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Determination of fast neutron RBE using a fully mechanistic computational model
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This work presents a model previously developed for estimating relative biological effectiveness (RBE) associated with high-LET particles. It is based on the combination of Monte Carlo simulations of particle interactions when traversing an atomic resolution DNA geometrical model. In addition, the model emulates the induction of lethal damage from the interaction of two sublethal lesions, taken as double-strand breaks. The Geant4-DNA package was used for simula-

Introduction

Interaction of ionizing particles with living beings induces molecular damage, such as single and double DNA strand breaks, which may lead to biological effects like affecting genome and cancer [START_REF] Solov'yov | Physics of ion beam cancer therapy: A multiscale approach[END_REF][START_REF] Viduna | Influence of molecular flexibility on DNA radiosensitivity: a simulation study[END_REF][START_REF] Hahn | Measurements and simulations of microscopic damage to DNA in water by 30 kev electrons: A general approach applicable to other radiation sources and biological targets[END_REF][START_REF] Nováková | Breaking DNA strands by extreme-ultraviolet laser pulses in vacuum[END_REF]. Biological effects induced by fast neutrons have been studied since the use of atomic bombs in Japan [START_REF] Straume | Measuring fast neutrons in hiroshima at distances relevant to atomic-bomb survivors[END_REF][START_REF] Shibata | A method to estimate the fast-neutron fluence for the hiroshima atomic bomb[END_REF][START_REF] Rühm | Choice of model and uncertainties of the gamma-ray and neutron dosimetry in relation to the chromosome aberrations data in Hiroshima and Nagasaki[END_REF][START_REF] Sakata | Long-term effects of the rain exposure shortly after the atomic bombings in Hiroshima and Nagasaki[END_REF]. Since then, this interest has spread to other fields. Fast neutron beams have been used for cancer therapy at various facilities around the world [START_REF] Burlon | Optimization of a neutron production target and a beam shaping assembly based on the 7 Li(p, n) 7 Be reaction for BNCT[END_REF][START_REF] Blue | Dosimetry in fast-neutron therapy by automatic readout of CR-39[END_REF][START_REF] Smathers | Neutron therapy and dosimetry at the UCLA neutron therapy facility[END_REF][START_REF] Timoshchuk | The efficacy of neutron radiation therapy in treating salivary gland malignancies[END_REF][START_REF] Schaub | Does neutron radiation therapy potentiate an immune response to merkel cell carcinoma?[END_REF][START_REF] Imaoka | Age modifies the effect of 2-MeV fast neutrons on rat mammary carcinogenesis[END_REF][START_REF] Wagner | Neutron medical treatment of tumours a survey of facilities[END_REF][START_REF] Kozak | The role of heavy ions in fast neutron therapy[END_REF]. In addition, this problem is of interest for radiation risk assessment for nuclear power plant workers as well as for astronauts during long manned space missions [START_REF] Bauchinger | Chromosome aberrations in human lymphocytes induced by fission neutrons[END_REF][START_REF] Gray | Treatment of cancer with fast neutrons[END_REF][START_REF] Gray | The concentration of oxygen dissolved in tissues at the time of irradiation as a factor in radiotherapy[END_REF][START_REF] Stone | Neutron therapy and specific ionization[END_REF]. Neutrons have higher relative biological effectiveness (RBE) than low linear energy transfer (LET) radiation. This is a prominent issue in studies of mechanisms for cancer induction in humans at low doses and low dose rates from neutrons [START_REF] Schmid | RBE of nearly monoenergetic neutrons at energies of 36 kev-14.6 mev for induction of dicentrics in human lymphocytes[END_REF]. Many studies on fast neutron RBE have been performed. This work refers to the most relevant works found in the literature. Zabihi et al. [START_REF] Zabihi | Computational approach to determine the relative biological effectiveness of fast neutrons using the Geant4-DNA toolkit 20 and a DNA atomic model from the protein data bank[END_REF] proposed an approach to estimate RBE of fast neutrons with energies ranging from 0.1 MeV to 14 MeV using the Geant4 toolkit. This approach used an atomic resolution DNA geometrical model extracted from the Protein Data Bank. They succeeded in reproducing the behavior of the RBE and the RBE max as a function of the incident neutron energy. Baiocco et al. [START_REF] Baiocco | The origin of neutron biological effectiveness as a function of energy[END_REF] reported neutron biological effectiveness for a wide range of initial neutron energy (0.0625-64 MeV/u) with the PHITS (Particle and Heavy Ion Transport) and PARTRAC (PARticles TRACks) Monte Carlo codes. They investigated how neutron energy influences some microdosimetric quantities. In addition, they estimated RBE of neutrons, using the induction of double-strand break (DSB) clusters as biological endpoint. Stewart et al. [START_REF] Stewart | Rapid mcnp simulation of DNA double strand break (DSB) relative biological effectiveness (RBE) for photons, neutrons, and light ions[END_REF] used the same biological endpoint for estimating neutron RBE but using different MC code and biophysical model. Ottolenghi et al. [START_REF] Ottolenghi | The ANDANTE project: a multidisciplinary approach to neutron RBE[END_REF] estimated the relative risk of damage induction by neutrons compared with photons. Schmid et al. experimentally studied the capacity of nearly monoenergetic neutrons at energies in the ranges of 36 keV-15.0 MeV [START_REF] Schmid | RBE of nearly monoenergetic neutrons at energies of 36 kev-14.6 mev for induction of dicentrics in human lymphocytes[END_REF] and 565 keV [START_REF] Schmid | The effectiveness of monoenergetic neutrons at 565 keV in producing dicentric chromosomes in human lymphocytes at low doses[END_REF] for induction of dicentrics in human lymphocytes. Tanaka et al. [START_REF] Tanaka | Neutron energy-dependent initial DNA damage and chromosomal exchange[END_REF] also carried out experiments to investigate biological effects induced by monoenergetic neutrons with energies ranging from 0.186 MeV up to 2.3 MeV and 252 Cf neutrons on human lymphocytes, which are related to Hiroshima atomic bomb radiation.

Pandita et al. [START_REF] Pandita | Chromosome aberrations in human fibroblasts induced by monoenergetic neutrons. i. relative biological effectiveness[END_REF] studied the impact of monoenergetic neutrons with energies in the range of 0.22-13.6 MeV on normal human fibroblasts. They reported RBE for neutrons relative to 60 Co γ-rays, 137 Cs γ-rays, and kV X-rays. Miller et al. [START_REF] Miller | Neutron-energy-dependent cell survival and oncogenic transformation[END_REF] determined RBE for cell survival and neoplastic transformation for fast neutrons with energies from 0.040 MeV to 13.7 MeV. Their RBE results for both biological endpoints were similar. Warenius et al. [START_REF] Warenius | RBE of fast neutrons for apoptosis in mouse thymocytes[END_REF] studied RBE of fast neutrons for apoptosis of mouse thymocytes. The use of neutrons for radiotherapy of cancer was explored by Battermann et al. [START_REF] Battermann | Observations on pulmonary metastases in patients after single doses and multiple fractions of fast neutrons and Cobalt-60 gamma rays[END_REF], who measured the response of pulmonary metastases to fast neutron single and multiple dose fractions. There are several other articles dealing with the biological effects induced by neutrons but for the sake of brevity they will be cited without further comments [START_REF] Blue | A calculation of the energy dependence of the RBE of neutrons[END_REF][START_REF] Spotheim-Maurizot | DNA radiolysis by fast neutrons[END_REF][START_REF] Hall | Goodman, RBE as a function of neutron energy: I. experimental observations[END_REF]. The Dual Radiation Action Theory (DRAT) [START_REF] Kellerer | The action of dual radiation action[END_REF] has been the most successful model to explain the effect of ionizing radiation in living cells. It supposes that there are sublethal lesions that, if not repaired by the cell, may interact together for inducing more severe damages such as chromosome aberrations. These aberrations can lead to cell death or neoplastic transformation. Several radiobiological models have been based on this theory, for instance, the Linear-Quadratic model [START_REF] Chadwick | A molecular theory of cell survival[END_REF][START_REF] Mcmahon | The linear quadratic model: usage, interpretation and challenges[END_REF]. Some biophysical models developed for describing the damage induced by ionizing radiation use the double-strand break (DSB) as the possible sublethal damage. This is the case in the Microdosimetric-Kinetic Model (MKM) [START_REF] Hawkins | A microdosimetric-kinetic theory of the dependence of the RBE for cell death on LET[END_REF], where a mathematical formalism was developed to link microdosimetric quantities to radiobiological effects. Another example is the BIANCA model, developed by Ballarini et al. [START_REF] Tello Cajiao | Proximity effects in chromosome aberration induction by low-LET ionizing radiation[END_REF], which starts from a DSB spatial distribution according to the incident radiation quality, yet, the DSB induction process is not explicitly simulated. The Local Effect Model of Elsasser et al. [START_REF] Elsässer | Cluster effects within the local effect model[END_REF] assumes that the lethality of radiation depends on its capacity for producing a high density of double-strand breaks, even from clusters of single-strand breaks within a genomic distance of 25 basepairs. However, they do not account for the interaction of DSBs, leading to more complex lesions such as chromosome aberrations. The purpose of this study is to investigate the RBE of fast neutrons using an approach based on the combination of Monte Carlo (MC) simulations and an atomic resolution model of human genetic material. A model recently developed by our group has been used [START_REF] Tello | Numerical insight into the dual radiation action theory[END_REF]. This model goes a step further and simulates the generation of DSB explicitly and accounts for the interaction of these DSBs leading to chromosome aberrations. This work aims at deriving RBE values from direct DSB induction.

For this purpose, dose-effect curves were constructed by accounting for lethal damages induced by the combination of two DSBs. These curves were fitted with a linear-quadratic model, from which the parameter α was extracted for each radiation quality. Later, this parameter was used for determining the so-called maximum RBE or zero-dose RBE (RBE max ). It is well known that neutrons produce heavy secondary particles, which can ionize the medium and produce a complex spatial distribution of energy deposits [START_REF] Caswell | Interaction of neutrons and secondary charged particles with tissue: Secondary particle spectra[END_REF][START_REF] Bewley | Calculated let distributions of fast neutrons[END_REF]. To our knowledge, this is the first time that fast neutron RBE has been determined using this approach, that is, starting from the simulation of the radiation-DNA interaction and going up to the formation of chromosome aberrations.

Methods

Irradiation setup and DNA model

Fast monoenergetic neutrons with energies of 0.1, 0.2, 0.37, 0.4, 0.5, 0.7, 1, 2, 5, 7, 10, 12, and 14 MeV were used as primary particles. These energies are of interest in fast neutron therapy of cancer and for radiation protection.

The corresponding minimum and maximum mean free paths are approximately 0.99 cm and 9.73 cm, respectively. 60 Co radiation was also simulated because it was used as the reference quality for RBE determination. The geometry of simulations consisted in a sphere with 1.0 cm radius. This sphere was filled with 1.0 g.cm -3 water. Primary particles were shot from the surface of the sphere towards its center. Initial neutron and photon positions were sampled uniformly on the sphere surface. Fig. 1 shows the described setup. The region of interest (ROI) is a 3 µm-side cube placed at the center of the sphere. This ROI contains the DNA geometrical model, which has been described in detail elsewhere [START_REF] Tello | Numerical insight into the dual radiation action theory[END_REF]. In brief, a cell nucleus was modeled as a cube with approximately 3 micron-side, where straight chromatin fiber segments are aligned parallel to each other. This simplification allowed getting a squared ROI base and a relatively simple method for finding the chromatin fiber hit by the energy deposition. The ROI was filled with 98x98 30-nm chromatin fibers, where the explicit position of each atom of the DNA molecule was accounted for [START_REF] Bernal | An atomistic geometrical model of the B-DNA configuration for DNA-radiation interaction simulations[END_REF]. The whole nucleus contains 5.47 × 10 9 base pairs (bp). The target volume for DNA break induction was defined as the union volume of all the atoms contained in a sugar-phosphate group. It is approximately 0.13 nm 3 [START_REF] Bernal | An atomistic geometrical model of the B-DNA configuration for DNA-radiation interaction simulations[END_REF]. Simulations were carried out with the Geant4 (v.10.2) [START_REF] Agostinelli | Nuclear instruments and methods in physics research section A: Accelerators[END_REF] MC code. Specifically, the subpackage Geant4-DNA was used [START_REF] Bernal | Track structure modeling in liquid water: A review of the Geant4-DNA very low energy extension of the Geant4 Monte Carlo simulation toolkit[END_REF][START_REF] Incerti | Geant4-DNA example applications for track structure simulations in liquid water: a report from the Geant4-DNA project[END_REF][START_REF] Incerti | The Geant4-DNA project[END_REF][START_REF] Ivanchenko | Combination of electromagnetic physics processes for microdosimetry in liquid water with the Geant4 Monte Carlo simulation toolkit[END_REF]. In this energy range and for this target material, neutrons can produce particles from hydrogen up to fluorine. These particles later produce a complex cascade of electrons and photons. This imposed a challenge when defining the Geant4 physical models to be used in these simulations. The simulation world was divided into two regions, namely, the ROI and the rest. Since the whole genetic material model was placed into the ROI, transport of charged particles inside this region was carried out with the Geant4-DNA models, at least for those species included in such models. Outside the ROI, standard models were used both for charged and uncharged particles. Table 1 shows the physical models used in each region. It is worth mentioning that there is no model overlap in the different regions. Photon transport in the Geant4-DNA default physics list (referred to as "G4EmDNAPhysics"), which was used in the ROI, uses the Livermore cross-section model. 

- G4EmDNAPhysics G4IonPhysics C, N, O - G4EmDNAPhysics G4IonPhysics F G4IonPhysics - - 2.2. Calculation of RBE.
The RBE is defined as a function of the biological endpoint and dose or dose per fraction. One of these endpoints is DSB induction [START_REF] Zabihi | Computational approach to determine the relative biological effectiveness of fast neutrons using the Geant4-DNA toolkit 20 and a DNA atomic model from the protein data bank[END_REF][START_REF] Pater | Proton and light ion rbe for the induction of direct DNA double strand breaks[END_REF], which was used in this work. DSB yields were calculated for all neutron energies and 60 Co γrays. A single-strand break (SSB) was counted if a target was hit with an energy transfer greater than 8 eV, which is similar to the minimum water excitation energy. It is well known that even lower energy transfers (down to ∼ 1 eV) can induce an SSB [START_REF] Panajotovic | Effective cross sections for production of single-strand breaks in plasmid DNA by 0.1 to 4.7 ev electrons[END_REF]. However, it was decided not to follow electrons below 8 eV due to the uncertainties associated with Monte Carlo simulations at such low energies. Since we are determining a relative quantity, RBE, a small variation of this parameter should not have a great impact in this case. DSB was counted if two SSBs in opposite strands were found at a distance less than 10 bp. This is a widespread practice in this field [START_REF] Friedland | Simulation of DNA damage after proton irradiation[END_REF][START_REF] Meylan | Simulation of early DNA damage after the irradiation of a fibroblast cell nucleus using Geant4-DNA[END_REF]. Then, DSB yields were used for estimating the RBE as follows,

RBE DSB = Y DSB-neutron Y DSB-60 Co (1) 
where Y DSB-neutron and Y DSB- 60 Co are the direct DSB yields for neutrons and 60 Co photons, respectively. The direct to indirect damage yield ratio depends on the radiation quality. Since this work only accounts for the direct damage, reported RBE based on the DSB yield should be taken as rough estimates.

We have also estimated neutron RBE following a numerical approach recently developed by Tello et al. [START_REF] Tello | Numerical insight into the dual radiation action theory[END_REF]. In this approach, DSBs are taken as sublethal lesions that can interact with each other to induce lethal chromosomal aberrations. Each DSB is labeled according to the primary particle, and its position is recorded. Later, a repair probability of 55 % is applied to the whole DSB population [START_REF] Fouladi | Comparison of repair of DNA double-strand breaks in identical sequences in primary human fibroblast and immortal hamster-human hybrid cells harboring a single copy of human chromosome 11[END_REF]. Afterwards, a Gaussian distribution with a characteristic distance of 600 nm is used for sampling the number of lethal lesions formed from the interaction of two DSBs. The DNA model is irradiated with doses from 1 to 5 Gy so that dose-effect curves could be obtained, from which the well-known α and β parameters were extracted [START_REF] Lindborg | Nanodosimetry and RBE values in radiotherapy[END_REF][START_REF] Löbrich | Joining of correct and incorrect DNA ends at double-strand breaks produced by high-linear energy transfer radiation in human fibroblasts[END_REF]. As said in our previous work [START_REF] Tello | Numerical insight into the dual radiation action theory[END_REF],

the quadratic curve must have two zeros because the number of lethal lesions induced by independent tracks has to be zero at D=0 Gy and D=D 0 , where D 0 is the one-track dose. Thus, this quadratic component was fitted using the following equation

N β = βD(D -D 0 ). ( 2 
)
Then the final equation for the number of lethal lesions is

N LL = (α -βD 0 )D + βD 2 (3) = α D + βD 2 , ( 4 
)
where α is the parameter used for determining the RBE of the neutrons.

Each simulation was divided into 10 batches so that a statistical analysis could be performed. Each batch included about 100 000 primary neutrons, depending on the incident neutron energy. Then, the so-call maximum RBE was determined as

RBE max = α neutron α 60 Co , (5) 
where α neutron and α 60 Co are the α parameters for the radiation qualities in question. This ratio is also known as the zero-dose RBE.

Result and Discussion

3.1. 

The α and β parameters

It should be remarked that our model has four parameters, namely, the energy threshold for a single-strand break induction (8.0 eV), the maximum genomic distance between two single-strand breaks for the induction of a doublestrand break, the DSB repair probability, and the characteristic distance for the interaction of two sublethal damages leading to a lethal damage. The values chosen for these parameters are the same as those used for ions in our previous work [START_REF] Tello | Numerical insight into the dual radiation action theory[END_REF] since most of them probably do not depend on the incident radiation quality. Figs. 2a and2b show the number of lethal lesions induced through the so-called linear and quadratic mechanisms, from which the α and β parameters were determined. As expected, Fig. 2a shows that the slope (α) of the 60 Co curve is much lower than that of neutrons. This is due to the relatively low probability for a single photon track to produce a two-DSB interaction. Furthermore, a slight tendency to saturation is observed in the curves shown in this figure, mainly for the 0.2 MeV case. This behavior was discussed in our previous publication [START_REF] Tello | Numerical insight into the dual radiation action theory[END_REF]. As the dose increases, primary particle fluence also increases, so the DSB has a greater probability to interact with another DSB induced by independent tracks. Thus, the increment in the number of intratrack interactions with dose slows down so that the behavior departs from a straight line.

This effect is also influenced by the characteristic distance for DSB interactions. For protons, we observed that this threshold dose increases as the LET increases. At a given dose, fluence is inversely proportional to primary particle LET so higher doses are needed to observe the increment in the intertrack effect in detriment of intratrack interactions. For neutrons the analysis is much more difficult since there are heavy charged secondary particles involved and LET is not enough to explain this behavior, not even that of RBE as a function of the incident energy. It can also be noticed that the slope of this curve increases as the incident neutron energy increases from 0.1 MeV, reaching a maximum for approximately 0.37 MeV, then decreases. Thus, it could be expected that the RBE shows a maximum in this impact energy interval. Fig. 2b shows the quadratic behavior of the intertrack interactions for the incident energies in question. Some curves look such as quasi-straight lines, which means that intertrack effects are weak when compared to intratrack DSB interactions. This is an expected behavior for high LET particles. The authors are aware that the current model setup leads to an overestimation of lethal lesion yields when compared to high LET chromosome aberration yields. However, the scope of this work is the estimation of RBE for neutrons. The other crucial point here is that lower lesion yields produce too high uncertainties when determining α parameters and so RBE. Then, it was decided to keep relatively high lethal lesion yields to get acceptable uncertainties and, at the same time, good RBE estimates were obtained.

Neutron RBE max

Fig. 3 depicts the behavior of RBE max as a function of neutron incident energy, obtained using eq. 5. We had problems for extending α-based calculations above 2 MeV. Indeed, the Geant4-DNA package can only track heavy ions down to 0.5 MeV/u so 12 C, 13 C, and 16 O ions produced by the impact of neutrons on the water molecule could not be followed below this energy. Then, some of these ions were stopped at this energy inside the ROI, which led to very high absorbed doses. This did not allow us to construct the curve for neutron energies above 2 MeV, where the production of the mentioned ions is important. Previously published experimental results are also shown for comparison purposes. These experiments were carried out for different biological endpoints, reference radiation qualities and cell lines. The reader should keep in mind that data on cell survival should not be directly compare to our results based on chromosome aberrations. However, the authors decided to include cell survival data for sake of completeness. It is very difficult to compare these results together due to the diversity of endpoints and the lack of uncertainties in many of these works. Moreover, even for experiments carried out in similar conditions, very different results were obtained. However, the general behavior of the RBE as a function of the incident neutron energy seems to be the same.

There is a maximum at approximately 0.4 MeV and then the RBE decreases as the incident energy increases. Our results agree rather well with those reported by Miller et al. [START_REF] Miller | Neutronenergy-dependent oncogenic transformation of C3H 10LT/2 mouse cells[END_REF]. However, it should be remarked that their reference quality (250 X-rays) should produce an RBE slightly lower than that when using 60 Co. The results published by Schmid et al. [START_REF] Schmid | RBE of nearly monoenergetic neutrons at energies of 36 kev-14.6 mev for induction of dicentrics in human lymphocytes[END_REF] were obtained in conditions similar to our simulation. They counted chromosome aberrations and used the same reference quality. Even though, their RBE values are much higher than ours, and they present very large uncertainties. Tanaka et al. [START_REF] Tanaka | Neutron energy-dependent initial DNA damage and chromosomal exchange[END_REF] reported RBE max for chromosome aberrations, which are lower than ours are but seem to follow the same trend. The last value of this series is similar to that obtained Although it cannot be rigorously confirmed, our results seem to head in the direction of these points. Table 4 summarizes the endpoint, the position of the maximum RBE as a function of the incident neutron energy, and the reference quality used in several works and ours. We decided to include other reference qualities in this table because the position of RBE max should not depend on this quality. Our results show RBE max at 0.37-0.4 MeV, which agrees very well with the corresponding values given in Table 4. 

Neutron RBE DSB

Table 3 shows absolute SSB and DSB yields across the neutron energy range.
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The reader should take these values as rough estimations on direct damage yields because our work aims at estimating RBE, a relative quantity, instead of absolute damage yields. Fig. 4 shows the RBE obtained in this work using the production of DBS as an endpoint. However, it should be remarked that DSB yield and DSB cluster yield are different quantities, but it was decided to show DSB-related yields in the same plot. Similar results reported by other authors are also shown. Again, the results are very dispersed. In this case, we could go up to 14 MeV. Thus, as heavy secondary charged particles could not be followed down to energies below 0.5 MeV/u, it can be said that our values should underestimate RBE for neutron energies above ∼2 MeV, where the production of these particles is more important. Notice that these results go even below 1 for energy of approximately 10 MeV, but they are comparable to 1 within the uncertainty. Below 2

MeV, the tendency of our results is similar to that shown by the experimental values reported by Tanaka et al. [START_REF] Tanaka | Neutron energy-dependent initial DNA damage and chromosomal exchange[END_REF], yet an important underestimation is observed. Despite that Stewart et al. [START_REF] Stewart | Rapid mcnp simulation of DNA double strand break (DSB) relative biological effectiveness (RBE) for photons, neutrons, and light ions[END_REF] and Baiocco et al. [START_REF] Baiocco | The origin of neutron biological effectiveness as a function of energy[END_REF] used the same endpoint, DSB cluster, the difference is about fivefold. Stewart's results are unable to reproduce the rapid decrease of RBE above ∼0.4 MeV, as observed for the other results. We observe that, for energies up to approximately 1 MeV, results show a similar trend as our previous calculations [START_REF] Zabihi | Computational approach to determine the relative biological effectiveness of fast neutrons using the Geant4-DNA toolkit 20 and a DNA atomic model from the protein data bank[END_REF]. Above 1 MeV, the RBE values of our data are less than the previous work. This was due to the fact that, most likely all secondary particles couldn't reach to the nucleus.

Therefore, their deposited energy and damages are lesser in comparison with our previous study. It should be pointed out that the comparison with other works based on simulations should be seen as a verification of our results, instead of a confirmation of our model. Unfortunately, only one experimental data series was found in this case so the comparison with these data should not be seen as conclusive.

RBE associated with neutrons is mainly determined by the secondary heavy charged particles produced by their interaction with water, in this case. Zabihi et al. [START_REF] Zabihi | Computational approach to determine the relative biological effectiveness of fast neutrons using the Geant4-DNA toolkit 20 and a DNA atomic model from the protein data bank[END_REF] showed the relative production of secondary ions, both by elastic and inelastic interaction of neutrons with water. On the one hand, interaction with hydrogen is almost dominated by elastic collisions which produce secondary protons, the most abundant secondary particles in this situation. This can be observed in Table 5. This cross-section decreases continuously as the neutron energy increases. On the other hand, cross-sections for oxygen are dominated µm, which is the size of a typical cell nucleus. In this situation, the energy that a proton can transfer to a cell nucleus is maximized and so the damage yield.

Neutrons with energies below 400 keV produce protons with range comparable to the cell nucleus dimensions but, evidently, the total energy deposited into the nucleus would be lower. Neutrons with higher energies, eject protons with higher energies and lower stopping powers so the dose into the nucleus would also be lower than that in the 400 keV case. The reader should notice that our cell nucleus model has a characteristic dimension of approximately 3 µm.

Above 5-7 MeV, both fractions of light and heavy ions increase very fast which may explain the further increase of RBE above approximately 5 MeV, as shown by the results of Ref. [START_REF] Baiocco | The origin of neutron biological effectiveness as a function of energy[END_REF], [START_REF] Miller | Neutronenergy-dependent oncogenic transformation of C3H 10LT/2 mouse cells[END_REF], and [START_REF] Stewart | Rapid mcnp simulation of DNA double strand break (DSB) relative biological effectiveness (RBE) for photons, neutrons, and light ions[END_REF]. This is just the energy threshold for α-particle production through neutron-water collision. In this energy interval heavy ions are likely more important than the ions around the RBE peak are.

Fluorine can be indirectly produced in this context by the reaction 4 are also shown.

Conclusions

A fully numerical and mechanistic biophysical model that accounts for the production of lethal damage from the interaction of two sublethal lesions insults has been used in this work for estimating the RBE for neutrons in a wide 335 energy range. DSB was taken as sublethal damage. This model starts from the Monte Carlo simulation of the incoming particles during their interactions with liquid water. Only four parameters were used in this case. It has been shown that the approach based on the DSB interaction is able to reproduce the general behavior of fast neutron RBE well. Furthermore, the correspond-340 ing results agree well with some experimental results and reproduce the RBE peak position, which has been reported in several experimental works. However, using DSB as the endpoint does not lead to so satisfactory results, since they do not show the RBE peak clearly. In addition, they tend to underestimate RBE for neutron energies above approximately 5 MeV due to the impossibility of following heavy secondary ions below 0.5 MeV/u. Finally, it should be remarked that this model used the same parameters for all the radiation qualities studied so far, including our previous work on ions. This is a demonstration of the robustness of our model, despite its simplicity. Some improvements will be introduced in the model, mainly for adjusting the sublethal repair fraction which may depend on the radiation quality. In addition, indirect effects will also be included so that DSB cluster formation could be used instead of a single DSB. 
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Figure 1 :

 1 Figure 1: Irradiation setup for neutrons and photons. Not to scale.
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Figure 2 :

 2 Figure 2: Number of lethal lesions as a function of dose for intra and intertrack mechanisms.

by

  McNally et al.[START_REF] Mcnally | The effect of sequential irradiation with X-rays and fast neutrons on the survival of V79 chinese hamster cells[END_REF] but a rigorous comparison cannot be done since they used different cell lines and reference radiation quality. The results of Pandita et al.[START_REF] Pandita | Chromosome aberrations in human fibroblasts induced by monoenergetic neutrons. i. relative biological effectiveness[END_REF] are closer to ours, with some values within the uncertainty of our calculations. It should be clarified that Pandita et al. reported the α parameter for three kinds of chromosome aberrations, for60 Co and neutrons as well. We summed up all the α parameters to get one that represents all types of aberrations. They used 137 Cs as the reference radiation, which should yield a similar RBE to those obtained with60 Co. Finally, the results reported by Suzuki[START_REF] Suzuki | Survival of chinese hamster V79 cells after irradiation with a mixture of neutrons and co-60 gamma rays: Experimental and theoretical analysis of mixed irradiation[END_REF],Higgins et al.[START_REF] Higgins | V79 survival following simultaneous or sequential irradiation by 15-MeV neutrons and Co-60 photons[END_REF] and Ngo et al.[START_REF] Ngo | Basic radiobiological investigations of fast neutrons[END_REF] seem to follow the same trend described byPandita et al. and Schmid et al. It should be remarked that these three researchers used the same biological endpoint, reference radiation, and cell line.

Figure 3 :

 3 Figure 3: RBEmax as a function of the incident neutron energy determined based on the α parameter. Values reported in several experiments are also shown for comparison purposes.

Figure 4 :

 4 Figure 4: RBE DSB as a function of the incident neutron energy determined in this work using DSB yield as endpoint. Similar results extracted from the references shown in Table4 are
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Table 1 :

 1 Geant4 physical models used in each region.

	Particle	Entire world	Inside ROI	Outside ROI
	Neutrons	QGSP BERT HP -	-
	Electrons	-	G4EmDNAPhysics G4EmStandardPhysics
	Photons	-	G4EmDNAPhysics G4EmStandardPhysics
	Protons and			
	Helium species			

  60 Co, direct SSB and DSB yield Results for60 Co photons are very important in this work, since this quality is used as reference for determining RBE. Table2compares the direct SSB and DSB yields obtained for this quality in this study and other similar works that used atomic DNA models. As can be observed in this table, SSB yields are very disperse, going from 28.79 (10 9 Gy.bp) -1 to 100 (10 9 Gy.bp) -1 . SSB yield depends on the energy threshold and the size of the atoms conforming the DNA. This study has the least threshold energy, 8 eV. Consequently, it has the highest SSB yield. However, DSB yield is more important when talking about RBE. Values from Bernal et al.[START_REF] Bernal | An investigation on the capabilities of the PENELOPE MC code in nanodosimetry[END_REF], Tajik et al.[START_REF] Tajik | Calculation of direct effects of 60 Co gamma rays on the different DNA structural levels: a simulation study using the Geant4-DNA toolkit[END_REF], and this study are very consistent. The DSB yield reported by Friedland et al.[START_REF] Friedland | Simulation of DNA fragment distributions after irradiation with photons[END_REF] is far from those reported by Tajik et al.[START_REF] Tajik | Calculation of direct effects of 60 Co gamma rays on the different DNA structural levels: a simulation study using the Geant4-DNA toolkit[END_REF] and ours. Friedland et al. used two van der Waals radii around each sugar-phosphate atom to conform the target and a damage threshold of 10.79 eV. In our model, only one radius was used. Most likely, the greater target volume used by those authors is the main reason for their higher DSB yield. The DSB yield obtained in this work is closer to that obtained in our previous work[START_REF] Zabihi | Computational approach to determine the relative biological effectiveness of fast neutrons using the Geant4-DNA toolkit 20 and a DNA atomic model from the protein data bank[END_REF] than to that reported by Friedland et al.[START_REF] Friedland | Simulation of DNA fragment distributions after irradiation with photons[END_REF],probably because the same MC code, atom sizes, and DSB definition were used in our works. It should be also noticed that Friedland et al.[START_REF] Friedland | Simulation of DNA fragment distributions after irradiation with photons[END_REF] obtained more DSB per SSB than our works, which can be attributed to the different physical models used in the MC codes in question.

Table 2 :

 2 60 Co SSB and DSB yields. Uncertainties represent one standard deviation of the mean.

	Monte Carlo code	Source	Geometry	Size(vdW 1 units)	SSB (10 9 Gy.bp) -1	DSB (10 9 Gy.bp) -1	SSB threshold
							energy (eV)
	PARTRAC	60 Co γ rays	Atomic	2	92 ± 5	4.9 ± 0.1	10.79
	Friedland et al. [59]						
	Geant4-DNA Zabihi et al. [22]	Secondary electrons from 60 Co γ-rays	Atomic	1	73.506 ± 0.006	3.80 ± 0.08	10.79
	Geant4-DNA	60 Co γ rays	Atomic	1	100.0 ± 0.3	3.63 ± 0.05	8.0
	This study						

Table 3 :

 3 Neutron direct SSB and DSB yields. Uncertainties represent one standard deviation of the mean.

	Energy (MeV)	0.1	0.2	0.37	0.5	0.7	1
	SSB (10 9 Gybp) -1	188.9 ± 0.2	176.9 ± 0.3	159.6 ± 0.3	154.5 ± 0.2	149.4 ± 0.3	112.5 ± 0.3
	DSB (10 9 Gybp) -1	19.3 ± 0.2	20.9 ± 0.3	19.6 ± 0.2	19.3 ± 0.2	16.1 ± 0.2	10.8 ± 0.2
	Energy (MeV)	2	5	7	10	12	14
	SSB (10 9 Gybp) -1	117.8 ± 0.3	108.0 ± 0.8	97.3 ± 0.8	83.1 ± 0.7	74.5 ± 0.6	25 ± 1
	DSB (10 9 Gybp) -1	10.4 ± 0.4	6.0 ± 0.6	3.5 ± 0.3	3.0 ± 0.4	3.1 ± 0.4	2.8 ± 0.8

Table 4 :

 4 Position of RBEmax as a function of the incident neutron energy. Our results and those reported by similar works are shown.

	Reference	Method	Parameter+endpoint	Pos. of RBEmax (MeV)	reference radiation
	Baiocco et al. (16) [23]	Theor.	DSB cluster yield	0.555	220 kV X-rays
	Stewart et al. (15) [24]	Theor.	DSB cluster yield	0.1	60 Co γ-rays
	Schmid et al. (03)[21]	Exp.	α, dicentrics	0.385	60 Co γ-rays
	Schmid et al. (03)[21]	Exp.	α, dicentrics	0.385	220 kV X-rays
	Tanaka et al. (99)[27]	Exp.	α, dicentrics	0.37	60 Co γ-rays
	Miller et al. (89)[60]	Exp.	α, survival	0.35	250 kV X-rays
	Miller et al. (89)[60]	Exp.	α, neoplastic transformation	0.35	250 kV X-rays
	Pandita et al. (96)[28]	Exp.	α, dicentrics+centric rings	0.43	137 Cs γ-rays
	Pandita et al. (96)[28]	Exp.	α, inters. deletions+acentric rings	0.22 and 0.43	137 Cs γ rays
	Pandita et al. (96)[28]	Exp.	α, terminal deletions	0.34	137 Cs γ-rays
	Zabihi et al. (19)[22]	Theor.	DSB yield	0.2	60 Co γ-rays
	This work (α)	Theor.	α for DSB interactions	0.37-0.4	60 Co γ-rays
	This work (DSB)	Theor.	DSB yield	0.2	60 Co γ-rays

by elastic collisions up to approximately 7 MeV. Above this energy, the importance of inelastic cross-sections increases. Protons are the most abundant secondary particles generated by the impact of neutrons on water at energies near the RBE peak. Thus, the position of this peak can be explained looking at these particles. At 400 keV, neutrons transfer to protons an average energy of approximately 200 keV. At this energy, the proton range is approximately 3

  16 O(p,γ)F 17 .

		100	Our work (DSB, Simulation, 60 Co) Zabihi 19 (DSB-Second Strategy, Simulation, 60 Co) Baiocco 16 (DSB Clusters, Simulations,X-rays) Stewart 15 (DSB Clusters, Simulation, 60 Co) Tanaka 99 (DSB,Experiment, 60 Co,Lymph.)
	RBE DSB	10			
		1			
		0.01	0.1	1	10	100
				Neutron energy (MeV)

Table 5 :

 5 Fraction of the number of secondary heavy charged particles produced by the impact of neutrons with water. "Light ions" means Helium (only produced above ∼5 MeV) species and deuteron. "Heavy ions" includes carbon, oxygen, and fluorine species.

	Energy (MeV) Protons (%) Light ions (%) Heavy ions (%) All ions(%)
	0.1	89.212	0.010	10.778	10.788
	0.2	87.373	0.009	12.618	12.627
	0.3	85.554	0.007	14.438	14.446
	0.37	82.667	0.006	17.326	17.333
	0.5	77.236	0.006	22.759	22.764
	0.7	80.609	0.006	19.385	19.391
	1	63.228	0.006	36.766	36.772
	2	78.651	0.011	21.218	21.349
	5	74.241	2.189	21.338	25.759
	7	72.743	1.669	23.570	27.257
	10	57.746	5.873	36.381	42.254
	12	48.556	6.411	45.033	51.444
	14	45.759	7.577	46.664	54.241
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