DESIGNING ELECTRON ACCELERATOR SHIELDING WITH FLUKA

A.Fassò A.Ferrari, P.R.Sala Radiation Protection Group, CERN INFN, Sezione di Milano CH-1211 Genève 23, Switzerland Via G. Celoria 16, I-20133 Milano, Italy (4122)7673937 (392)2392310

ABSTRACT

The radiation field of electron accelerators includes several components: bremsstrahlung photons, fast neutrons, and - at energies higher than a few GeV - highenergy hadrons and muons. The tools available so far to design electron accelerator shielding were mostly empirical techniques based on source terms and attenuation lengths which had been obtained experimentally for a few typical situations, or had been calculated using different specialized Monte Carlo codes to transport separately each radiation component. No code has been generally available that could simulate not only the transport but also the generation of all such components. The most recent version of the FLUKA code, originally used mainly to design shielding for high-energy proton accelerators, can now be used to perform a full simulation of the radiation field of electron accelerators over a very extended range of energies and of possible configurations. The conventional shielding techniques currently used by various laboratories are presently being assessed by comparing their estimates with results of FLUKA calculations.

I. INTRODUCTION

Several techniques are available to designers of accelerator shielding, and a number of reference books [1–5] provide guidelines and useful data referring to the most common layouts. However, there are frequent cases which cannot be easily brought back to some standard configuration. Applying universal formulae or “cookbook recipes” to situations with complex geometries or strong magnetic fields can lead to large uncertainties, and therefore to excessively conservative design. Also, the available information is often empirical and has been tested only over a limited range of particle energies, target sizes, materials and attenuation depths; and the steady technological progress continuously brings about new machine designs, for which no previous shielding experience exists.

For such reasons, Monte Carlo radiation transport programs are used more and more, when available, in accelerator shielding design. Until a few years ago, since the radiological environment of particle accelerators is typically made of many radiation components, each with different transport and shielding characteristics, it was necessary to use several distinct programs to investigate the attenuation of each component separately (electrons and photons, neutrons, high-energy hadrons, muons). Recently, some attempts have been made at merging several of such specialized programs into a single package [6–8]. However, since all these code systems deal with the interface between different radiation components by means of off-line exchanges of large files, they have not yet achieved a full integration of the component programs and are very demanding on the user’s time and organizational effort. Another difficulty lies in the fact that most high-energy transport programs are not provided with variance reduction algorithms, and therefore require prohibitive computing times to carry out deep penetration calculations.

One of the few exceptions is represented by the program FLUKA, originally a simple hadronic code, which has been extended in the recent years to deal with the transport of electrons, photons, low-energy neutrons and muons [9, 10]. FLUKA is not a collection of specialized programs, but a single, integrated code which can treat in a same run complete hadronic cascades (generation and transport of about 30 different particles) over an energy range spanning more than 14 orders of magnitude. Its rich set of biasing options makes it very suited for shielding applications, and its capability to predict correctly the radiation fields found outside the thick shielding of proton accelerators has been recently confirmed [11].

However, no existing Monte Carlo code has been able until now – at least to our knowledge – to give a complete and satisfactory description of the stray radiation fields characteristic of electron accelerators. These are multi-component fields just as in the case of proton accelerators, but with the exception of bremsstrahlung, which is of concern only outside relatively thin shields, the main radiation components are generated by physical mechanisms (photonuclear reactions) ignored by most available transport programs. Indeed, although all important particles are transported by many programs, the mutual interaction of the hadron and of the photon field is generally accounted for only in one direction: secondary photons are generated in hadron interactions, but not vice versa.

For this reason, present electron accelerator shielding design must rely on empirical attenuation formulae and on simplified models [2, 12] even in cases where a detailed simulation would be more appropriate. Monte Carlo codes have been used sometimes to transport neutrons produced in photonuclear reactions [13, 14], but ad hoc assumptions had to be made concerning their space, angle and energy distribution.

A first attempt to introduce photonuclear reactions in FLUKA, restricted to the GeV energy range, was made some time ago in an earlier version of the code [15]. The model used appeared promising [16], but was implemented only in a non-analog way (out of user control) and was not systematically tested. In addition, until now, it was not fully consistent with the more accurate description of the nucleus contained in the present version. In practice, its usefulness for shielding was limited by the lack of coverage of photon energies below 1 GeV. This deficiency has been eliminated in the most recent version of FLUKA, which can deal with photonuclear reactions over the whole energy range. Simple physical models have been used, but properly integrated within the FLUKA hadronic event generators (Dual Parton Model [17], cascadepreequilibrium [18], evaporation). In the following, the models used will be described, and some preliminary comparison with experimental data will be presented.

II. PHYSICAL MODELS

Photon reactions with nuclei show features (crosssections, particles emitted) which are strongly changing with energy, in correspondence with very different interaction mechanisms at the nuclear level. The classification widely reported in the shielding literature [2, 4, 12]: Giant resonance, Quasi-deuteron region, High-energy range, is based rather on the different attenuation and dosimetric properties of the secondary particles generated than on nuclear physics considerations. For modelling purposes, therefore, it has been necessary to make a further distinction between a Delta resonance energy region, and a high-energy range with different interaction characteristics. The boundaries between the four energy domains are not sharp and depend somewhat on atomic number; on the other hand at some energies an overlap of two different modes of interactions seems to be likely, although very poorly documented in the experimental and in the theoretical literature. These transition regions could only be treated empirically, by making some reasonable assumption of continuity about the interaction cross section.

For each of the four models described below, it has been necessary to establish two algorithms providing:

• the value of the total interaction cross section as a function of photon energy and target nucleus

• the initial energy and momentum transfer between the photon and one or more particles inside the nucleus

Once the photon energy has been transferred, further interactions of the particles set in motion with the nucleons of the target nucleus are described by the normal intranuclear cascade, pre-equilibrium and evaporation FLUKA models.

A. Giant Dipole Resonance

At the lowest end of the energy range, namely below about 30 MeV and above the threshold for removing one neutron (typically 7–8 MeV), photonuclear reactions take place mainly via the Giant Dipole Resonance (GDR). The actual mechanism is a collective interaction of all nucleons which is difficult to simulate in a Monte Carlo; however, the energy of the absorbed photon is dissipated in a way very similar to that of a typical compound nucleus. Therefore it was decided, at least in a first stage, to treat this kind of interaction as evaporation, with a preequilibrium component at the higher end of the energy range.

The total cross section can be parameterized as a function of nucleus and energy only with limited accuracy, especially for the lightest nuclei. On the other hand, data are not available for all isotopes. Therefore the following scheme was adopted:

• if experimental data are available, values are tabulated from an empirical smooth fit and the cross section is obtained by table lookup

• otherwise a Lorentz fit is used if parameters are available

• in all other cases the three parameters of the Lorentz curve (energy of the maximum, peak value, width) are obtained by an analytical fit to existing data

By this scheme, it is possible to gradually improve the cross section tables as new information becomes available, while being able to run the code, albeit with reduced accuracy, even with materials for which no data has yet been entered. For the time being, cross sections have been tabulated only for the lightest nuclei, for which a Lorentz fit is not possible. Most data, including the Lorentz parameters for medium and heavy nuclei, have been taken from the Atlas of Dietrich and Berman [19] which provides cross section for neutron emission rather than total cross section: for heavy nuclei the two cross sections are approximately equal, but the difference is not negligible at low atomic number. In the near future, it is planned to introduce the relevant experimental data on channels without neutrons in the final state whenever available, to get the total photonuclear cross section. An empirical Z-dependent correction factor will be computed by running the code and scoring the fraction of GDR events where no neutron is emitted for those elements where such data are not available.

The nuclear dynamics after GDR absorption is described in the PEANUT preequilibrium code [18] by the exciton model followed by evaporation; the initial configuration is assumed to be 2p-2h . This last assumption is somehow arbitrary, but the smallness of the excitation energy makes the evaporation stage dominant, and the pre-equilibrium one less sensitive to the initial configuration. Results relative to thick targets bombarded by electrons are shown in figs 1 and 2 together with experimental data from ref [20]. Differences up to about 20% show up at the highest energies for lead targets. The asymmetry of the angular distribution of neutrons emitted with relatively high energy (above 3-4 MeV ), as measured in ref. [21] could be an explanation of such a discrepancy, since the experimental yields have been calculated measuring the number of photoneutrons at 90 degrees and assuming an isotropic angular distribution. The uranium case is less sensitive to this problem since neutrons originating from fission, which are a significant fraction of the total, are truly isotropic.

B. Quasi-deuteron

In the energy range between approximately 30 MeV and 200 MeV, the Levinger quasi-deuteron absorption mechanism [22] has been implemented in the frame of PEANUT [18]. A similar linking of the two models had already been proved successful by Blann et al. [23] and Wu and Chang [24], but the only previous Monte Carlo attempts to describe quasi-deuteron interactions seem to have been in connection with intranuclear cascade models [25, 26]. Here the intranuclear cascade, used at incident energies larger than 50 MeV, is followed by a statistical (exciton) preequilibrium model and by

Figure 1: Yield of neutrons per incident electron as a function of initial electron energy for natural lead targets of 1.01 (lower points) and 5.93 (upper) radiation lengths. Open symbols: FLUKA, closed symbols: experimental data.

Figure 2: As in the previous figure for natural uranium targets of 1.14 (lower points) and 3.46 (upper points) radiation lengths. Open symbols: FLUKA, closed symbols: experimental data.

evaporation. The intranuclear cascade is initiated by a neutron and a proton, whose angular distribution (and hence the energy partition) is equal to the experimental one in the γ-deuteron reaction. At γ energies lower than 50 MeV, the interaction is treated directly in the exciton model, starting with a 2p-2h configuration.

Figure 3: Neutron average multiplicity versus incident photon energy for a natural lead target. Points : experimental data, solid line: FLUKA results

Figure 4: Width of the neutron multiplicity distribution for a lead target as a function of photon energy. Symbols: experimental data, line: FLUKA results

The cross section has been expressed as

σ_{QD} (E_γ ) = L NZ A σ_D(E_γ )f(E_γ ) (1)

where L is the Levinger constant, given as a function of A in [27], σ_D (E_γ ) is the cross section for deuteron photodisintegration, equal to C(E_γ − E_{th})^{3/2}/E^3_γ with C = 62.4 mb [28], and f(E_γ ) is a Pauli-blocking function as calculated by Chadwick et al. [29]

Results for neutron inclusive production on lead are shown in figs. 3 , 4, 5 and compared with experimental data from [30, 31]

C. Delta resonance

Above 140 MeV, the energy threshold for pion production, photonuclear interactions are characterized by excitation of the Δ-resonance. Most reactions end with a pion in the final state, but simple photon absorption can still take place via the quasi-deuteron mechanism. The total cross section has been shown to exhibit a sim-

Figure 5: Excitation functions for emission of n or more neutrons from a lead target hit by monoenergetic photons. Symbols: experimental data, line: FLUKA results. From the top: n = 2; n = 3 × 1/2, n = 4 × 1/4, n = 5 × 1/8, n = 6 × 1/16, n = 7 × 1/32 n = 8 × 1/64

ple scaling with atomic mass for all nuclei heavier than lithium (some smearing takes place with respect to the free proton cross section, due to Fermi motion of the bound nucleons) [32]. The quasi-deuteron component has been estimated by subtracting the analytical expression of the deuteron photodisintegration cross section shown above from the evaluated fit of experimental data published in [33].

D. Vector Meson Dominance

In the high energy region above the delta resonance, the Vector Meson Dominance model [34], already implemented in FLUKA some years ago [15], has been kept and improved. The total cross section is obtained as σ_T = Nσ_n + Zσ_p, where σ_n and σ_p are the photonuclear cross sections of the neutron and the proton, respectively. In the previous version, an analytical expression was used for σ_n and σ_p, but now it has been preferred to tabulate actual experimental data, taken from [35]. A “shadowing factor”, dependent on A and energy, has been derived from experimental data reported in [34]. Such data are largely inconsistent, but the following expression has been found to reproduce at least the general trend:

f_{shadow}(A, E) =

A^{0.068 exp[Eγ (0.002A−0.66)]} A (2) with E_γ in GeV.

A second correction factor has been included, in order to account for the asymptotic increase of the total cross section at very large energies. Recent data from HERA [36] seem to indicate that such increase can be parametrized as √ ln(s), where s is the square of the total energy in the center of mass system. This energy dependence has been introduced in FLUKA above 30 GeV. Some preliminary comparisons with experi-

Figure 6: Yield of 4.4 GeV/c positive pions and kaons as a function of emission angle

mental data on hadron production by 18 GeV electrons on a beryllium target (0.3 radiation lengths), are shown in fig 6, 7, 8. The data by Boyarski et al. [37] had already been shown to be consistently higher than those

Figure 7: Yield of 7 GeV/c positive pions and kaons as a function of emission angle

Figure 8: Yield of 10 GeV/c positive pions as a function of emission angle

calculated by an earlier version of FLUKA [15] and such difference is confirmed by the present code. However, other data by Flatté et al. [38], although limited to a few production angles, seem to indicate a much better agreement. More tests will be needed in future in order to settle this issue, of great importance for shielding of high energy electron accelerators.

III. CONCLUSIONS

With the inclusion of photonuclear reactions over the whole energy range, FLUKA is now on the way of becoming a truly complete radiation transport code, not comparable to any other Monte Carlo presently available. The work is still in progress and several refinements will be necessary, especially concerning the lightest nuclei and the transition regions between different models. However, the first benchmarks are very encouraging and in a not far future it should be possible for the first time to perform detailed calculations of electron accelerator shielding in the same way as it is normally done for proton accelerators.

ACKNOWLEDGMENTS

One of us (A. Fassò) would like to thank K. Kase and the other members of the SLAC Radiation Group, where part of this work was done.

REFERENCES

1. H.W. Patterson and R.H. Thomas, “Accelerator Health Physics”, Academic Press, New York 1973 2. W.P. Swanson, “Radiological safety aspects of the operation of electron linear accelerators”, IAEA Technical Report Series No. 188, Vienna 1979 3. “Neutron contamination from medical electron accelerators”, NCRP Report No. 79 (1984) 4. A. Fassò, K. Goebel, M. Höfert, J. Ranft, G.R. Stevenson, “Shielding Against High Energy Radiation” (ed. H. Schopper), Landolt-Börnstein numerical data and functional relationships in science and technology, Vol. 11, Springer Berlin 1990 5. A.H. Sullivan, “A guide to radiation and radioactivity levels near high energy particle accelerators”, Nuclear Technology Publishing, Ashford 1992 6. P. Cloth et al., “HERMES, a Monte Carlo program system for beam-materials interaction studies”, Jülich report KFA/Jül–2203 (1988) 7. R.E. Prael and H. Lichtenstein, “User guide to LCS: the LAHET code system”, Los Alamos report LA–UR–89–3014 (1989)

8. T.A. Gabriel, J.E. Brau and B.L. Bishop, “The physics of compensating calorimetry and the new CALOR89 code system”, Oak Ridge report ORNL/TM–11060 (1989) 9. A. Fassò, A. Ferrari, J. Ranft, P.R. Sala, G.R.

Stevenson and J.M. Zazula, “FLUKA 92”, Proc. of the Workshop on Simulating Accelerator Radiation Environment, Santa Fe, January 11-15, 1993 (in press).

10. A. Fassò, A. Ferrari, J. Ranft and P. R. Sala, “FLUKA: Present Status and Future Developments”, Proc. of the IV Int. Conf. on Calorimetry in High Energy Physics, La Biodola, Italy, September 21-26, 1993 (in press) 11. C. Birattari et al., “Measurements and characterization of high energy neutron fields”, Nucl. Instr. Meth. A338, 534 (1994) 12. T.M. Jenkins, “General shielding methods for electron linear accelerators”, Proc. of a Workshop on Radiation safety at CEBAF, Appendix A5, 1986 13. A. Fassò and M. Pelliccioni, “Evaluation of radiation skyshine from the Main Rings of the DaΦne project”, Laboratori Nazionali di Frascati report LNF-92/111 (1992) 14. R.C. McCall, T.M. Jenkins and R.A. Shore, “Transport of accelerator produced neutrons in a concrete room”, IEEE Trans. Nucl. Sci., NS-26, 1593 (1979) 15. J. Ranft and W.R. Nelson, “Hadron cascades induced by electron and photon beams in the GeV energy range”, Nucl. Instr. Meth. A257, 177 (1987) 16. A. Fassò, M. Höfert, A. Ioannidou “On the shielding of electron accelerators in the GeV energy range”, Rad. Prot. Dosim. 38, 301 (1991) 17. J. Ranft and S. Ritter, “Particle production in hadron-nucleus collisions in a multi-chain fragmentation model”, Z. Phys. C20, 347 (1983) 18. A. Ferrari and P.R. Sala, “A new model for hadronic interactions at intermediate energies for the FLUKA code”, Proc. of the MC93 Int. Conf. on Monte Carlo Simulation in High-Energy and Nuclear Physics, Tallahassee, February 22-26, 1993 (in press).

19. S.S. Dietrich and L.B. Berman, “Atlas of photoneutron cross sections obtained with monoenergetic photons”, At. Data Nucl. Data Tables, 38, 199 (1988) 20. W.C. Barber and W.D. George “Neutron yields from targets bombarded by electrons”, Phys. Rev. 116, 1551 (1959)

21. G.S. Mutchler, “The angular distributions and energy spectra of photoneutrons from heavy elements”, Ph.D. Thesis, MIT-2098-224 (1966) 22. J.S. Levinger, “Modified quasi-deuteron model”, Phys. Lett. 82B, 181 (1979) 23. M. Blann, B.L. Berman and T.T. Komoto, “Precompound-model analysis of photonuclear reactions”, Phys. Rev. C28, 2286 (1983) 24. J.R. Wu and C.C. Chang, “Pre-equilibrium particle decay in the photonuclear reactions”, Phys. Rev. C16, 1812 (1977) 25. T.A. Gabriel and R.G. Alsmiller, Jr., “Photonuclear disintegrations at high energies (<350 MeV)”, Phys. Rev. 182, 1035 (1969) 26. V.S. Barashenkov et al., “A cascade-evaporation model for photonuclear reactions”, Nucl. Phys. A231, 462 (1974) 27. O.A.P. Tavares and M.L. Terranova, “Nuclear photoabsorption by quasi-deuterons and an updated evaluation of Levinger’s constant”, J. Phys. G18, 521 (1992) 28. M. Ericson, “Photonuclear reactions and dispersion relations”, Proc. 5th Int. School of Intermediate Energy Nuclear Physics, ed. R. Bergère et al., World Scientific, Singapore 1986, p. 43 29. M.B. Chadwick, P. Oblozinsky, P.E. Hodgson and G. Reffo, “Pauli-blocking in the quasideuteron model of photoabsorption”, Phys. Rev. C44, 814 (1991) 30. A. Leprêtre, H. Beil, R. Bergère, P. Carlos, J. Fagot, A. de Miniac and A. Veyssière, “Measurements of the total photonuclear cross section from 30 MeV to 140 MeV for Sn, Ce, Ta, Pb and U nuclei”, Nucl. Phys. A367, 237 (1981) 31. A. Leprêtre, H. Beil, R. Bergère, P. Carlos, J. Fagot, A. Veyssière and I. Halpern, “Analysis of neutron multiplicities in photonuclear reactions from 30 to 140 MeV in heavy elements”, Nucl. Phys. A390, 221 (1982) 32. J. Arends, “Photoproduction of charged and neutral pions in nuclei in the Δ-resonance region”, invited talk at the Int. Workshop on pions in nuclei, Peniscola, 3-8 June 1991; Bonn University report BONN-ME-91-01 (1991) 33. E. De Sanctis, “A critical review of deuteron photodisintegration data”, Invited talk at the Gordon Conference on photonuclear reactions, Plymouth, USA Aug. 8-12 (1988); Laboratori Nazionali di Frascati report LNF-88/54(P) (1988) 34. T.H. Bauer et al., “The hadronic properties of the photon in high-energy interactions”, Rev. Mod.

Phys. 50 261 (1978) 35. S.I. Alekhin et al. (HERA and COMPAS Groups):

“Compilation of cross sections IV: γ, η, Λ, Σ, Ξ, and K^0_L induced reactions”, Report CERN-HERA 87-01 (1987) 36. J.R. Forshaw and J.K. Storrow, “On the interpretation of the HERA total cross section measurement”, Rutherford report RAL-93-030 (revised) (1993) 37. A.M. Boyarski et al., “Yields of secondary particles from 18 GeV electrons”, SLAC Users Handbook (1971); Phys. Rev. Lett. 18, 363 (1967) 38. S.M. Flatté et al., “Particle yields at the Stanford Two-mile Electron Accelerator”, Phys. Rev. Lett. 18, 366 (1967)