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Foreword

The transport of radiation through shielding materials is a major consideration in the safety design studies of nuclear power plants, and the modelling techniques used may be applied to many other types of scientific and technological facility. Accelerator and irradiation facilities represent a key capability in R&D, medical and industrial infrastructures. The range of scientific, medical and industrial applications is very wide. High-energy ion accelerators, for example, are now used not only in fundamental research, such as the search for new super-heavy nuclei, but also for therapy as part of cancer treatment.

While the energy of the incident particles on the shielding of these facilities may be much higher than those found in nuclear power plants, much of the physics associated with the behaviour of secondary particles produced is similar, as are the computer modelling techniques used to quantify key safety design parameters, such as radiation dose and activation levels. For these reasons, there are clear synergies with other technical work being carried out by the OECD Nuclear Energy Agency (NEA), and its Nuclear Science Committee continues to sponsor activities in this domain.

One of these activities concerns “Shielding Aspects of Accelerators, Targets and Irradiation Facilities” (SATIF). A series of workshops has been held over the last decade: SATIF-1 was held on 28-29 April 1994 in Arlington, Texas; SATIF-2 on 12-13 October 1995 at CERN in Geneva, Switzerland; SATIF-3 on 12-13 May 1997 at Tohoku University in Sendai, Japan; SATIF-4 on 17-18 September 1998 in Knoxville, Tennessee; SATIF-5 on 17-21 July 2000 at the OECD in Paris, France; SATIF-6 on 10-12 April 2002 at the Stanford Linear Accelerator Center (SLAC), Menlo Park, California; SATIF-7 on 17-18 May 2004 at ITN, Sacavém, Portugal; SATIF-8 on 22-24 May 2006 at the Pohang Accelerator Laboratory in the Republic of Korea; and SATIF-9 on 21-23 April 2008 at Oak Ridge National Laboratory (ORNL), Oak Ridge, Tennessee.

SATIF-10 wasjointly organised by the following bodies:



	OECD Nuclear Energy Agency (NEA) and its Nuclear Science Committee (NSC);

	Radiation Safety Information Computational Center (RSICC) of ORNL;

	Division of Radiation Science and Technology of the Atomic Energy Society of Japan;

	CERN.


The current proceedings provide a summary of the discussions, decisions and conclusions as well as the text of the presentations made at the tenth SATI F workshop.
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Executive summary

The tenth SATIF workshop (SATIF-10) took place at CERN, Geneva (Switzerland) on 2-4 June 2010. This was the second time that SATIF was hosted by CERN, after SATIF-2 in October 1995. The workshop was chaired by Marco Silari and was the most attended meeting of the series, with 65 participants from 34 institutions and 14 countries.

The SATIF community welcomed Jim Gulliford, the NEA representative replacing Enrico Sartori who retired last year. SATIF forms part of the activities of the newly formed Expert Group on Radiation Transport and Shielding (EGRTS) which reports to the Nuclear Science Working Party on Scientific Issues of Reactor Systems (WPRS). The EGRTS also co-ordinates maintenance and development of the SINBAD database of Reactor Shielding, Fusion Neutronics and Accelerator Shielding benchmark experiments. More information on the activities of the WPRS can be found at: http://home.nea.fr/science/wprs/index.html.

The objectives of the SATIF meetings are:



	to promote the exchange of information amongst experts in the field of accelerator shielding and related topics;

	to identify areas where international co-operation can be fruitful, and recommend actions with strong need for international work on theoretical models, experimental work and benchmarking;

	to carry on a programme of work in order to achieve progress in specific priority areas;

	to present and assess achievements on actions agreed upon previously.


The SATIF-10 programme was organised in six sessions. Each session was opened by an invited talk to provide a review of the session topic, followed by contributed presentations. At the end of each session half an hour was allocated for general discussion. The meeting closed with a two-hour discussion session to provide a summary of the meeting and revise the topics where future actions are needed. Interesting presentations, productive discussions and constructive dialogue characterised all six sessions, and numbered to a total of 44 talks (6 invited and 38 contributed):



	source term and related topics (1 invited + 8 contributions);

	induced radioactivity (1 + 10);

	benchmarking (1 + 7);

	dosimetry (1 + 2);

	medical and industrial accelerators (1 + 5);

	present status of codes and code libraries (1 + 4).


There was also a one-hour session devoted to discussing the opportunity of setting up a network amongst the radiation protection groups of major accelerator laboratories in order to ease the exchange of information on topics of common interest like training, procedures, shielding assessments, instrumentation development and calibration, and so on.

Session 1 on source terms and related topics was opened by T. Nakamura, who gave an excellent overview of experimental data (until 2008) on neutron distributions and spallation products from thick and thin targets for p, d, He and HI beams (MeV to GeV). These data are an invaluable asset for the community and should possibly be included in SINBAD if/when digitised. For the first time in a SATIF meeting, discussion was started on what level of agreement between data and simulations should be regarded as satisfactory. A very interesting set of results on radiation fields induced by 243 and 390 MeV quasi-monoenergetic neutrons was presented, which is another good candidate for inclusion into SINBAD.

Systematic studies of thick target yields (TTY), radiation fields in thick shielding, activation, muon-induced spallation reactions and radiation effects, all induced by proton beams with E up to 120 GeV were undertaken within the Japan-Fermilab JASMIN collaboration, again certainly of interest for inclusion in SINBAD when the analysis is finished. A talk was presented on considerations of dark current-induced radiation in superconducting RF cavities and shielding around. An interesting sensitivity analysis was presented of effects of cryogenic moderator, reflector, decoupler and temperature on radiation field at ESS. Other contributions discussed shielding and activation study for a high-intensity laser facility and neutron yield and nuclear transmutation at a photo-neutron source.

Megawatt beams were again a hot topic at the meeting. A new generation of accelerators, extremely high peak specific energy (up to ∼0.1 MJ/g) and specific power (up to ∼1 TW/g) in beam interactions with matter make design of such critical systems as targets, absorbers and collimators very challenging, requiring novel approaches. This also puts unprecedented requirements on the accuracy, capability and reliability of the simulation codes used in the designs. Particle production, DPA, nuclide inventory, energy deposition and hydrodynamics coupling are the modules of special importance. Benchmarking is absolutely crucial. Justified emulation of extreme conditions at existing lower energy and beam power facilities is the way to go. The JASMIN, BLIP (BNL) and HiRadMat (CERN) activities are excellent examples. Joint efforts with material experts are needed.

Session 2 on induced radioactivity was opened by a review talk by F. Gallmeier, who discussed the pros and cons of the two possible approaches: all-in-one, i.e. direct prediction by plugging in activation modules into transport codes solving for the radionuclide build-up and decay on-line on a per-event basis, versus modular, i.e. sampling fluxes and radionuclides in transport analysis and feeding the information into external activation codes. He stressed the need for realistic simulations to avoid unnecessary costs. His talk was followed by presentations discussing the use of Monte Carlo codes for generic activation studies, for both proton and ion accelerators, to predict the variation of ambient dose equivalent rate as a function of material irradiated and of cooling time. The activation properties of an element are an important factor to be taken into account in the choice of a material for any given application (e.g. beam dump). A conclusion drawn for ions is that the radionuclide inventory does not depend on the projectile species and that the induced activity decreases with increasing ion mass and with decreasing energy. A number of talks described various ongoing activation studies for present and future facilities such as SPES in Legnaro (Italy), CLIC, n_TOF, EURISOL and Beta Beams. The importance of benchmarking code predictions versus experimental data was underlined.

The proposal was made to create a database of reaction cross-sections:



	thermal to TeV (at least to 1 GeV);

	hadron, photon and heavy-ion projectiles;

	accelerator-relevant target materials. with focus on:

	calculation of radioactive inventory fortransport, handling and waste;

	ground and sump water activation;

	air activation;

	cooling water activation.


Session 3 on benchmarking was introduced by a review by P. Sala, who stressed that computing tools for accelerator radiation shielding are faced with new challenges from the present and next generation of particle accelerators. The Japan-Fermilab JASMIN collaboration has carried out experimental studies with the aim of benchmarking simulation codes and studying irradiation effects for upgrade and design of new high-energy accelerator facilities. Neutron production and propagation are reasonably well understood by most codes (with some caveats). Deep penetration is surprisingly well predicted but further benchmarks are welcome. There have been huge steps forward in the last ten years on residual nuclei predictions, but still a lot of work is needed: new data and comparisons are welcome for both thin and thick targets, with particular emphasis on special cases (e.g. production of rare isotopes through (α,x) reactions by secondary α particles). Light (composite) charged particle production is a big challenge, which could also be relevant for radiation protection applications. There are not too many data available at medium/high energies for photonuclear reactions, so that new data are welcome.

As for code benchmarking for heavy ions, there are many experiments on neutron production (mostly by Japanese groups), but there is still a room for improvements in codes (e.g. forward angles) and almost no data are available above 1 GeV/A. Projectile fragmentation is a very important issue for particle therapy and not only: both experimental data and benchmarking are welcome (the FIRST experiment at GSI should provide data in the near future). A lot of interesting data came from GSI/FAIR, with also some unexpected challenges (e.g. range calculations). Radionuclide production distributions are of great interest. In general all sort of data for heavy ions are welcome, but perhaps there is a need to establish priorities.

The role of A hyperons in thick shielding calculations was discussed. Recent results by the PHITS code showed that their effect can be substantial, while there is no such evidence from the mature codes, FLUKA, MARS and GEANT, where this particle is always taken into account. Although a deeper look should be taken at this issue, it seems unlikely that A hyperons with their cτ = 7.89 cm and an inelastic cross-section comparable with that for nucleons and pions would become a driver in hadronic cascade development. Some discussion was devoted to calculation of scintillator efficiencies for high-energy neutrons, and to biasing (i.e. variance reduction techniques). It was stressed that there is no chance to make meaningful calculations for specific studies (e.g. deep penetration in shields) without biasing.

For the first time at a SATIF meeting, the issue of DPA in radiation damage to materials and electronics was specifically discussed. This is a very important problem for present and future projects. There is unfortunately a very complex physics background, which together with the impossibility of direct measurements generates different and confusing results. The practical implementation as well as the calculation methods can vary from very naive to extremely complex. More in general, predictions relevant for material properties are becoming more and more essential for future projects. The idea was presented to plan a future SATIF session (or even a dedicated workshop) where every code presents how its DPA is computed and where to compare results on simple cases.

Session 4 on dosimetry was short as compared to previous SATIF meetings. The session was introduced by a comprehensive review by T. Sato of recent dosimetric studies, both computational (comparison of fluence-to-dose conversion coefficient, updated wR and wT, authorised voxel phantoms, neutron dose estimates) and experimental (JASMIN and KEK experiments, neutron measurements and the challenge of measuring in pulsed fields). A talk provided comprehensive FLUKA calculations of the radiation levels (prompt dose rate in service caverns and on the surface) around the ATLAS detector in the LHC. The session closed with an interesting discussion on dose, its definitions and “ingredients”, phantoms and their description correlated with computer power and detectors.

Session 5 on medical and industrial accelerators was mostly devoted to particle therapy accelerators. It was opened by a review by G. Fehrenbacher on radiation protection issues at particle therapy facilities. There are a growing number of proton and 12C ion medical accelerators, essentially synchrotrons and cyclotrons employing passive and active beam shaping systems in conjunction with fixed beams and isocentric gantries. The main radiation source at these machines is neutrons, for which source terms (neutron energy distributions) are needed (experimental data and Monte Carlo predictions). A peculiarity of these facilities is that many radiation sources are present, in the accelerator and treatment rooms, patient included. Various approaches are used to radiation shielding, both Monte Carlo and analytical using attenuation curves. Shielding materials employed at these facilities are concrete, combined low-Z + high-Z materials, and a sandwich technology recently introduced, which allows saving time and construction costs. Activation issues are present in the accelerator, energy degrader, beam transport and passive beam shaping system. In particular, cyclotron systems using an energy degrader and passive scattering techniques implicate higher activation and radiation exposure of personnel working on activated components in contrast to synchrotron based facilities. More shielding data are generally needed for light-ion facilities, as the available experimental data are essentially from measurements at HIMAC. Improvements are desirable, in particular for the lowest angles (0°-15°). There is also room for improvement in models.

Although most of the focus at the session on medical accelerator shielding (introduced for the first time at SATIF-6) has always been on proton accelerators, one presentation was on seismic base-isolation structure for a conventional electron linac, where alternative solutions to pure shielding have to be found to reduce costs. Calculations validated by measurements were presented to predict dose rates due to radiation scattered and streaming underneath the treatment room, taking into account multiple beams due to rotating gantry.

Finally, high-current, low-energy accelerators for novel applications such as material testing in strong neutron field, as well as a high-intensity laser facility and photo-neutron source presented in Session 1, pose new challenges (e.g. the dump must withstand high particle current and becomes a very intense neutron source) requiring novel shielding solutions.

Session 6 on the present status of codes and code libraries started with a comprehensive review by B. Kirk of nuclear computational information, followed by talks on modern activation-transmutation systems, on the impressive performance of the improved INCL4 and ABLA models, on radiation protection and safety issues in IFMIF, and on a “physics list” in Geant4 where the user defines all the particles, physics processes and cut-off parameters for his/her application. Preparing a physics list is not a simple job even for non-novice users. A debate followed, as this offer by the code seems appropriate for expert HEP users, whereas for radiation protection calculations it seems much safer not to let the user “play” with models but rather to provide a set of “defaults” adapted to the problem.

In summary, the main questions raised at the meeting were:



	What calculations are we not happy with? DPA, heavy ions at low energies, light fragment yields, nuclide yields (in some cases), consistency in deep penetration benchmarking, model performance at intermediate energies, dose conversion coefficients at E > 1 GeV.

	What level of agreement between data and simulations is satisfactory? Depending on a quantity or/and application it can be from a few % to a rather big factor.

	What data are needed? Material damage tests in nuclear and electromagnetic dominated cases at room and cryo temperatures. Low-energy pion spectra. Light-, heavy-ion and photon-induced particle production, radiation effects and radiation fields. Continue with JASMIN and HIMAC experiments.

	Shall SATIF help in pursuing the organisation of RP network amongst the accelerator laboratories?

	Shall we have a dedicated DPA session at SATIF-11?


The publication of the Accelerator Shielding Handbook was also discussed. The handbook was first proposed at SATIF-8 and since then some contributions have been provided, but much still has to be written. It has been agreed to look for a person who has sufficient available time to solicit the missing contributions to the various chapters and take up on the editing work.





 Jim Gulliford (NEA), Nikolai Mokhov (Fermilab), Marco Silari (CERN)
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Production of neutrons and spallation products by high-energy particle beams

Takashi Nakamura

Prof. Emeritus of Tohoku University 
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 Abstract

This review summarises the experimental data up to 2008 on energy and angular distributions of neutrons produced from thick targets of various materials bombarded by protons, deuterons, He and heavier ions having a wide energy range from MeV to GeV. Total neutron yields and the moving source model approximations are also presented. Production cross-section data for spallation by proton to Ar ion are summarised in this paper, as well as excitation functions, mass-yield distributions and induced activities. Very recent results on induced activities are included for Ar and U ions.


Introduction

Thick target yield (TTY) generally means the angular-energy distribution of secondary neutrons produced from a thick target which is sufficiently thick to fully stop the incident particles. The TTY data are indispensable for estimating source terms used in accelerator shielding design. A number of experiments to give the TTY data have never been published. Although it is difficult to survey all papers on TTY, the TTY papers up to 2000 have been collected in a Japanese book written by Nakamura [1], and the TTY papers up to 2008 were added as much as possible in this survey. Although the TTY data for projectile ions heavier than He ions of energies above about 100 MeV/nucleon have been published as the handbook written by Nakamura and Heilbronn [2], here in this paper, the TTY data for light projectiles, mainly protons and deuterons are summarised, together with the TTY data for heavier projectiles of energies below about 100 MeV/nucleon.

In addition to TTY data, spallation product production cross-section data up to 2010 are summarised together with excitation functions, mass-yield distributions and induced activities for various projectiles from proton to U ion. They are the basic data for induced activity estimation in high-energy accelerator facilities. A systematic study has been done by Michel, et al. for protons [3], and for heavy ions from He to Ar ions, a comprehensive work has been done by a Japanese group and an American group using the Heavy Ion Medical Accelerator in Chiba (HIMAC), National Institute of Radiological Sciences (NIRS), Japan. These results are also cited in the handbook [2].




Thick target yield


Thick target yield by protons

Thick target yield by protons is summarised in Table 1. Many experimental results for various targets from Li to U are obtained for proton energy of 15 MeV up to 1.6 GeV at various accelerator facilities. The neutron detectors are mostly NE-213 organic liquid scintillator coupled with the TOF method and some with the unfolding technique. Activation detectors are also used in a few experiments. Typical experimental results are cited here for three proton energy regions of several tens of MeV, a few hundred MeV and above 500 MeV.

Figure 1 gives the neutron spectra at 0° to 150° in C, Al, Cu and Pb targets bombarded by 22, 30 and 40 MeV protons by Amos, et al. [6]. All spectra have two components; one below about 10 MeV especially for heavier target corresponds to neutrons produced almost isotropically through the equilibrium/evaporation process from a compound nucleus having a nuclear temperature of 1 to 2 MeV; the other above 10 MeV corresponds to neutrons having forward-peaked at higher energies, produced by the pre-equilibrium and direct reaction (usually in cascade) processes. The neutron spectra become softer at large emission angle for heavier target where the evaporation process through a larger number of target nucleons is prominent. The neutron spectra therefore become harder for lighter target like carbon. This can be explained by noting that the energy Ei transferred from a projectile to a target by one collision is proportional to 4MpMtE0/(Mp + Mt)2, where Mp and Mt are the atomic masses of the projectile and target nuclei, respectively, and E0 is the projectile kinetic energy. As a result, the sum of the transferred energies is greater for lighter target nuclei, and it is more likely that a nucleon receive a greater part of this transferred energy and that the fraction of the evaporation process is smaller, since the lighter target nucleus has a smaller number of nucleons. This implies that lighter target nuclei are excited in a state of higher nuclear temperature.

Figure 2 shows the neutron spectra at 0° to 110° in Fe target bombarded by 210 MeV protons by Yonai, et al. [20]. The measured spectra are compared with various calculations, MCNPX [31], and NMTC/JAM [32] coupled with several intranuclear cascade models, Bertini [33], CEM [34] and ISOBAR [35]. The calculation/experiment (C/E) ratios are also shown in these figures for the four calculation methods. Reasonably good agreement between all calculations and measurements is obtained, except at forward angles. At 0 and 7.5°, all calculations underestimate the measured spectra above 20 MeV, especially the MCNPX-CEM calculation. At 110°, only the NMTC/JAM-Bertini results overestimate the data. In the energy region below about 20 MeV, all calculations agree with measurements within a factor of 2. In the energy region above about 40 MeV, the agreement between measurements and all calculations is very good at large angles.

In order to check this disagreement of the TTY spectrum at 0°, the TTY experiment was done for C, Al, Fe and Pb targets using 140, 250 and 350 MeV protons. Figure 3 show the neutron spectra at 0° in C, Al, Fe, Pb targets bombarded by 140 MeV protons by Iwamoto, et al. [21]. The measured spectra are compared with Monte Carlo calculations, PHITS [36] and MCNPX. In the PHITS calculation, evaluated nuclear data libraries JENDL-HE [37] and LA150 [38] are used. For comparison, the nuclear reaction models ISOBAR and LAHET [39] are also used for PHITS and MCNPX calculations, respectively. The calculated spectra of JENDL-HE and LA150 agree well with the measured spectra above 10 MeV, while ISOBAR underestimates the Pb spectrum and LAHET overestimates all target spectra above 110 MeV.

Figure 4 gives the neutron energy spectra at 15 to 150° in Pb target by 0.5 and 1.5 GeV protons by Meigo, et al. [23]. The neutron spectra also have two components, an evaporation component below 10 MeV and a pre-equilibrium/cascade component above 10 MeV, but the ratio between these two components is quite prominent. The ratio between evaporation and pre-equilibrium/cascade neutrons is almost equal for Fe especially at forward angles, and the fraction of evaporation neutrons is much higher for Pb, which has a much larger numbers of nucleons. The measured spectra are compared with the NMTC/JAERI [40] and MCNP-4A [41] in Figure 4 using free nucleon-nucleon cross-section (NNCS) and in-medium NNCS [42]. Generally speaking, the agreement between experiment and calculation is good within a factor of 2.




Thick target yield by deuterons

Thick target yields by deuterons are summarised in Table 2. Many experimental results for various targets from Li to U are obtained for a deuteron energy of 8 MeV up to 200 MeV at various accelerator facilities, but mostly for Be target by 15 to 50 MeV deuteron bombardment.

Figure 5 gives the neutron spectra at 0 to 90° in Li and Be targets by 25 MeV deuterons by Aoki, et al. [45]. Except a big broad peak at the forward emission angle, all neutron spectra also have two components; one below about 10 MeV especially for heavier target corresponds to neutrons produced almost isotropically by the equilibrium/evaporation process; the other above 10 MeV corresponds to neutrons having forward-peaked at the higher energies produced by the pre-equilibrium/cascade process. Only in Figure 5(a), the Li(d,n) spectra extend up to around 42 MeV, which is consistent with the Q-value of 15.7 MeV of the Li(d,n) reaction.

In the forward direction, a broad peak is due to the stripping/break-up reaction of deuteron and the peak energy is about half of the incident deuteron energy. Considering the energy degradation in a thick target, the peak energy is about 40% of the incident deuteron energy, around 10 MeV for 25 MeV incident deuteron energy. This broad peak has a very strong angular dependence, because the stripping reaction is strongly forward-peaked.

The neutron energy spectrum based on the stripping reaction can be simulated on the basis of the Serber model [52], an elegantly simple semi-classical theory for deuteron stripping. The generalisation of the Serber model is given by effecting averages over the target thickness and emission angles by Menard, et al. [44]. The simulated results are compared with the measured results, as shown for Be target bombarded by 50 MeV deuterons in Figure 6. In the figure, the right flanks of the spectra above 25 MeV for 50 MeV deuterons are well reproduced by the Serber model. The neutron peak energies and production yields given by the model are lower than the experimental results. This behaviour is due to the fact that the evaporated neutrons are also considered to be emerging from the stripping and direct nuclear collisions. The shape of the theoretical distribution exhibits a maximum at an energy of neutrons lower than that given by the experiment by approximately 2 MeV.




Thick target yields by He and heavier ions of energies lower than 100 Me V/nucleon

Thick target yields by He and heavier ions of energies lower than 100 MeV/nucleon are summarised in Table 3. Projectiles are 3He, 4He (α), 6Li, 7Li, 11B, 12C and Ar of total energies from 40 MeV to 460 MeV, and targets are from Be to Pb.

Very few results are given for 3He projectile and Figure 7 gives the neutron spectra at 0 to 135° in C, Cu and Pb targets injected by 65 MeV 3He ions by Shin, et al. [46]. The neutron spectra also have two components of evaporation and pre-equilibrium/cascade processes, but in the forward direction, a broad peak is also shown due to the break-up reaction of 3He nuclei (3He,n2p). The most probable energies of these peaked spectra are about 26 MeV for C and about 22 MeV for Cu, which are close to 1/3 of the incident kinetic energy of the 3He projectile. This implies that the one neutron and two protons are emitted from 3He nucleus having almost the same kinetic energies.

Among many experimental results on TTY by 4He(α) and heavier projectiles, the Ta target results with 50 MeV 4He(α) ions by Sarkar, et al. [54] are shown in Figure 8. In Figure 8, the spectra also have two components of evaporation and pre-equilibrium/cascade processes and the latter component decreases with increasing angles. The measured spectra are compared with the calculated spectra with the exciton model...
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