higher than thermal energies are required for non-superficial tumours treatment. However, neutrons toxicity in tissues increases significantly over 10 keV [START_REF] Icrp | Conversion coefficients for radiological protection quantities for external radiation exposures[END_REF], mainly due to the increase of energy transferred by elastic scattering on hydrogen nuclei. So the usual maximum neutron energy considered is about 10 keV, allowing to reach deep seated tumours and to reduce secondary dose which represents the dose deposited in healthy tissues [START_REF] Barth | Boron Neutron Capture Therapy for Cancer[END_REF].

The first BNCT clinical treatments were performed exclusively using nuclear research reactors to produce neutron fields [START_REF] Auterinen | Measurement of free beam neutron spectra at eight BNCT facilities worldwide[END_REF][START_REF] Moss | Procedural and practical applications of radiation measurements for BNCT at the HFR Petten[END_REF][START_REF] Auterinen | Metamorphosis of a 35 Year-Old TRIGA Reactor into a Modern BNCT Facility[END_REF][START_REF] Wang | BNCT for locally recurrent head and neck cancer: Preliminary clinical experience from a phase I/II trial at Tsing Hua Open-Pool Reactor[END_REF]. In order to provide facilities suitable for hospital environment, an active research is made around compact accelerator neutron sources [START_REF] Letourneau | Development of compact accelerator neutron source[END_REF]. The use of low energy particle compact accelerators and targets adapted to cope with high power (15 to 30 kW) for neutron production led to the development of Accelerator-Based BNCT (AB-BCNT) facilities [START_REF] Kreiner | Present status of Accelerator-Based BNCT[END_REF]. In this context, an AB-BNCT facility project was launched at the Laboratory of Subatomic Physics and Cosmology (LPSC) in France [START_REF] Delorme | Theoretical approach based on Monte-Carlo simulations to predict the cell survival following BNCT[END_REF][START_REF] Muraz | Development of a regenerated Beryllium target and a thermal test facility for Compact Accelerator-based Neutron Sources[END_REF]. The purpose is to use a compact accelerator coupled to a beryllium target using the 9 Be(d(1.45MeV),n) 10 B reaction as a neutron source [START_REF] Capoulat | Neutron spectrometry of the 9 Be(d (1.45MeV), n) 10 B reaction for accelerator-based BNCT[END_REF]. In the frame of this project, one important issue is to maximise the treatment efficacy, optimising the neutron energy range used for irradiation to minimise the absorbed dose in healthy tissues during the treatment. This article presents the study made on the effects on treatment efficacy of different neutron energy by Monte Carlo simulations. Its principle is based on the study of the decomposition of the dose in tumour and healthy tissues, resulting from different mono-energetic epithermal neutrons.

First of all, the simulation set up used for this study is described. The results obtained are then discussed and the last part concludes on the optimised neutron energies proposed at the output of the beam shape assembly (BSA). All the results presented here are made in the frame of a brain cancer study but might be extended to other body organs.

Material and Methods

Neutron interactions in tissues

1 H, 16 O, 12 C and 14 N represent more than 99% in weight of all atoms in human brain tissues [16]. The absorbed dose in healthy tissues results mainly from neutron scattering reactions and neutron capture reactions on the nuclei constitutive of the brain.

As thermalisation through tissues is done by neutron scattering, it contributes to the secondary dose on healthy tissues. In BNCT, the total absorbed dose in tissues can be expressed as following [START_REF]Neutron Capture Therapy: Principles and Applications[END_REF]:

D T = D B + D n + D p + D γ (2) 
The biological dose uses Relative Biological Effectiveness (RBE) factors to take into account the different biological effectiveness of each component, it can be expressed as following [START_REF]Neutron Capture Therapy: Principles and Applications[END_REF]:

D w = w c * D B + w p * D n + w n * D p + w γ * D γ (3) 
The biological dose will be expressed in Gy[RBE] units to distinguish it from the absorbed dose expressed in Gy. The method used to calculate the biological dose in BNCT is still an active field of research in the BNCT community [START_REF] González | Photon iso-effective dose for cancer treatment with mixed field radiation based on dose-response assessment from human and an animal model: Clinical application to boron neutron capture therapy for head and neck cancer[END_REF][START_REF] Sato | Depth distributions of RBEweighted dose and photon-isoeffective dose for Boron Neutron Capture Therapy[END_REF] Each dose component of the total dose is associated to a different nuclear reaction, detailed below:

• 10 B(n,α) 7 Li reaction to the called boron dose D B , considering the ionisation energy released by the alpha particle and lithium nucleus,

• 1 H(n,n') 1 H reaction to the called neutron dose D n , considering the ionisation energy released by the hydrogen resulting from the elastic neutron scattering,

• 14 N(n,p) 14 C to the called proton dose D p , considering the ionisation energy released by the proton and the carbon nucleus,

• 1 H(n,γ) 2 H reaction and the residual gamma from 10 B capture reaction ( 10 B(n,γ) 7 Li)

to the called gamma dose D γ , only considering the energy transferred by the photon by pair production, Compton and photoelectric scattering.

The occurrence of each nuclear reaction depends on its associated cross section, a function of the neutron energy. Three of them are neutron capture reactions with cross section following a 1/v law when neutron energy decreases in the thermal range energy [START_REF]Neutron Physics[END_REF], v being the neutron velocity, as shown in Figure 1. Thus, thermal neutron fields penetrate poorly into tissues and cannot reach deep seated tumours. Epithermal Neutron cross section from ENDF data base for 10 B(n,α) 7 Li, 14 N(n,p) 14 C and 1 H(n,γ) 2 H neutrons fields, which thermalise as they penetrate the tissue, ensure to obtain thermal neutrons at the tumour level to maximise capture probability on 10 B.

Moreover, in the epithermal energy range, cross-section values for elastic neutron scattering reactions vary from less than 1% for 12 C and 16 O to 7% for 1 H and up to a maximum of 19% for 14 N, see Figure 1. Neutrons with energy between 1 eV and 10 keV have a quite similar probability to interact by elastic scattering process. As thermalisation is achieved through elastic scattering on tissue nuclei, this process seems almost independent of the neutron energy in the eptihermal range. Then, it could be assumed that the penetrability of neutrons inside the brain does not strongly change with their initial epithermal energy as it was pointed out in [START_REF] Fairchild | Optimization of Boron and Neutron Delivery for Neutron Capture Therapy[END_REF]. For elastic neutron scattering reactions, the energy transferred to the nuclei is proportional to the neutron incident energy. So the secondary dose induced by scattering reactions increases with higher epithermal neutron energy. In this context, reducing the neutron energy from the present reference energy of 10 keV to lower epithermal energies will increase the absorbed dose in the tumour while reducing the secondary dose resulting from elastic scattering reactions on healthy tissues. This hypothesis is explored hereafter by Monte Carlo simulations. The phantom considered here is a Snyder head model phantom [START_REF] Goorley | Reference dosimetry calculations for Neutron Capture Therapy with comparison of analytical and voxel models[END_REF] with a spherical tumour as shown in Figure 2 and tissues having the composition and density recommended by ICRU-46 [16] (see Table 2). 

A tumour with a volume of 14.14 cm 3 , consisting of a 1.5 cm radius sphere, is located at different depths inside the brain. The tumour is centred in X and Y and is translated on the Z axis of the geometry. Tumour depth is set between 4 cm and 8 cm, with 1 cm step, to cover five non-superficial cancer cases, and having the same composition as the brain tissue. 10 B concentrations are added to the ICRU-46 tissues composition, with 52.5 ppm in the tumour, 15 ppm in the brain, 22.5 ppm in the scalp and 15 ppm in the skull [START_REF] Capoulat | A 13C(d,n)-based epithermal neutron source for Boron Neutron Capture Therapy[END_REF]. The 10 B concentration ratios for healthy tissues and tumours compared to 10 B concentration in blood are listed in Table 3. The blood 10 B concentration considered is 15 ppm. tissue tumour brain skull skin tissue to blood ratio 3.5 1 1 1.5

Table 3: Tissue to blood ratios of 10 B concentration for healthy tissues and tumour.

The neutron source was defined as a 21 cm diameter disc, simulating a Beam Shape Assembly (BSA) output of 10.5 cm radius and allowing to provide a complete irradiation of the head phantom. Neutrons are sent with a mono-energetic energy and uniformly on the disc along the Z axis, as it can be seen in Figure 3. In order to explore the whole epithermal range, simulations were performed at the following energies: 10 eV, 100 eV, 1 keV and 10 keV. 

Simulation physics model

Due to the energy range of interest (from thermal to epithermal neutrons), thermal treatment is implemented in the simulations. Free-gas treatment is used in the simulation model above 4 eV, representing the energy threshold below which thermal scattering laws are implemented with the use of S(α,β) functions [START_REF] Ballinger | The direct S(alpha,beta) method for thermal nuetron scattering[END_REF]. These functions treat a specified material in the thermal regime as a molecular compound, taking into account the effects on cross sections of molecular structure and vibration modes. Only some materials are tabulated [START_REF]X-5 Monte Carlo Team, MCNP -A general Monte Carlo N-Particle transport code, version 5, LANL volume I: overview and theory[END_REF]. As human tissues are similar to light water in composition and density, the tabulated data of light water were selected.

MCNP uses variance reduction techniques, including implicit capture and weight cut-off parameters. The weight is a value allocated to a particle that is calculated at each step of its track according to the probability of the current event to happen. In general, the weight of the tracked particle is reduced at each interaction (scattering or capture) until a default threshold is reached below which the particle is killed. This implicit mode, used for tally computations to obtain capture rates and total absorbed dose from a specified particle type in users specified volumes, allows computing time reduction for simulations and uncertainty calculations.

However, this calculation method does not allow to distinguish some dose components, such as the energy deposited in ionisation by recoil protons resulting from elastic scattering reactions of neutrons with hydrogen nuclei in tissues. This dose component quantification has been determined using a PTRAC output file, which enables to obtain all user-filtered particle events [START_REF]X-5 Monte Carlo Team, MCNP -A general Monte Carlo N-Particle transport code, version 5, LANL volume I: overview and theory[END_REF]. Default variance reduction techniques are turned off for the simulation, leading to the use of so-called analog capture, process during which reduction weight is not performed and neutrons are killed if capture occurs.

Moreover, light and heavy ion recoil physics models have been used. These parameters provided an output file with all interactions needed to determine energy transfer between neutrons and tissue nuclei.

Two simulation sets were computed for each geometry to obtain dose components values: from tallies on the one hand to estimate capture rate for D B and D p calculation and to estimate the energy deposited by photons for D γ calculation and from PTRAC analysis, on the other hand, for estimating energy transferred by elastic scattering to hydrogen nuclei for D n calculation.

One estimated standard deviation is used to compute the observable uncertainties proper to each dose component. The relative uncertainties are maintained under 1 % for every dose component estimation.

Simulation observables

The neutron capture reaction rate on 10 B in tissues as a function of the energy was the first quantitative observable studied, to show the impact on the boron dose D B 2.1. Capture rates are normalised per unit mass of tissue to obtain observables proportional to the boron dose D B . The secondary dose in healthy tissues was explored, to understand the correlation between neutron dose and proton dose variations when reducing the neutron energy. As the main objective is to compare treatment efficacy of different mono-energies, the Therapeutic Gain (TG) was calculated. It is defined as the ratio between the total biological dose in the tumour and the total biological dose in the brain.

This paper is structured as follows : first, the dose induced by the boron capture in the tumour is presented; then, a complete study of dose components in healthy tissues is described, considering a tumour at 4 cm depth in order to evaluate the impact of the neutron energy on healthy tissues dose components; the influence of the tumour depth on the total biological dose in healthy tissues is discussed afterwards; the results of the total biological dose in the tumour and in healthy tissues as a function of the neutron energy are also presented; finally, the study of the TG is shown.

Results

In the following sections, results will be presented using a relative difference to compare 1 keV, 100 eV and 10 eV to 10 keV simulated data. It is expressed in percentage and obtained with the following formula:

δ = ( results(E) results(10keV) -1) * 100 (7) 
This allows to compare results from lower epithermal energy to the results obtained at 10 keV and to quantify the differences between values in order to conclude on the most useful energy.

Study of the dose in the tumour: focus on the boron dose D B

In this section, a focus is made on the boron dose D B in the tumour representing the therapeutic dose for BNCT treatments. To estimate the boron dose D B , the neutron capture reaction rate on 10 B in the tumour normalized per unit mass of tissue and per neutron source is studied. Figure 4 shows the relative difference in percentage with respect to 10 keV values of 1 keV, 100 eV and 10 eV results. For a tumour seated at 4 cm depth in tissues, the number of captures on 10 B in tumour increases by 78 % with 10 eV neutrons and by 23 % with 1 keV neutrons, in comparison with capture rates obtained for 10 keV neutrons. For deeper tumours, at 6 cm depth for example, the number of 10 B captures is 11 % and 13 % higher at 10 eV and 1 keV respectively, and 13 % higher at 100 eV than at 10 keV. Neutrons at 10 eV energies induce less captures on 10 B than 10 keV neutrons for tumours located at depth higher than 6.6 cm into tissues. Neutrons at 100 eV and 1 keV induce less captures than 10 keV neutrons for tumours located at depth higher than 7 cm. 

Secondary dose on healthy tissues: study with the tumour at 4 cm depth

In the following sections, observables on healthy tissues are studied with the tumour at 4 cm depth. The aim is to compare doses components of healthy tissues when reducing the neutron kinetic energy in the epithermal range. The influence of the tumour depth on the total biological doses of healthy tissues will be studied in section 3.4.

Neutron Capture reaction rate on 10 B in healthy tissues : brain, skin and skull

In order to understand the effects of reducing neutron epithermal energy on the boron dose D B in healthy tissues, neutron capture reaction rates on 10 B were evaluated for healthy tissues with a tumour at 4 cm depth and normalised per unit mass. Table 4 presents the obtained results.

An important increase of 10 B capture rates for the skull and the skin can be observed when considering 100 eV or 10 eV energy irradiation, with up to 74 % and 87 % increase respectively in comparison with 10 keV energy neutrons. For the brain, 10eV 100eV 1keV 10keV

g -1 (10 -16 ) % g -1 (10 -16 ) % g -1 (10 the number of neutron captures on 10 B rises by 17% at maximum when reducing the epithermal energy to 10 eV. Relative gaps with respect to 10 keV values for the skin and the skull are higher than relative gaps with respect to 10 keV values for the brain.

Moreover in absolute values, we observed that neutron capture rates on 10 B in the skull were always lower than values obtained in the skin, values even lower than in the brain, implying that the brain is the healthy tissue with the highest boron dose D B .

Study of the proton dose D p in healthy tissues

The absorbed proton dose D p was evaluated for healthy tissues. The absorbed proton dose D p results from ionisation of protons produced by the 14 N(n,p) 14 C reaction.

Table 5 shows the relative difference in percentage with respect to 10 keV values of results obtained for lower epithermal energies. It is interesting to note that the relative gap of the absorbed proton dose D p in healthy tissues of energies in [10 eV; 100 eV; 1 keV] with respect to results obtained at 10 keV is similar to the one obtained considering the 10 B(n,α) 7 Li reaction rate normalized per unit mass. This can be explained by the fact that the 14 N(n,p) 14 C reaction used in the computation of the absorbed proton dose D p and the 10 B(n,α) 7 Li reaction have both analogous cross section variation in the epithermal range. The study of the absolute values shows that the brain is the healthy tissue receiving the highest value of dose from 14 N(n,p) 14 C reaction for all energies.

Study of the neutron dose D n in healthy tissues

The absorbed neutron dose D n results from proton ionisation of protons produced by 1 H(n,n') 1 H' elastic scattering process. Figure 5 shows D n in the brain, the skull and the skin, evaluated for different epithermal neutron energies, still in the case of a head phantom with a spherical tumour of 3 cm radius located at 4 cm depth.

These results show that reducing the initial neutron energy by an order of magnitude enables a reduction of one order of magnitude (or more) on the value of the absorbed neutron dose D n , on every healthy tissue. The variation of the neutron dose D n in 10eV 100eV 1keV 10keV

Gy (10 -16 ) % Gy (10 -16 ) % Gy (10 -16 ) % Gy(10 healthy tissues is higher than the variation of the proton dose D p and the boron dose D B for the same energy range. In this case, the skin is the tissue associated to highest values of D n , for all energies studied.

Study of the sum of the proton dose D p and the neutron dose D n in healthy tissues

The sum of the proton dose D p and the neutron dose D n was studied to evaluate the dose contribution of proton ionisation from capture reaction. Results presented in Table 6 and the relative difference in percentage with respect to values obtained at 10

keV is also indicated.

The same profile can be observed for all tissues: reducing the neutron epithermal energy from 10 keV to lower epithermal energies appears to reduce the total dose produced by proton ionisation, as the relative gap is negative for all energies between 10 eV and 1 keV and for every healthy tissues. The only exception is at 10 eV, where the sum of the absorbed proton dose D p and absorbed neutron dose D n in the skull is 19

% higher than at 10 keV. It can be noted that the lowest value of the sum of the proton dose and the neutron dose is reached for 1 keV energy neutrons.

Study of the gamma dose D γ in healthy tissues

The absorbed gamma dose D γ results mainly , in the frame of this study, from the radiative capture reaction 1 H(n,γ) 2 H on hydrogen as no photon flux is implemented in 10eV 100eV 1keV 10keV

Gy(10 -15 ) % Gy(10 -15 ) % Gy(10 -15 ) % Gy(10 the source. Table 7 shows D n in the brain, the skull and the skin, evaluated for different epithermal neutron energies, still in the case of a head phantom with a spherical tumour of 3 cm radius located at 4 cm depth.

The photon dose D γ in healthy tissues decreases when the neutron energy increases.

This variation is similar to the variation of the neutron dose D n and the boron dose D B , as the cross sections associated to the reactions characterising those dose components equally vary in the epithermal range. But the relative gap with respect to 10 keV values is not the same for the photon dose D γ and those two others dose components as the 2.2 MeV photon produced by the radiative capture on hydrogen will not be entirely contained in the phantom and will escape the geometry, releasing only a fraction of its energy in tissues.

Total biological dose in tissues

The previous section has presented the different components of the dose deposited in the healthy tissues and the 10 B capture rate normalised per unit mass in the tumour.

Hereafter, we focus on a global analysis, based on the sum of all the components and using RBE factors to obtain the total biological dose.

Total biological dose in tumours

The relative difference between the total biological dose deposited in the tumour tissue at 10 keV and values obtained at lower epithermal energies is represented in Figure 6. Total biological dose in tumour results show the same trend as the previous results obtained for 10 B neutron capture reaction rate in tumour: lower epithermal energy deliver more dose inside the tumour for depth up to 6.3 cm for 10 eV energy, up to 6.8 cm for 100 eV and even up to 7 cm for 1 keV. This equivalence can be explained by considering that the boron dose D B is the major component of the total biological dose in tumour due to the 10 B concentration in the tumour.

Total biological dose in healthy tissues

The total biological dose in healthy tissues was studied in the case of a tumour at 4 cm depth. Table 8 represents the total biological dose in healthy tissues.

The total biological dose in healthy tissues increases when the incident neutron energy is lowered. Except for the skin, where the total biological dose decreases when reducing the energy from 10 keV to 1 keV or 100 eV. Our results on absolute values of the total biological dose in healthy tissues show that the brain received the higher value of dose, for every energy studied. 

Influence of the tumour position on healthy tissue observables

The influence of the tumour depth was studied for every dose component of healthy tissues (being the neutron dose D n , the proton dose D p , the boron dose D B and the gamma dose D γ ) and for the total biological dose in healthy tissues. Table 9 presents the relative gap in % of the total biological dose in healthy tissues for a tumour at 4 cm depth and a tumour at 8 cm depth.

The variation observed on the total biological dose in healthy tissues is between 0.3% and 4.7% for all energies and tumour depths studied. The impact of the tumour position in the phantom can be considered as negligible, so the study made in section 3.2 can be extended for tumours up to 8 cm depth in tissues.

Figure of Merit to optimise the incident neutron energy

The TG allows to evaluate the advantages and drawbacks of reducing neutron energies from 10 keV to lower epithermal energies. It is defined as following:

TG = D total tumour D total brain ( 8 
)
Where D total tumour is the total biological dose in the tumour representing the dose deposited by all the particles resulting from the neutrons interactions in the tumour and D total brain is the total biological dose in the brain.

In order to obtain a relevant ratio to consider the impact of the neutron energy in the epithermal range, the therapeutic ratio is evaluated considering the total biological dose in the brain. For treatment evaluation, the maximum dose in the brain is considered for the therapeutic ratio. As in the frame of our study we are considering a total irradiation of the phantom, it is more relevant to consider the whole brain volume [START_REF] Yanch | A Monte Carlo investigation of the dosimetric properties of monoenergetic neutron beams for neutron capture therapy[END_REF].

Thus, this figure of merit allows to evaluate the optimisation of the epithermal energy. The relative difference in percentage between values obtained for 1 keV, 100 eV and 100 eV compared with respect to 10 keV values is shown in Figure 7.

For tumours seated at 4 cm depth, 10 eV, 100 eV and 1 keV neutrons provided respectively 54 %, 36 % and 18 % increase on the TG compared to 10 keV neutrons.

In the case of a 5 cm depth tumour, this increase is contained between 10 and 20 % for neutrons with energy between 10 eV and 1 keV. The relative difference in percentage with respect to 10 keV of lower epithermal energies studied is positive up to 5.8 cm depth for all energies and even up to 6.4 cm for 1 keV energy irradiation.

Influence of the tumour size

In order to evaluate the influence of the tumour size on the figure of merit features, the same study was conducted with a tumour with a radius two times smaller than previously. The tumour volume was 1.77 cm 3 for a 0.75 cm radius sphere. Results of this study conduct to similar observations for all observables including the figure of merit proposed by this study, as pointed out in Figure 8 with the relative difference in percentage compared to 10 keV results of the figure of merit for lower epithermal energies. For a tumour with a volume of 1.77 cm 3 , the figure of merit reaches higher values with lower epithermal energy than 10 keV, for tumours seated up to 5.7 cm, and even up to 6.3 cm for 1 keV energy irradiation.

Discussion

Results presented in 3.1 show that epithermal neutrons with energies lower than 10 keV can reach deep seated tumours, up to 6.5 cm depth, as they induce higher 10 B capture rate inside the tumour. The results on 10 B capture rate in tumours support the premise made on epithermal neutron range that penetrability does not depend strongly on their initial energy.

Nevertheless, the skull and the skin are highly impacted by the reduction of the neutron energy. Capture reaction rate on 14 N and on 10 B nuclei increase by 70 to 80 % when reducing from 10 keV to 10 eV the neutron kinetic energy. But the reduction of the neutron dose D n -dose induced by hydrogen scattering compensate for the increase of the proton dose D p , leading to a diminution of the total absorbed dose from proton ionisation (see Table 6). Lowering the incident neutron energy lowers the energy transferred to hydrogen nuclei : reducing the incident neutron energy reduces the dose resulting from elastic scattering of neutrons on the hydrogen nuclei in tissues. The absorbed neutron dose D n declines faster than the increase of the absorbed proton dose D p . Their sum is maximum for 10 keV neutrons and it reaches a minimum around 1 keV neutrons for every healthy tissue, showing the positive impact of reducing the initial epithermal energy. If we focus on the absolute value of the total biological dose in healthy tissues, the brain is the tissue with the highest dose value for each energy studied in the epithermal range. The use of the healthy tissue with the highest total biological dose in the definition of the TG validate the pertinence of the figure of merit.

As explained in 3.5, the TG is calculated using the total biological dose in the brain as this study does not consider a realistic neutron field for a treatment but a wide, monoenergetic and unidirectional neutron field. The TG calculated is higher for neutrons energies below 10 keV, for tumours located at depth up to 6.4 cm. Additionally, these results can be extended for tumours seated up to 6.5 cm inside the head in the case of 1 keV neutron irradiation. The use of epithermal energies lower than 10 keV improves the delivered dose in the tumour minimising at the same time the secondary dose in healthy tissues. Reducing the tumour size does not modify the main conclusion. The maximum achievable depth for 1 keV energy is 6.3 cm in the case of a 1.75 cm 3 tumour, compared to 6.4 cm calculated for the 14.14 cm 3 tumour.

The results presented are based on the computation of the biological dose. This dose is estimated using RBE factors. Those factors are considered as fixed and are extracted from [START_REF] Coderre | Neutron capture therapy of the 9l rat gliosarcoma using the Pboronophenylalanine-fructose complex[END_REF]. But as pointed out in [START_REF] González | Photon iso-effective dose for cancer treatment with mixed field radiation based on dose-response assessment from human and an animal model: Clinical application to boron neutron capture therapy for head and neck cancer[END_REF], the use of fixes RBE factors may mislead the estimation of the biological dose in tissues. A more precise model is described in this paper, using experimental data of survival experiments and based on first-order repair of sub-lethal lesions and synergetic interactions between different radiations. This model is not implemented here because it applies to specific clinical examples in the frame of realistic treatment cases. As the aim of this study is to compare doses induces by different epithermal energy neutron, the standard estimation of the biological dose using fixed RBE is considered as sufficient. The results obtained in this study can be compared to those obtained in [START_REF] Nievaart | A parameter study to determine the optimal source neutron energy in boron neutron capture therapy of brain tumours[END_REF], where RBE factors are examined as parameters influencing the optimal neutron source energy estimation. Our results are in agreement with the results presented in [START_REF] Nievaart | A parameter study to determine the optimal source neutron energy in boron neutron capture therapy of brain tumours[END_REF] : the use of neutron source in the range of 10 eV to few keV improves the capture reaction rate on 10 B and the optimal neutron energy for tumours seated at 4 cm from the skin is focused around 2 keV. Moreover, results presented in [START_REF] Bisceglie | On the optimal energy of epithermal neutron beams for BNCT[END_REF] indicate that neutrons with a few keV energy induce higher values of FoM, such as the TG considering the maximum biological dose in the brain. In the same study, the TG reaches a maximum around 3 keV for 5 cm depth tumour and for a tumour at 8 cm depth the TG is 14 % higher for 10 keV neutrons than for 1 keV neutrons (values extract from Figure 4 of [START_REF] Bisceglie | On the optimal energy of epithermal neutron beams for BNCT[END_REF]). In comparison, we observe that the use of 1 keV neutrons diminish the TG by 8 % compared to 10 keV neutrons (see Figure 7) for 8 cm depth tumours. Those results can be considered as consistent as Bisceglie work is based on a different simulation parameters, such as a higher tumour to blood ratio (4.3 instead of 3.5 in this work) and lower RBE factors for protons (1.6 for D n and D p components) and 10 B reaction (2.3 for D B component).

The results of the simulation could be confirmed by experimental measurement of the 10 B capture rate as a function of neutron kinetic energy. This measurement could be realised, in the near future, by the neutron spectrometer Mimac-FastN with a boron coating on the cathode used as an active phantom [START_REF] Sauzet | Fast neutron spectroscopy with Mimac-FastN : A mobile and directional fast neutron spectrometer, from 1 MeV up to 15 MeV[END_REF]. The principle of the active phantom is based on 10 B capture reaction products detection to estimate the capture rate on the tumour inside the phantom simulated by the boron coating. A layer of tissue equivalent material is placed between the boron coating and a well characterised mono-energetic neutron field, which energy can be set in the studied epithermal range.

Conclusion

Different mono-energetic epithermal neutron field performances were computed with MCNP and compared to the required optimized energy for AB-BNCT treatment set at 10 keV. The study was conducted for a tumour at different depths inside a head phantom.

The Therapeutic Gain was defined as the ratio between the total biological dose in the tumour and the total biological dose in the brain. Here the whole volume of the brain is considered because the neutron field is wide and irradiate directly the totality of the phantom. The main objective was to compare induced TG of the different monoenergetic neutron fields studied. The relative gap between the results obtained at an eptihermal energy and the results obtained at 10 keV allow to quantify the variation in TG . This lead to highlight the volume in the brain for which the use of epithermal energies lower than 10 keV would increase the treatment efficacy. This volume can be defined as the layer between the surface and 6.4 cm depth in tissues, in which the centre of the tumour can be seated.

This study demonstrated that it is possible to work with epithermal energies lower than 10 keV to improve the optimisation of the delivered dose in the tumour compared to the delivered dose in the healthy tissues. As a consequence new Beam Shape Assemblies designs can be defined to adapt the neutron energy spectrum after moderation, as for a polyenergetic spectrum the effects described at each energy will add up. Moreover, as our results were provided normalized per incident neutron, the use of lower epithermal neutron energies might reduce the irradiation time needed to de-liver the required dose in tumours. This irradiation time is also linked to the maximum tolerable dose to normal brain. In other words, it can be assumed that the maximum exposure treatment time can be increased if higher values of dose in tumours are needed as the reduction of epithermal energies induces a reduction of the total absorbed dose in the brain, in the case of tumours seated up to 6.4 cm in tissues. The use of 10 keV neutrons will be more adapted for tumours seated at more than 6.4 cm depth inside the head.

Results provided by this study are promising to reduce the secondary dose in healthy tissues inside the brain but also to increase the treatment dose of AB-BNCT for deepseated tumours and the main results might also be extended to other organs. sources, CPE is verified in a volume if the following conditions are satisfied : the atomic composition of the medium is homogeneous; the density of the medium is homogeneous; there exists a uniform field of indirectly ionising radiation (i.e. the rays must be only negligibly attenuated by passage through the medium); no inhomogeneous electric or magnetic fields are present (chapter III section II.B [START_REF] Attix | Introduction to radiological physics and radiation dosimetry[END_REF]). CPE is not verified if the field of indirectly ionising radiation is not uniform in the studied volume.

We are now considering neutrons as the indirectly ionising particles. In this case, kerma coefficients can be calculated using experimental cross section data. Total kerma coefficients are defined as the sum of kerma coefficients from each significant reaction channel of the studied element. The estimation of those coefficients requires the details of angular and energy distribution of secondary particles emitted during the reaction.

For example, the elastic recoil kerma coefficients can be expressed as :

k el = N 2m 0 M 1 E n M 2 0 (1 -f m 1 1 )σ el (A.2)
where m 0 is the mass of the neutron, M 1 is the mass of the residual nucleus, M 0 is the mass of the compound nucleus, E n is the kinetic energy of the incident neutron, σ el is the elastic cross section and f m 1 1 is the first Legendre coefficient of elastic angular distribution [START_REF] Sun | New calculation method of neutron kerma coefficients for carbon and oxygen below 30 MeV[END_REF]. This first Legendre coefficient represents the cosine of the mean angle between the recoil and the direction of the incident neutron. Moreover, kerma coefficients induced by capture can be expressed as :

k capt = N A σ (Q i + E n ) M 0 (A.3)
where σ is the capture cross section of the considered reaction, Q i is the Q value of the reaction and E n is the kinetic energy of the incident neutron [START_REF] Goorley | Reference dosimetry calculations for Neutron Capture Therapy with comparison of analytical and voxel models[END_REF]. Estimated total kerma coefficients and elastic recoil coefficients for hydrogen are presented in Figure However, in the case of our study CPE is not verified, as the neutron field in the phantom is not homogeneous. Transient Charged Particle Equilibrium (TCPE) is considered easier to achieve than CPE and allows to establish a relation of proportionality between dose and kerma. Although, longitudinal and lateral equilibria conditions are required to achieve TCPE in the whole volume of study, as explained in [START_REF] Papanikolaou | AAPM report 85:Tissue Inhomogeneity Corrections for Megavoltage Photon Beams[END_REF] for a photon irradiation case. The half-width of the radiation field must exceed the maximum lateral motion of source particle and the position of interest must be deeper than the maximum range of charged particles. Due to the geometry of our problem, it cannot be assumed that in the whole phantom volume TCPE is achieved.

Thus, for our study, kerma coefficients cannot be used to compute the total dose in tissues as CPE and TCPE are not achieved in the considered volumes of our study.

Dose computation using kerma coefficients can be done if smaller volumes are considered inside a wider one (with homogeneous composition and density and other CPE conditions are verified). The peak dose (defined as the dose inside a 1 cm 3 volume [START_REF] Coderre | Tolerance of normal human brain to boron neutron cpature therapy[END_REF]) is calculated using kerma coefficients. The total dose in a tissue can also be calculated using kerma coefficients. For example, the total dose in the brain is estimated by summing doses inside all 1 cm 3 volumes that constitute the brain phantom modelled in the treatment planning MacNCTPlan software (used in the Harvard-MIT clinical trial of neutron capture therapy) [START_REF] Palmer | Treatment planning and dosimetry for the Harvard-MIT Phase I clinical trial of cranial neutron capture therapy[END_REF]. For the reasons detailed above the use of kerma coefficients was not considered in our paper describing and implementing an original method more adapted to be applied for large tumours inside the brain.

Figure 1 :

 1 Figure 1: a. (left)Elastic scattering cross section from ENDF data base for 1 H, 14 N, 12 C and 16 O ; b. (right)

Figure 2 :

 2 Figure 2: Snyder head phantom model with tumour at 4 cm depth, ZX projection

Figure 3 :

 3 Figure 3: Snyder head phantom model with a tumour at 4 cm depth, 3D view showing the neutron source location and its emission direction

Figure 4 :

 4 Figure 4: Relative difference in percentage of neutron capture reaction rate on 10 B in the tumour per mass unit, between the different epithermal energies and 10 keV, as a function of tumour depth, with 52.5 ppm of 10 B in the tumour.

Figure 5 :

 5 Figure 5: Absorbed neutron dose D n in healthy tissues as a function of the neutron incident energy, expressed in Gy and per neutron, with 15 ppm of 10 B in the brain and the skull and 22.5 ppm of 10 B in the skin.

Figure 6 :

 6 Figure 6: Relative difference in percentage of the total dose in the tumour, between the different epithermal energies with respect to 10 keV, with 52.5 ppm of 10 B in tumour

Figure 7 :

 7 Figure 7: Relative difference in percentage of ratio between total biological dose in the tumour and total biological dose in the brain, between the different epithermal energies and 10 keV, with 15 ppm of 10 B in brain and skull and 22.5 ppm of 10 B in skin

Figure 8 :

 8 Figure 8: Relative difference in percentage of ratio between total absorbed dose in tumour and total absorbed dose in brain, with a 0.75cm diameter tumour and with 15 ppm of 10 B in brain and skull and 22.5 ppm of

A. 9 .

 9 For neutron energy higher than few eV, elastic recoil kerma coefficients correspond to total kerma coefficients. For epithermal and fast neutron, elastic scattering is the main process inducing dose deposit in tissues when considering neutron interactions with hydrogen. Estimated total kerma coefficients and capture coefficients for nitrogen are presented in Figure A.10. Here, capture kerma coefficients match total kerma coefficients up to few keV. For neutrons in thermal range and a part of epi-

Figure A. 9 :

 9 Figure A.9: Total kerma coefficients from[START_REF] Goorley | Reference dosimetry calculations for Neutron Capture Therapy with comparison of analytical and voxel models[END_REF] and calculated elastic recoil kerma coefficients for hydrogen.

Figure A. 10 :

 10 Figure A.10: Total kerma coefficients from [23] and calculated capture kerma coefficients for nitrogen.

Table 1 :

 1 . As the aim of this study is to compare different neutron energies, average values of RBE factors are used and summarised in Table 1. Those values are obtained considering Boro-RBE factors for BPA boron carrier

	nophenylalanine (BPA) as boron carrier [20].		
	tissue tumour brain skull skin
	w c	3.8	1.3	1.3	2.5
	w n	3.2	3.2	3.2	3.2
	w p	3.2	3.2	3.2	3.2
	w γ	1	1	1	1

Table 4 :

 4 Absolute values and relative difference in percentage with respect to 10 keV values of neutron capture reaction rates on10 B per mass unit on healthy tissues and per neutron source, for lower epithermal energies (for a tumour at 4 cm depth, with 15 ppm of 10 B in brain and skull and 22.5 ppm of 10 B in skin).

	-16 )	%	g -1 (10 -16 ) %

-16 

) % Gy

(10 -16 

) % Gy

(10 -16 

) % Gy(10 -16 ) % brain 8.44±0.01 17 8.18±0.01 13 7.68±0.01 6 7.24±0.01 / skull 6.01±0.01 74 4.88±0.01 41 4.03±0.01 17 3.45±0.01 / skin 5.16±0.01 87 4.09±0.01 48 3.31±0.01 20 2.76±0.01 /

Table 5 :

 5 Absolute values in Gy and relative difference in percentage with respect to 10 keV values of the absorbed proton dose D p in healthy tissues, for lower epithermal energies (for a tumour at 4 cm depth, with 15 ppm of 10 B in brain and skull and 22.5 ppm of 10 B in skin).

Table 6 :

 6 Absolute values in Gy per neutron source and relative difference in percentage with respect to 10 keV values of the sum of the absorbed proton dose D p and absorbed neutron dose D n in healthy tissues for lower epithermal energies (for a tumour at 4 cm depth, with 15 ppm of 10 B in brain and skull and 22.5 ppm of 10 B in skin).

	-16 ) %

Table 7 :

 7 Absorbed photon dose D γ in healthy tissues as a function of the neutron incident energy, expressed in Gy and per neutron, with 15 ppm of 10 B in brain and skull and 22.5 ppm of 10 B in skin.

	-15 ) %

Table 8 :

 8 Absolute values in Gy[RBE] per neutron source and relative difference in percentage with respect to 10 keV values of the total biological dose in healthy tissues for lower epithermal energies (for a tumour at 4 cm depth, with 15 ppm of 10 B in brain and skull and 22.5 ppm of 10 B in skin).

	10eV			100eV			1keV	10keV
	Gy(10 -15 )	%	Gy(10 -15 )	%	Gy(10 -15 )	%	Gy(10 -15 ) %
	brain 20.00±0.01 15 19.29±0.01 11 18.08±0.01	4	17.45±0.01 /
	skull 10.95±0.01 37 9.53±0.01	19	8.37±0.01	5	7.98±0.01	/
	skin 13.65±0.01 20 11.33±0.01 -0.4 9.79±0.01 -14 11.37±0.01 /
			10 eV 100 eV 1 keV 10 keV
		brain 4.7 %	4.1 %		3.4 %	2.7 %
		skull 0.5 %	0.5 %		0.4 %	0.3 %
		skin 0.6 %	0.5 %		0.5 %	0.3 %

Table 9 :

 9 Relative gap in percentage of the total biological dose in healthy tisses with a tumour at 8 cm depth compared to values obtained with a tumour at 4 cm, with 15 ppm of 10 B in brain and skull and 22.5 ppm of

10 

B in skin.

B in skin.
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AppendixA. Kerma coefficients

Usually in dosimetry, kerma coefficients (also called kerma factors) are used to determine the dose inside a defined volume. Kerma is an acronym for kinetic energy released in matter. The kerma is defined as the energy transferred to charge particles per unit mass at a point of interest, including radiative-loss energy but excluding energy passed from one charged particle to another [START_REF] Attix | Introduction to radiological physics and radiation dosimetry[END_REF] :

Under Charged-Particle Equilibrium (CPE), the kerma calculated in a volume is equal to the absorbed dose in the volume. For indirectly ionizing radiations from external