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Abstract

Besides ionisations and excitations of the target molecules due to Coulomb interactions, also nuclear reactions producing secondary hadrons (including ions) can play a significant role in modulating the radiation field characteristics and the dose distributions in tissues and organs with consequences both in hadrontherapy and in radiation protection, in particular with respect to space radiation. The FLUKA Monte Carlo transport code, integrated with radiobiological data from “event-by-event” simulations, was applied to the biophysical characterisation of therapeutic proton beams. Spatial distributions of physical dose and “biological” dose (modelled as the yield of “Complex Lesions”, a clustered DNA damage) were calculated for the proton beam used at PSI for treating ocular tumours. Very good agreement was found between calculations and measurements. Furthermore, the relative contribution of secondary hadrons was found to be higher for the biological dose with respect to the physical dose, mainly due to the higher biological effectiveness of target fragmentation products. Similar results were found with a 160 MeV proton beam. The coupling of FLUKA to two anthropomorphic phantoms allowed us to calculate distributions of organ doses (physical, equivalent and biological) following exposure to the proton component of Solar Particle Events in different shielding conditions. As expected, the skin received higher doses with respect to internal organs, and the doses were found to decrease with increasing the shield thickness. For the October 1989 event, an Aluminium shield of 5 g/cm2 was found to be sufficient to respect the limits indicated by the NCRP for short-term Low Earth Orbit missions, whereas 10 g/cm2 were needed for the August 1972 event. Similarly to the results obtained for hadrontherapy, the relative contributions of nuclear reaction products was found to be higher for the biological dose with respect to the physical dose. Furthermore, such contribution was higher for internal organs than for the skin, mainly due to nuclear interactions occurring in the human body. The recent implementation in FLUKA of nucleus-nucleus interactions below 5 GeV/n made the code suitable also for characterising therapeutic beams of heavier ions (typically Carbon) and investigating the effects of Galactic Cosmic Rays, which are among the main future developments of this work.

1. INTRODUCTION

X-rays for diagnostics and gamma rays for radiotherapy are amongst the most familiar sources of ionising radiation for the general population. However, patients undergoing tumour treatment with hadrons and astronauts in space are exposed to protons and heavier ions of intermediate and high energy, up to a few hundreds MeV/n for hadrontherapy and up to about 1 TeV/n for space radiation. In such scenarios, nuclear interactions of the primary particles with the human body, the beam line constituents (in case of hadrontherapy) and the shielding structures (in case of space radiation exposure) can play a significant role, especially if one takes into account that target fragmentation can produce slow heavy particles with high Linear Energy Transfer (LET) and thus high Relative Biological Effectiveness (RBE). 

This poses the question of a reliable characterisation of therapeutic hadron beams, as well as an accurate shielding optimisation in case of exposure to space radiation. In this work, therapeutic proton beams were characterised from a physical and biophysical point of view, and organ doses (not only absorbed doses, but also equivalent and "biological” doses, see below) due to the proton component of Solar Particle Events (SPE) were calculated in different shielding conditions. The work was carried out using as a starting basis the FLUKA transport code, purposely modified to provide also distributions of "biological" doses and coupled to anthropomorphic phantoms to allow dose calculations in specific organs of interest. 

In the following, some basic information will be reported both on hadrontherapy and on space radiation exposure. The action of protons and heavier ions in biological targets will then be discussed. The basic features of the simulation methods adopted in this work will be described and a few representative results will be reported, with particular focus on the role of nuclear reaction products.

2. BASIC ASPECTS OF HADRONTHERAPY

The term "cancer" generally refers to a large variety of diseases, which have in common that cells have lost the ability of regulating proliferation and differentiation. In spite of the large progresses made in better understanding the molecular mechanisms underlying carcinogenesis, presently the most efficient ways to eliminate a tumour are still surgery, chemotherapy and radiotherapy, possibly combined together. In principle ionising radiation can kill the cells of any tumour tissue, provided that the doses are sufficiently high. However, the maximum dose that can be delivered to a tumour is limited by the tolerance of the normal tissues surrounding the tumour itself. The simultaneous maximisation of Tumour Control Probability (TCP) and minimisation of Normal Tissue Complication Probability (NTCP) is the main goal of treatment planning, especially for tumours located in close proximity of critical organs/tissues. 

Conventional therapy started with low-energy X-rays, and presently bremsstrahlung photons from linacs are used in most treatment plans. However radiotherapy with hadrons - mainly protons, but also Carbon ions - is becoming more and more widespread for the treatment of localised tumours, due to their so-called "inverse dose profile", i.e. an increase of energy deposition with penetration depth [1]. In fact, as observed by W. Bragg for alpha particles about one century ago [2], depth-dose profiles by ion beams are characterised by a low-dose plateau followed by a peak ("Bragg peak") where most of the dose is localised. The position of the peak as a function of depth is dependent on the particle range and therefore on its initial energy. Since the peak width is generally smaller than the tumour size, the beam needs to be modulated to obtain the so-called "Spread-Out Bragg Peak" (SOBP), which allows one to obtain a better conformation of the dose to the target volume with respect to conventional irradiation. The SOBP can be obtained either with passive, or with active systems. The former consist of absorbers of variable thickness, whereas the latter are based on beam deflection by magnets and particle range variation by energy tuning. 

Tumour therapy with ions has been extensively reviewed by G. Kraft [3]. A list of the ion facilities, together with the corresponding total number of treated patients, can be found in ref. [4]. Proton therapy started in 1954 at the Lawrence Berkeley National Laboratory (LBNL), where later also helium and heavier ions have been used. Although most of the patients treated with protons world-wide have been treated at Harvard (more than 8,700 up to January 2001), the proton facility of Loma Linda, which is medically-dedicated, is currently the most active with more than 1,000 patients per year. In addition to deep-seated tumours, which require beam energies around 200 MeV, ocular tumours are effectively treated with 70 MeV protons at the Paul Sherrer Instutute in Switzerland, as well as in other centres such as Clatterbridge in the UK and Orsay in France.

Concerning heavier ions, Berkeley started with Argon, which provided a very good tumour control but unacceptable levels of complications to normal tissues. On the contrary ions in the region of Carbon allow obtaining a particularly favourable RBE dependence. In fact the RBE is sufficiently low (approximately 1, as for protons) in the plateau, whereas in the SOBP it is higher with respect to protons (values up to 3 or 4 instead of the typical 1.1 of protons). This makes carbon ions particularly suitable for the treatment of radioresistant tumours. The main Carbon facilities are presently the HIMAC in Japan (745 patients up to December 1999) and the GSI in Germany (72 patients up to June 2000). 

As mentioned above, at the energies of interest in hadrontherapy nuclear reactions of the primary particles with the beam-line constituents and with the various components of the human body can play a non negligible role. While proton beams give rise to slow target fragments of higher biological effectiveness, the scenario is more complex in case of irradiation with heavier ions, for which projectile fragmentation can give rise to particles with roughly the same velocity than the projectile but lower charge.

3. BASIC ASPECTS OF SPACE RADIATION EXPOSURE

Missions onboard the International Space Station and a possible manned mission to Mars, which is in NASA's plans for the first half of our century [5], require longer and longer sojourns in space for astronauts, which would be exposed to ionising radiation for months or even longer periods. In fact with the currently available technology, a mission to Mars would require about two years: 16 months for going and coming back plus 8 months for waiting for the most favourable return orbit. Astronauts are classified as radiation workers. However the limits recommended for exposure on Earth, mainly based on the follow-up of the A-bomb survivors of Hiroshima and Nagasaki [6], cannot be directly extrapolated to the exposure to space radiation, which consists of high-energy protons and heavier ions. NCRP has provided recommendations relative to missions in Low Earth Orbit (LEO), that is under the protection of the geomagnetic field [7]. According to these recommendations, "excess lifetime fatal cancer risk due to the radiation exposure in space workers for missions in LEO has to be limited to 3% excess mortality". On these bases, age- and gender-dependent career limits have been established (e.g. 0.7 and 0.4 Sv for 25-year-old males and females, respectively). Organ-specific limits to avoid deterministic effects have also been established for short-term LEO missions (e.g. 1.5, 1.0 and 0.25 Gy-Equivalent to skin, eye lenses and blood-forming organs, respectively, for 30 days missions). Limits for missions in deep space, outside the geomagnetic field, have not been established yet, mainly due to the large uncertainties related to the effects of heavy ions [8]. The question of radiation protection in space has been extensively reviewed by M. Durante [9].

Manned space missions imply exposure to high-energy protons and heavier ions constituting the spectra of Galactic Cosmic Rays and Solar Particle Events, as well as to lower energy protons trapped in the geomagnetic field. GCR, which are always present in the interplanetary space, consist of 87% protons, 12% helium and 1% HZE particles (i.e. particles with high charge and energy) originating from unknown sources outside the solar system. Although elements from Z=1 to Z=92 are present, ions heavier than Iron are extremely rare. The energy spectra of the various GCR components are peaked around 1 GeV/n, and the maximum energy values are of the order of 1 TeV/n. The intensity of Galactic Cosmic Rays is modulated by solar activity, which is based on subsequent cycles lasting about 11 years. When the solar activity is maximum the Sun magnetic field protects the inner solar system from the low-energy component of GCR, whereas at solar minimum the GCR flux is approximately 2.5 higher (4 particles cm-2 s-1) with respect to solar maximum. Models of GCR at solar minimum and maximum have been developed by Badhwar and O’Neill [10]. Although protons are the main contributors to the GCR flux, heavier ions including HZE particles provide a substantial contribution to the equivalent dose, which is obtained by multiplying the absorbed dose by the radiation weighting factors established by ICRP [6]. As an example, it has been estimated that at solar minimum GCR protons contribute to the equivalent dose at skin behind 5 g/cm2 Al shielding only for 20%, whereas Helium contributes for 17% and the rest is due to heavier ions [11]. While missions onboard the ISS take advantage from the protection provided by the geomagnetic field, this does not hold for missions to the Moon and possible missions to Mars. 

Solar Particle Events are sporadic and unpredictable injections of charged particles (90% protons and 10% heavier ions in fluence) from the Sun, originating either from solar flares, or from Coronal Mass Ejections [12]. The particle flux is much more intense with respect to GCR. The most intense SPE observed in the last 50 years (August 1972 and October 1989) produced more than 1010 protons/cm2. The typical duration of a SPE ranges between a few hours and a few days. While the October 1989 event lasted about 10 days, almost all hazardous energetic protons of the 1972 event arrived within 15 hours. Due to its intensity and its short duration, the 1972 event has been estimated to be lethal for a crew on the Moon without appropriate shielding [13]. Similarly to Galactic Cosmic Rays, also SPE are modulated by solar activity. During solar maximum, both the frequency and the intensity of SPE increase [14]. 

In contrast with the case of GCR, in the case of Solar Particle Events protons provide the largest contribution not only to the absorbed dose, but also to the equivalent dose. The relative contribution of SPE protons to the equivalent dose at skin behind 5 g/cm2 Al shielding at solar minimum has been calculated as 90%, the remaining 10% being due to heavier ions. This is the reason why in this work, as in analogous available studies on the SPE effects, only the proton component was taken into account.

4. BIOLOGICAL EFFECTS OF PROTONS, NEUTRONS AND HEAVY IONS

Proton therapy provides the only data available at the moment relative to human exposure to protons of relatively high energy. The RBE value of 1.1 usually adopted in treatment planning is consistent both with clinical findings, and with in vivo animal studies relative to the induction of early deterministic effects in mice [15]. Indeed most information on proton effects, either stochastic or deterministic, come from in vivo animal studies and in vitro cellular experiments. 

The US Air Force and NASA have carried out a study on about 2,000 monkeys and 5,000 mice, which have been irradiated with protons of different energies in the range 32-2,300 MeV [16]. Concerning short-term effects, an RBE for acute mortality between 1.0 and 1.1 has been observed. A sub-population of the monkeys has also been followed up for almost 30 years to investigate the induction of late effects such as cancer, which has been found to be dependent on the radiation dose but not on the proton energy. While in males solid cancers have been found to be the major cause of life shortening, in females endometriosis has been the major effect. However, these data are not sufficient to provide reliable RBE estimates for cancer induction at the different proton energies considered [17]. 

In vitro experiments on cell killing have suggested that the RBE of low-energy protons can be higher than 3 [18]. Furthermore, protons of 1-2 MeV have been found to be more effective than alpha particles having the same LET (about 20 keV/micron) in the induction of mutations in hamster cells [19]. Very little is known on the biological effectiveness of protons with energies higher than 1 GeV. Results obtained at the 10 GeV synchrotron in Dubna have been reviewed by Yang [20]. Such results have suggested that 9 GeV protons are more effective than gamma rays, and that their RBE values can range from 1 to 10, depending on the particular endpoint considered. 

The RBE of neutrons has been found to depend on dose, dose rate, target tissue and initial energy [21]. The maximum RBE values have been observed at low dose rate, which is the typical condition of space radiation exposure. Fission neutrons are generally more effective than fast neutrons, due to the high RBE of their recoil protons.

Concerning heavier ions, therapeutic Carbon beams represent the only source of human exposure on Earth. The Carbon Spread-Out Bragg Peak used at NIRS in Japan has been designed on the basis of in vitro data on cell killing, as well as in vivo data from experiments on normal tissue damage in mice. The results have suggested that 12C ions with LET around 80 keV/micron in the SOBP have the same therapeutic effectiveness as fast neutrons [22]. RBE values along the SOBP between 2 and 3 are currently applied at NIRS. 

The information provided by in vitro data on cell killing and by clinical data is mainly related to deterministic effects. Direct human data on heavy-ion stochastic effects are not available, and in vitro experiments on non-lethal endpoints represent the main source of information. RBE-LET relationships have been measured for various endpoints related to stochastic effects, such as gene mutations [23,24], chromosome aberrations [25] and cell neoplastic transformation [26]. 

All these data have shown an increase in the RBE up to 100-200 keV/micron, followed by a decrease at higher LET values. However, it has to be considered that the LET does not take into account track structure effects. A few animal studies are also available, concerning skin tumour induction in rats and Harderian gland tumour in mice [27]. The latter have suggested that the risk coefficient increases with LET up to about 200 keV/micron.

5. METHODS: THE INTEGRATION APPROACH

It is apparent that condensed-history Monte Carlo transport codes, alone, are not sufficient to reproduce the radiation effects in biological targets [28-30]. In fact they do not allow taking into account the effects of the radiation track structure at the nanometre scale, that is the order of magnitude of the DNA linear dimensions (2 nm diameter). In principle such effects can be well described with the so-called “event-by-event” codes, which simulate each single energy deposition down to the nanometre level. Event-by-event simulations can be successfully used at the cellular and sub-cellular level, that is at the scale between nanometres and microns. Examples of applications to the induction of DNA damage, cell killing and chromosome aberrations can be found elsewhere [31-35]. However the "event-by-event" approach cannot be applied to the case of tissues and organs, whose linear dimensions fall in the centimetre range, since unacceptable computing times would be required.

An alternative approach was therefore adopted in this work, consisting of integration of data from event-by-event simulations in the condensed-history FLUKA code. FLUKA is a multi-purpose Monte Carlo code able to simulate the transport and interaction of electromagnetic and hadronic particles in any material over a wide range of energy values. Detailed descriptions of the features of the code, as well as of the physics models embedded in it, can be found elsewhere [36-38]. In this context it is sufficient to report that electromagnetic and ( interactions can be simulated up to 100 TeV, hadron-hadron and hadron-nucleus interactions are available up to 100 TeV and nucleus-nucleus interactions, previously available only above 5 GeV/n (up to 10,000 TeV/n), have recently been implemented also in the energy range 0.1-5 GeV/n, thanks to the coupling to a Relativistic Quantum Molecular Dynamics code. 

With the main aim of characterising ion beams also from a biophysical point of view, the average number of “Complex Lesions” per cell was taken as a reference parameter to evaluate a quantity that we called “biological dose”. In a previous work [31], such lesions have been operationally defined as “at least two breaks on each of the two DNA strands within 30 base-pairs”. Regardless of the quantitative definition, necessary to calculate CL yields, Complex Lesions are a clustered DNA damage, which has been shown to play a key role in the induction of cell killing [32], important in radiotherapy, and of chromosome aberrations [33,34], important in radiation protection. The yields of CL per unit dose and DNA mass (the latter in Dalton) induced by different radiation types as a function of the LET have been calculated by coupling an event-by-event track structure code to a geometrical DNA model [31]. The effectiveness at inducing CL has been found to increase with the radiation LET up to about 100 keV/micron. Furthermore, protons have shown a higher effectiveness with respect to alpha particles having the same LET, that can be explained by taking into account their track structure features. In fact for a given LET value, protons have lower velocity than alpha particles. Therefore the energy of secondary electrons produced by protons can be lower than that of secondaries produced by alpha particles, which implies that proton tracks are characterised by higher levels of energy deposition clustering at the nanometre scale. The following values were integrated in FLUKA: 0.6-5 CL/Gy/cell for protons with energy 0.3-5 MeV/n; 1.5-10.5 CL/Gy/cell for alpha particles of energy 0.3-5 MeV/n; 0.4 CL/Gy/cell for higher energy protons and alphas and for electrons; 10.5 CL/Gy/cell (the highest alpha-particle value) for slow heavy ions. A linear decrease down to 0 was assumed below 0.3 MeV/n.

6. RESULTS: CHARACTERISATION OF THERAPEUTIC PROTON BEAMS

The integration method described above was applied to the characterisation of the 72 MeV proton beam used for the treatment of ocular tumours at the Paul Sherrer Institute (PSI) in Switzerland [39]. Ad hoc experiments for comparison were carried out at PSI. The apparatus was set up in order to obtain a fully Spread-Out Bragg Peak (SOBP) in a perspex phantom and the depth-dose profile in the SOBP was measured, as well as the survival probability of cells irradiated in vitro at different depths in the SOBP. 

In the simulations, the geometry of the apparatus was faithfully reproduced, including the various constituents of the beam line. The modulation of the beam, obtained at PSI with Aluminium profiles of variable thickness mounted on a rotating wheel, was simulated with a dynamical approach consisting of random mapping of a single profile along the beam axis. This allowed us to obtain a simulated Spread-Out Bragg Peak with a single run of the program. The depth-dose distribution calculated with FLUKA was found to be in excellent agreement with that measured at PSI. 

The contributions of the various beam components were calculated separately. Secondary hadrons (including ions) produced in nuclear interactions accounted for less than 4% of the total dose in most of the SOBP, and disappeared in its distal part. In contrast with the physical dose, which was roughly constant with depth throughout the entire SOBP, the calculated profile of the "biological" dose (i.e. average number of CL/cell) showed a sharp increase at the distal part of the SOBP, due to the presence of protons with low energy and thus high biological effectiveness. 

Furthermore, nuclear reaction products were found to play a more relevant role for the biological dose, reaching values around 12% in the proximal part of the SOBP. Excellent agreement was also found by comparing the calculated ratio between proton-induced CL and X-ray-induced CL to the measured ratio between proton-induced lethal lesions and X-ray-induced lethal lesions. Importantly, the RBE was found to be 1.2 along most of the SOBP (except for the increase in the distal part), consistent with the constant value of 1.1 used in therapeutic practice with proton beams. 

Similar results were found by generalising the method described above to the characterisation of a 160 MeV proton beam, modulated in order to obtain a typical SOBP suitable for the treatment of deep solid tumours [40]. The calculated depth-dose profile in water was found to be constant along the SOBP. Nuclear reaction products accounted for (6% of the total dose at the beginning of the plateau, (3% in most of the SOBP and disappeared in the distal part of the SOBP. 

By contrast, the distribution of "biological" dose showed a sharp increase at the distal part of the peak and a higher contribution of nuclear reaction products ((20% at the beginning of the plateau and (15% in the SOBP). A RBE of (1.2 was found both along the plateau and in most of the SOBP, except for the increase in the distal part of the peak due to low energy protons. Similarly to the case of the 72 MeV beam, that the RBE was constant can be explained by taking into account that the proton slowing down is balanced by the progressive decrease in the importance of secondary hadrons along the plateau and the SOBP.

7. RESULTS: CALCULATION OF ORGAN DOSES BY SOLAR PARTICLE EVENTS
Distributions of physical, equivalent and biological doses (in Gy, Sv and CL/cell, respectively) in the various organs of the human body due to the proton component of the two most intense Solar Particle Events of the last 50 years (August 1972 and October 1989, see above) were calculated [41]. 

For this purpose, the FLUKA code was coupled to two anthropomorphic phantoms. The first one is a mathematical model in which the various organs are described with combinatorial geometry [42], whereas the second one is a "voxel" model described by more than 2 million voxels derived from total body CT data of a leukaemia patient [43]. No significant difference was found in the dose values calculated with the two models. In order to reproduce the scenario of a Solar Particle Event exposure in deep space, the phantoms were inscribed into an Aluminium box representing the shielding structure and were irradiated from an isotropically-emitting sphere of 2 m radius, external with respect to the box. The box thickness was fixed at 1 and 2 g/cm2 (nominal spacesuit), 5 g/cm2 (nominal spacecraft) and 10 and 20 g/cm2 (storm shelter to be used in case of SPE). 

The proton energy spectra of the two events were modelled with an exponential function. The integral fluences J (in protons/cm2) of the two events as a function of the proton kinetic energy E (in MeV), taken from the literature ([44] for the 1972 event and [45] for the 1989 event), were represented as: 

J=6.6x108 exp[-(E-100)/30]   (1972 event)
J=5.11x1010 exp(-R/R0)         (1989 event)

R, calculated as R=(E2+2x938.26E)1/2, is the proton rigidity. As suggested by Townsend and Zapp [45], the value of R0 was fixed at 93.28 MV.

The contributions of primary protons and secondary hadrons (including ions) produced in nuclear interactions with the shield and the human body were calculated separately. All types of dose (physical, equivalent and biological) were found to decrease with increasing shielding. The highest dose values were found for the skin, the lowest ones for internal organs such as liver. With the smallest shielding thickness (1 g/cm2), the skin was found to receive 2.4 Gy, 3.5 Sv and 1.5 CL/cell from the 1989 event, and 7 Gy, 11.5 Sv and 4.4 CL/cell from the 1972 event. The higher effectiveness of the 1972 event can be explained by taking into account its higher fluence in the energy range 20-200 MeV. 

While for the 1989 event 5 g/cm2 Al were sufficient to respect the NCRP limits for 30-day missions in Low Earth Orbit (1.5 and 1.0 Gy-Equivalent for skin and eye lenses, respectively [7]), for the 1972 event 10 g/cm2 were needed. The calculated values of equivalent dose to skin and eye lenses for the two events are reported in Table 1. The corresponding NCRP limits are also reported. However comparisons require some caution for two reasons. First, such limits have been established for missions in Low Earth Orbit, that is under the protection of the geomagnetic field. Limits for missions in deep space have not been established yet, and NCRP has recommended to take LEO limits as a guideline only. Second, the limits are provided in Gy-Equivalent (dose multiplied by the RBE for a given effect), whereas the results obtained with FLUKA are provided in Sievert (dose multiplied by the radiation weighting factor).


FLUKA 1989
FLUKA 1972
NCRP

shield (g/cm2)
2
5
10
2
5
10


Skin             
3.5
1.1
0.4
7.2
2.2
0.6
1.5

lenses
2.4
0.7
0.25
4.9
1.6
0.6
1.0

Table 1: equivalent dose (in Sv) to skin and eye lenses behind 2, 5 and 10 g/cm2 Al shielding for the Oct. 1989 and the Aug. 1972 events as calculated with the FLUKA code. The limits (in Gy-Equivalent) established by NCRP for 30 day missions in Low Earth Orbit are also reported.

The contribution of nuclear reaction products to the physical dose was found to be smaller than 10% for all organs/tissues and for all considered values of shielding thickness, except for some internal organs such as liver. As a general trend, the relative contribution of secondary hadrons was higher for internal organs with respect to skin and eye lenses due to nuclear interactions in the human body, and increased with shielding thickness for a given organ or tissue due to nuclear interactions in the shield. 

Similar trends (total dose decrease with increasing shielding thickness, increase in the contribution of secondary hadrons with increasing shielding and higher contribution of secondaries for the internal organs) were found for the equivalent dose and the biological dose. However, from a quantitative point of view the role of nuclear interaction products was higher for the equivalent and biological dose with respect to the physical dose. The highest contributions were found for internal organs behind large shielding (e.g. 30% contribution to the liver biological dose behind 10 g/cm2 Al shielding in case of the 1989 event). 
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The role of nuclear reaction products is expected to become more important at higher energies and/or higher charge values. A preliminary test performed with a monochromatic high-energy proton beam (500 MeV) confirmed this hypothesis, showing that the contributions of secondary hadrons to the biological dose can be even larger than that of primary protons, also depending on the particular organ of interest [46]. The calculated values of physical and biological doses per unit fluence (in Gy m2 and CL Dalton-1 m2, respecively) to the stomach, taken as representative of internal organs, are reported in figure 1 for values of Al shielding thickness in the range 0-64 cm. Yields of CL/Dalton can be converted in CL/cell by taking into account that the mass of DNA in a human cell is (4.2 1012 Dalton. 

The scenario will become even more complex when we will simulate exposures to GCR spectra, for which heavier ions up to Iron play a relevant role. The recent implementation in FLUKA of nucleus-nucleus interactions below 5 GeV/n down to 100 MeV/n [47] will provide the bases for such simulations. The subsequent implementation of a Boltzmann Master Equation model will allow us to simulate nucleus-nucleus interactions also below 100 MeV/n [48], that can be of extreme interest for applications in the field of hadrontherapy with heavy ions, typically Carbon.
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Figure 1: Calculated physical dose per unit fluence (upper panel, in Gy m2) and “biological” dose per unit fluence (lower panel, in CL Dalton-1 m2) to stomach as a function of the Al shielding thickness following irradiation with 500 MeV protons. For each thickness value the total dose, the contribution of primary protons and the contribution of secondary hadrons are shown separately.

8. CONCLUSIONS

In the framework of optimisation studies for applications in radiotherapy and radiation protection, the FLUKA transport code was modified by integration of radiobiological data (yields of “Complex Lesions”, which are a clustered DNA damage) obtained from “event-by-event” simulations at the nanometre level. This allowed us to obtain spatial distributions of the average number of CL per cell, a quantity that can be regarded as a “biological” dose. On these bases, the features of therapeutic proton beams were investigated. The very good agreement between calculated and measured depth-dose profiles provided a further validation of the physics models embedded in FLUKA. Furthermore the calculated spatial distribution of biological dose, which showed a sharp increase in the distal part of the Spread-Out Bragg Peak and a more relevant role of secondary hadrons with respect to the physical dose, allowed us to characterise the beams also from a biophysical point of view. The coupling of FLUKA to anthropomorphic phantoms provided distributions of physical, biological and equivalent dose in the various organs and tissues of the human body due to the proton component of the two main Solar Particle Events of the last 50 years (August 1972 and October 1989), for different values of Al shielding thickness. Similarly to the findings relative to the characterisation of therapeutic proton beams, nuclear reaction products were found to play a more important role for the “biological” dose with respect to the physical dose. The relative contribution of secondary hadrons to the total dose delivered by SPEs was rather small (less than 10% for the physical dose and less than 30% for the biological dose). However the scenario is expected to be more complex, with a more relevant role of nuclear reactions, in case of exposure to Galactic Cosmic Rays, for which projectiles of higher energy and/or charge provide a fundamental contribution not only to the physical dose but also to the equivalent dose. A pilot study with monochromatic, high-energy (500 MeV) proton beam confirmed this hypothesis, showing that the relative contribution of nuclear reaction products to the biological dose can be even higher than that of primary protons. Systematic tests with monochromatic beams of heavier ions (e.g. 1 GeV/n alpha particles, Carbon and Iron) are underway, that will provide the bases for modelling the effects of Galactic Cosmic Ray spectra.
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