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Foreword 

Nuclear energy covers a field much wider than nuclear power. In fact, atomic and nuclear energy 
applications involve a large range of scientific and technological activities using a variety of machines 
and analysis techniques. Activities in this area have increased over the years and consequently the 
OECD/NEA Nuclear Science Committee is sponsoring more 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 during 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, United States; SATIF-5 on 17-21 July 2000 at OECD in Paris, France, SATIF-6 on 
10-12 April 2002 at the Stanford Linear Accelerator Center (SLAC), Menlo Park, California, United States; 
SATIF-7 on 17-18 May 2004 at ITN, Sacavém, Portugal; and SATIF-8 was held on 22-24 May 2006 at the 
Pohang Accelerator Laboratory (PAL) POSTECH, Republic of Korea. SATIF-9 is scheduled for 2009 at the 
Spallation Neutron Source ORNL, Oak Ridge, TN, United States. 

Each workshop is hosted by organisations having accelerator facilities and experts that enhance 
the interaction between local expertise and experts from the international community. SATIF-8 was 
held at the Pohang Accelerator Laboratory (PAL) POSTECH and the chairman of the workshop, H.S. Lee, 
arranged visits to their facilities. 

This event was jointly organised by the: 

• OECD Nuclear Energy Agency; 

• Pohang Accelerator Laboratory (PAL); 

• Radiation Safety Information Computational Center (RSICC); 

• Shielding Working Group of the Reactor Physics Committee of Japan. 

The current proceedings provide a summary of the discussions, decisions and conclusions together 
with the text of the presentations made at the eighth SATIF meeting. 

This text is published on the responsibility of the Secretary-General of the OECD. The views 
expressed do not necessarily correspond to those of the national authorities concerned. 
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Executive summary 

The OECD/NEA Expert Group on Shielding Aspects of Accelerators, Targets and Irradiation Facilities 
(SATIF) meets every two years when it organises a Workshop in places where world-class facilities are 
operated, alternating between North America, Europe and the Far East. During these workshops 
progress and results form an agreed programme of work are presented and common actions and 
research initiatives promoted and started with the aim of achieving progress and enhancing 
international co-operation in this area of research. 

The eighth SATIF workshop took place from 22-24 May 2006 and was hosted by the Pohang 
Accelerator Laboratory (PAL) POSTECH, Republic of Korea (see figure). The local organiser and Chair of 
the workshop was Dr. Hee-Seock Lee, from the Radiation Safety Division of PAL. It was attended by  
48 specialists in radiation protection, radiation shielding and radiation dosimetry from 9 countries 
representing 27 different organisations active in this field (see Annex 1: List of participants). 

Figure 1: SATIF-8 workshop venue and facility visited 

 

The main topics discussed at SATIF-8 were: 

• source term and related topics; 

• dosimetry and related issues; 

• shielding at high energy accelerator; 

• induced radioactivity and activation data; 

• benchmarking – calculations and results; 

• status of computer codes, cross-sections and shielding data libraries; 

• shielding in medical and industrial accelerator application. 
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The detailed programme is provided in Annex 2. 

The SATIF technical and scientific activities are organised around the major categories of 
accelerator shielding/facilities/proton and ion accelerators, electron accelerators, photon and neutron 
sources. Shielding aspects related to accelerator facilities are of multidisciplinary nature and address 
cross-cutting issues. They imply the utilisation of state-of-the-art computer codes and modelling 
techniques. 

Forty papers were submitted for presentation including results from benchmark studies and status 
of relevant computer codes, results from measurements such as thick target yields, intercomparison 
of the medium energy neutron attenuation in iron and concrete, measurement of high energy neutron 
spectra behind shields in facilities, measurements and benchmark simulations of photoneutron yields 
from targets, nuclear data relevant to the radiological safety for 100 MeV proton linac. The Handbook 
on Secondary Particle Production and Transport by High-energy Heavy Ions was also presented. 

Further benchmarks are proposed. 

One of the strong components of the specialists’ group activities is benchmarking, in most cases 
with experimental data in support of computations. Such benchmarks and the results obtained were 
instrumental for the identification of the needs in modelling methodologies in non-conventional 
energy domains, such as the intermediate energy range (few hundreds of MeV), typical of emerging 
and innovative technological applications such as accelerator driven systems (ADS), spallation neutron 
sources and other high power target applications attracting the attention of different scientific 
communities. 

Over the last decade, the activities and results obtained by the SATIF group have paved the way 
to major developments in computer codes and to the assessment of nuclear data needs. This is 
documented in the proceedings of the various SATIF meetings, as the present one. 

Dosimetry- and shielding-related activities deserve special mention: ultimately for the benefit of 
radiation protection, such activities are associated with the utilisation of particle accelerators and 
radiation sources in different domains, from basic research up to medical applications and are 
another major domain of the SATIF activities. In this respect, the discussions held during SATIF-8 led 
to following statement by the specialists’ group: 

• Dosimetry-related activities are of cornerstone importance for the operation of existing 
facilities, as well as for the design of new and innovative facilities currently in project phase, 
associated with the operation of high intensity particle accelerators, high power targets. 

• Developments and findings resulting from these activities are of course applicable to any 
other type of non-accelerator facilities (nuclear power plants, space applications, aircrew 
dosimetry, industrial applications of radiations, intrusive detection techniques, etc.). 

• The SATIF group should strengthen its involvement in ongoing dosimetry-related activities of 
other groups at the international level (e.g. EURADOS – European Radiation Dosimetry Group, 
ANS/CMPWG – Computational Medical Physics Working Group, etc.), in order to contribute to 
fostering major achievements and developments, to exchange scientific results and to jointly 
promote initiatives (conferences, workshops, education and training, technical documents 
and reports, etc.). Such involvement should be endorsed by the Nuclear Science Committee. 

A series of benchmarks were proposed to be started over the next two years: 

1) Production yields of the radionuclides induced from various targets in concrete shield at  
the 500-MeV neutron irradiation facility of KENS by H. Matsumura (KEK), N. Nakao (KEK),  
K. Masumoto (KEK), K. Oishi (Shimizu Co.), M. Kawai (KEK), T. Aze (U. Tokyo), A. Toyoda(KEK), 
M. Numajiri (KEK), K. Takahashi (KEK), M. Fujimura (Nihon U.), Q. Wang (IHEP), K. Bessho (KEK), 
T. Sanami (KEK). 

2) Thick target yield (TTY) at 0° by 250 and 350 MeV protons at the Research Center of Nuclear 
Physics (RCNP) cyclotron by Y. Iwamoto (JAEA). 

3) AGS spallation target experiment by H. Nakashima and ASTE collaboration team. 

4) Benchmarks on photoneutron spectrum, differential yields and angular distribution from 
targets irradiated by 2 GeV electrons based on measurements carried out at PAL by H.S. Lee. 
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5) Heavy ion benchmark based on data from HIMAC by K. Niita. 

6) Proposal for a ADS and high power accelerator facilities benchmark by P. Vaz (ITN). 

7) Revisiting the Inter-comparison of the Neutron Attenuation in Iron and Concrete (7) report results 
from improved modelling – experimental data for resolving discrepancy, by Hideo Hirayama 
(KEK). N. Mokhov will suggest a list of published lambda measurements and an experiment 
with 120 GeV p into a beam dump 

8) Computational medical physics benchmark(s), by B.L. Kirk (RSICC); benchmarks are being set 
up; this will be reported on at SATIF-9. 

9) SHARE benchmark exercise (for modellers and code developers) by S. Leray (CEA): to be 
defined; this will be reported on at SATIF-9. 

Benchmarks are open to model/code developers and code users. Code users are recommended to 
show their results to code authors, in particular in case of large discrepancies compared with 
experimental results, to ensure that the code is used with competence, and the appropriate model 
features or parameters are used. 

The first five benchmarks were recommended for inclusion into the Shielding and Dosimetry 
Experiments Database (SINBAD). 

The main objectives of the SATIF workshops were revisited and approved as follows: 

• promote the exchange of information among experts in the field of accelerator shielding and 
related topics,  

• identify areas where international co-operation can be fruitful; 

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

The deliverables: 

• assessment of needs in experimental data for the validation of models and codes; 

• organisation of shielding experiments; 

• collection and compilation of experimental data sets; 

• assessment of models, computer codes, parametrisations and techniques available for 
accelerator shielding design purposes; 

• validation of computer codes and models available to perform particle transport simulation 
and organisation of international benchmark and intercomparison exercises; 

• organisation of workshops and co-organisation of conferences relevant in the area of its scope 
and computing radiation dosimetry; 

• publication of workshop proceedings; and editing of an “Accelerator Shielding Handbook”. 

It was agreed to hold the ninth workshop in connection with the joint 11th International 
Conference of Radiation Shielding and Radiation Protection (ICRS11 & RPS-2008), to be held probably 
at the SNS Facility in Oak Ridge, TN, USA. Progress in benchmarks and results from experiments, code 
and database developments will be presented. 

The new Executive/Scientific Committee for SATIF-9 was elected as follows: Ph. Ferguson (ORNL) 
(next Chair), H. Hirayama (KEK), B. Kirk (RSICC), H.S. Lee (PAL, current Chair), A. Leuschner (DESY),  
N. Mokhov (FNAL), T. Nakamura (U. Tohoku), S. Rokni (SLAC), E. Sartori (OECD/NEA), M. Silari (CERN),  
P. Vaz (ITN). 

To summarise, SATIF activities have contributed for more than a decade to enhancing the role 
NEA is playing in promoting international co-operation in scientific areas related to nuclear energy  
(at large), radiation physics and the application of ionising radiations in different fields of science and 
technology. Such actions are in line with the NEA Programme of Work and the main lines of activity 
set out in the NEA Strategic Plan. 
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Introduction to “Handbook on Secondary Particle  
Production and Transport by High Energy Heavy Ions” 

Takashi Nakamura,1 Lawrence Heilbronn2 
1Tohoku University, Cyclotron and Radioisotope Centre, Japan 

2Lawrence Berkeley National Laboratory, University of California, USA 

Abstract 

With increasing the multi-purpose use of high energy, heavy ion accelerators, the secondary particle 
production and transport by high energy heavy ions are therefore current interesting topics. In this 
handbook, we have compiled the experimental results on DDX (double differential neutron production 
cross-section data), TTY (thick target neutron production yield data), heavy-ion produced neutron 
transport data, and spallation products production cross-section data taken at HIMAC. In addition to 
the HIMAC results, we have included some experimental results taken at other heavy ion accelerators 
of energies above about 100 MeV/nucleon. Also, we have included the calculation models and codes 
for heavy ion reaction and transport. The numerical data recorded in the CD-ROM is attached in the 
handbook. We do hope that this handbook will be useful for various applications. 
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1 Introduction 

The high energy heavy ion accelerator facilitates the progress of accelerator science and research, 
such as the discovery of new super-heavy nuclei and unstable nuclei, clinical studies and treatments 
of the cancer therapy. The high energy heavy ion constituents of cosmic radiation must also be 
considered in space exploration. Heavy ion accelerator facilities are now operating or planned for 
construction in the world, and radioactive beam facilities using the spallation products from intense 
heavy ion beams are also under construction for these various purposes. In these high energy, heavy 
particle facilities many secondary particles are created from nucleus-nucleus interactions, and these 
particles, especially neutrons, can produce radioactivities induced in accelerator and structural 
materials, air, water, and soil, and can penetrate through the facility building into the surrounding 
environment. It is therefore quite necessary to evaluate the emission of secondary particles, especially 
neutrons and the creation of the residual nuclei in various materials, in order to estimate the source 
terms of accelerator shielding design, and also to calculate the dose delivered in the human body 
during the therapeutic irradiation. 

When one of the editors, Takashi Nakamura, had performed the shielding design of the HIMAC 
facility (Heavy Ion Medical Accelerator in Chiba) at the National Institute of Radiological Sciences 
(NIRS), Japan more than 15 years before, there existed no available experimental data on neutron 
production from heavy ions and no available computer codes for the heavy-ion transport calculation 
at all. The HIMAC accelerator has being operated for heavy-ion therapy mainly using C ion beam and 
also opened for scientific research studies since 1994. A Japanese group (Tohoku University, High 
Energy Accelerator Research Organisation (KEK), Institute of Physical and Chemical Research (RIKEN), 
National Institute of Radiological Sciences (NIRS), headed by Takashi Nakamura) has done a series of 
systematic experiments on secondary particle production and transport by heavy ions over the past 
ten years from 1994. In 2000, an American group (Lawrence Berkeley National Laboratory (LBNL), 
Michigan State University, and Colorado University) co-ordinated by Lawrence H. Heilbronn, joined 
the HIMAC experiments. 

We have compiled the experimental results on DDX (double differential neutron production 
cross-section data), TTY (thick target neutron production yield data), heavy-ion produced neutron 
transport data, and spallation products production cross-section data taken at HIMAC. In addition to 
the HIMAC results, we have included some experimental results taken at other heavy ion accelerators 
of energies above about 100 MeV/nucleon. Also, we have included the calculation models and codes 
for heavy ion reaction and transport. Our comprehensive experimental results are summarised in  
a handbook [1]. The handbook includes the following subjects: secondary neutron yields from  
thick targets, secondary neutron yields from thin targets, measurements of HZE neutrons behind  
shielding, production cross-sections of spallation products created in HZE reactions, moving source 
parameterisation of thick-target neutron yields and neutron production cross-sections, application of 
data to benchmark transport model calculations. The numerical data recorded in the CD-ROM is 
attached in the handbook. We do hope that this handbook will be useful for various applications, 
especially useful as benchmark data for Monte Carlo code analysis and evaluation. 

2 Secondary neutron yields from thick targets 

Table 1 lists the double differential (in energy and angle) thick-target (stopping length) neutron yield 
experiments summarised in a handbook [1]. The projectile and energy, target material and thickness, 
measured angle, and accelerator facility are shown. HIMAC is the Heavy Ion Medical Accelerator at the 
National Institute of Radiological Sciences in Chiba, Japan. NSCL is the National Superconducting 
Cyclotron Laboratory at Michigan State University in East Lansing, Michigan, USA. SREL is the now 
defunct Space Radiation Effects Laboratory that was located in Newport News, Virginia, USA. Bevelac 
is the now defunct high energy heavy ion accelerator that was at Lawrence Berkeley National 
Laboratory in Berkeley, CA, USA. 
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Table 1: Summarised lists of thick target neutron yield experiments using heavy ions [1] 

Projectile 
(MeV/nucleon) 

Targets (cm) θ 
(deg) 

Facility 

He (100) C (5.0) Al (4.0) Cu (1.5) Pb (1.5) 0 to 90 HIMAC 
He (155) Al (8.26) 10 to 160 NSCL 
He (160) Pb (3.9) 0 to 150 SREL 

He (177.5) C (14.7) H2O (22.9) Steel (4.4) Pb (3.9) 0 to 150 SREL 
He (180) C (16.0) Al (12.0) Cu (4.5) Pb (5.0) 0 to 90 HIMAC 
C (100) C (2.0) Al (1.0) Cu (0.5) Pb (0.5) 0 to 90 HIMAC 
C (155) Al (8.26) 10 to 160 NSCL 
C (180) C (6.0) Al (4.0) Cu (1.5) Pb (1.5) 0 to 90 HIMAC 
C (400) C (20.0) Al (15.0) Cu (5.0) Pb (5.0) 0 to 90 HIMAC 

Ne (100) C (1.0) Al (1.0) Cu (0.5) Pb (0.5) 0 to 90 HIMAC 
Ne (180) C (4.0) Al (3.0) Cu (1.0) Pb (1.0) 0 to 90 HIMAC 
Ne (400) C (11.0) Al (9.0) Cu (3.0) Pb (3.0) 0 to 90 HIMAC 
Si (800) C (23.0) Cu (6.5) 0 to 90 HIMAC 
Ar (400) C (7.0) Al (5.5) Cu (2.0) Pb (2.0) 0 to 90 HIMAC 
Fe (400) C (6.0) Al (4.0) Cu (1.5) Pb (1.5) 0 to 90 HIMAC 
Nb (272) Nb (1.0) Al (1.27) 3 to 80 Bevalac 
Nb (435) Nb (0.51) 3 to 80 Bevalac 
Xe (400) C (3.0) Al (2.0) Cu (1.0) Pb (1.0) 0 to 90 HIMAC 

 

As one example of these experimental results, Figure 1 gives the neutron energy spectra at angles 
of 0 to 90 degrees produced from thick C, Al, Cu and Pb targets bombarded by 400 MeV/nucleon C ions 
at HIMAC [2]. The neutron spectra were obtained by the TOF method using the NE213 scintillator.  
The measured spectra are compared with the PHITS (Particle and Heavy Ion Transport System)  
Monte Carlo code [3]. Three components can be clearly seen in the spectra. In general, the spectra in 
the forward direction have a broad peak at the high energy end. The peak energy usually occurs at 
about 60 to 70% of the beam energy per nucleon. As the target mass becomes lighter and the projectile 
mass increases, the high energy peak becomes more prominent. Most of the neutrons in this high 
energy, forward region come from the break-up of the projectile and direct knock-on processes. 
Neutrons with energies up to 2.5 times the incoming beam energy per nucleon can be produced by 
these processes. At energies below 20 MeV, the spectra are dominated by the breakup of the target. 
Because the target remnant is moving slowly in the lab frame, that source of neutrons is essentially 
isotropic. As such, target-like neutrons can be seen at all angles. As target mass increases, the relative 
contribution to the overall spectra from target breakup increases. At intermediate energies and 
intermediate angles, the spectra are dominated by the decay of the overlap region, where a sizeable 
number of projectile nucleons and target nucleons mix and can undergo several nucleon-nucleon 
collisions. The PHITS calculation gives good agreement with the measured spectra excluding the high 
energy region at 0 degree. 

3 Secondary neutron yields from thin targets 

Table 2 lists the double differential (in energy and angle) thin-target neutron yield (neutron production 
inclusive cross-section) experiments summarised in a handbook [1]. The projectile and energy, target 
material and thickness, measured angle and accelerator facility are shown in Table 2. RIKEN is the 
Institute of Physical and Chemical Research in Wako, Saitama, Japan. 
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Table 2: Summarised lists of thin target neutron yield experiments using heavy ions [1] 

Projectile 
(MeV/nucleon) 

Targets 
(g/cm2) 

Θ 
(deg) 

Facility 

He (135) C(0.216), Al(0.162), Cu(0.268), Pb(0.340) 0 to 110 RIKEN 
He (230) Al(5.40), Cu(5.38) 5 to 80 HIMAC 
C (135) C(0.216), Al(0.162), Cu(0.268), Pb(0.340) 0 to 110 RIKEN 
C (290) C(1.80), Cu(4.47), Pb(2.27), marsbar(5.0) 5 to 80 HIMAC 
C (400) C(9.0), Cu(13.4), Pb(9.08) 5 to 80 HIMAC 
N (400) C(1.78), Cu(2.69) 5 to 80 HIMAC 

Ne (135) C(0.216), Al(0.162), Cu(0.268), Pb(0.340) 0 to 110 RIKEN 
Ne (337) C(3.06), Al(3.38), Cu3.81), U(5.60) 30 to 90 Bevalac 
Ne (400) C(1.80), Cu(4.47), Pb(2.27), ISS wall(2.97) 5 to 80 HIMAC 
Ne (600) Li(2.97), C(3.60), CH2(2.40), Al(3.98), Cu(4.47), Pb(4.54), marsbar(5.0) 5 to 80 HIMAC 
Ar (95) C(0.216), Al(0.162), Cu(0.268), Pb(0.340) 0 to 110 RIKEN 

Ar (400) C(0.72), Cu(1.34), Pb(1.70) 5 to 80 HIMAC 
Ar (560) C(1.08), Cu(1.79), Pb(2.27), marsbar(5.0) 5 to 80 HIMAC 
Fe (500) Li(0.903), CH2(0.957), Al(1.285) 5 to 80 HIMAC 
Kr (400) Li(0.47), C(0.55), CH2(0.46), Al(0.54), Cu(0.90), Pb(1.02) 5 to 80 HIMAC 
Xe (400) Li(0.48), C(0.27), CH2 0.2, 0.3), Al(0.26), Cu(0.45), Pb(0.57) 5 to 80 HIMAC 

 

As one example of these experimental results, Figure 2 gives the neutron energy spectra at angles 
of 5 to 80 degrees produced from thick C, Cu and Pb targets bombarded by 290 MeV/nucleon C ions [4]. 
The neutron spectra were obtained by the TOF method using the NE213 scintillator. The measured 
spectra are compared with the moving source model [1], the QMD (Quantum Molecular Dynamics) 
code [5] and the HIC (Heavy Ion Collision) code [6]. At forward angles (0° for the RIKEN experiments, 5° 
for the HIMAC experiments), there is a prominent peak centred near the beam energy per nucleon.  
As the angle increases, the prominence of the peak decreases to a point at about 20° where the peak is 
insignificant. The high energy neutrons in the region of this forward peak come mainly from the 
breakup of the projectile, along with direct knock-out neutrons from the target. Neutrons are detected 
at energies 2 to 3 times the beam energy per nucleon, which is a phenomenon attributable to the 
collective Fermi motion inside the nucleus adding a momentum kick during the collision. At energies 
below 10-20 MeV, the spectra are dominated at all angles by the decay of the target remnant.  
The exponential behaviour of the cross-section with energy in this region suggests the target remnant 
decays by an equilibrium process. At intermediate energies (above 10 to 20 MeV, below the beam 
energy per nucleon), there is a component that becomes less pronounced as the angle increases. This 
component is dominated by the pre-equilibrium decay of the overlap region between the projectile 
and the target. 

The moving source model consisting of three components above-described gives the best fit to 
the measured spectra, and the QMD code gives much better agreement with the measured ones than 
the HIC code based on the classical model of intranuclear-cascade reaction. 

4 Measurements of HZE neutrons behind shielding 

Recently, measurements have been made of neutrons behind shielding materials at heavy-ion 
accelerator facilities. Table 3 gives an overview of those experiments, showing the beams and targets 
used to produce the neutrons, the shielding material and thickness used, and the type of detection 
system used [1]. The experiments done with the 400 MeV/nucleon C beams were performed at HIMAC, 
and the 155 MeV/nucleon experiments were done at the NSCL. Another shielding experiment at 
HIMAC which is not included in Table 3 has been recently published [7]. 
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Table 3: Summarised lists of neutron shielding experiments using heavy ion beams [1] 

Projectile  
(AMeV) 

Target used to 
produce neutrons 

Shielding 
material 

Range of shielding 
thicknesses 

Detection  
system(s) used 

C (400) Cu Concrete 0-250 cm 
Self-TOF, 
NE-213,  

Activation foils 

C (400) Cu Iron 0-100 cm 
Self-TOF, 
NE-213 

C (400) Cu 
Concrete 

Iron 
0-400 cm 
0-100 cm 

TEPC 

He, C, and O (155) Hevimet 
Concrete 

Iron 
0-440 cm Bonner Spheres 

 

In HIMAC experimental arrangements, neutrons were produced by stopping 400 MeV/nucleon 
12C ions in a 5-cm thick Cu (10x10 cm square) target. The concrete and iron shields were 50- and  
10-cm thick slabs, respectively, both of 100 × 100 cm square, and they were placed centered and 
normal to the beam axis. Figure 3 shows the neutron fluxes (# per steradian per MeV per ion) behind 0, 
50, 100, 150, 200 cm of concrete, and 0, 20, 40, 60, 80, 100 cm of iron, using the self-TOF detector and 
the NE213 detector, together with the source neutron spectrum [8]. The self-TOF detector gives the 
neutron spectra above the low-energy threshold of 100 MeV because low energy recoils range out in 
the radiator, and below 600 MeV due to a lack of statistically-significant events. The spectra have a 
broad peak around 200 to 300 MeV, and little softening of the spectra can be seen with increasing 
shield thickness. The NE213 detector gives the neutron spectra from 20 to 800 MeV. Both spectra given 
by self-TOF and NE213 are generally in good agreement each other, although the broad peaks are not 
seen in the NE213 spectra. The dashed lines show MCNPX calculations of the spectra. The calculations, 
in general, give a harder spectrum than do the measurements. Below 100 MeV, the calculations 
overestimate the data as the shielding thickness increases. Between 100 and 400 MeV, the agreement 
between experiment and calculation is good. The agreement between calculation and experiment is 
quite good over the entire energy range (20-800 MeV) at 20 cm iron shield, and 50, 100, 150 cm 
concrete shields. 

5 Production cross-sections of spallation products created in HZE reactions 

An important component in the design of heavy-ion accelerator facilities is an accurate estimation of 
the radioactivities induced by spallation products in accelerator components and in shielding 
materials. To this end, the production cross-sections for various spallation products have been 
measured from heavy-ion reactions by several groups. Table 4 shows the various beams, targets and 
facilities used in the experiments [1]. PPA is the Princeton Particle Accelerator (now defunct) in USA 
and TWA-ITEP is the U10 synchrotron Terawatt Accumulator of the Moscow Institute for Theoretical 
and Experimental Physics in Russia. 

The HIMAC series of experiments [9] used a target stack comprised of two to seven 5-mm thick 
Cu plates of 10 cm by 10 cm squares. In between each plate, samples of C (0.2-mm thick, 5 × 5 cm 
square), Al (0.1-mm thick, 9 × 10 cm2), and Cu (0.1-mm thick, 9 × 10 cm2) were placed in order to 
measure the spatial distributions of spallation products, and to determine the energy dependence on 
the cross-section. Foils of the same thickness were placed at the front of the stack to measure the 
reaction cross-sections and mass-yield distributions.  

The data can be summed over the same mass numbers to produce mass-yield distributions. As 
one example, Figure 4 shows the mass-yield distributions (in mb) of 35 nuclides from 7Be to 65Zn for 
the 400-MeV/nucleon C and Ne ions interacting in a Cu target compared with the PHITS calculations. 
The PHITS calculations give good agreement with the experimental results, excluding an 
underestimation for some nuclides. 
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Table 4: Listing of the beams, energies (MeV/nucleon), targets  
and facilities used to measure spallation product cross-sections [1] 

Beam Energy Target Facility 
14N 278 AMeV natCu PPA 
12C 2083 AMeV natCu Bevalac 
40Ar 2000 AMeV natCu Bevalac 
12C 2100 AMeV natCu Bevalac 

20Ne 211 AMeV natCu Bevalac 
20Ne 377 AMeV natCu Bevalac 
12C 135 AMeV natCu RIKEN 
4He 100 AMeV C, Al, Cr, Fe, Ni, Cu, Pb HIMAC 
12C 100 AMeV C, Al, Cr, Fe, Ni, Cu, Pb HIMAC 

20Ne 100 AMeV C, Al, Cr, Fe, Ni, Cu, Pb HIMAC 
4He 230 AMeV C, Al, Cr, Fe, Ni, Cu, Pb HIMAC 
12C 230 AMeV Al, Cr, Fe, Ni, Cu, Pb HIMAC 

20Ne 230 AMeV C, Al, Cr, Fe, Ni, Cu, Pb HIMAC 
40Ar 230 AMeV C, Al, Cr, Fe, Ni, Cu, Pb HIMAC 
12C 400 AMeV C, Al, Cr, Fe, Ni, Cu, Pb HIMAC 

20Ne 400 AMeV C, Al, Cr, Fe, Ni, Cu, Pb HIMAC 
40Ar 400 AMeV C, Al, Cr, Fe, Ni, Cu, Pb HIMAC 
28Si 800 AMeV C, Al, Cr, Fe, Ni, Cu, Pb HIMAC 
12C 200 AMeV 63Cu, 65Cu, Al, Co TWA-ITEP 

 

6 Conclusion 

The work and data described here is from the efforts of scientists from Japan, the US, and Europe 
during the past 25 years. We have focused on research that is applicable to the general field of high 
energy (>100 MeV/nucleon), heavy ion transport. More specific applications in that field include 
accelerator design and shielding, medical physics and heavy-ion radiotherapy, and space-radiation 
transport and shielding design. It was our pleasure to survey the field to collect the most 
comprehensive data set we could find in four main areas: thick-target neutron yield measurements, 
neutron production cross-sections, measurements of neutrons behind shielding, and spallation 
products production cross-sections. 
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Figure 1: Comparison of the measured neutron spectra with the PHITS calculations  
for 400 MeV/nucleon C ion on thick (stopping-length) C and Cu targets 

         

Figure 2: Double-differential neutron production cross-sections for 290 MeV/nucleon C ions 

The targets are (a) C, (b) Cu and (c) Pb. The solid curves are the calculated results by the moving source model.  
The dashed and dot-dashed curves are the results of the QMD and HIC calculations, respectively. 
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Figure 3: Comparison of measured and calculated neutron energy  
spectra penetrating through (a) concrete and (b) iron shields 

Solid lines are the measured results of the self-TOF detector, dot-dash lines are of the NE213 detector. Dotted lines are the 
MCNPX calculations and broken line is the source neutron spectrum [2] generated from the Cu target bombarded by 
400 MeV/nucleon C ions. 

 

Figure 4: Comparison of measured and calculated reaction cross-sections of spallation  
products in Cu for 400 MeV/nucleon C and Ne projectiles with the PHITS calculations 
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Abstract 

“Radiation dose conversion coefficients for radiation shielding calculations: 2004” has been published 
by the Standards Committee in the Atomic Energy Society of Japan. This standard gives effective dose 
conversion coefficients based largely on the ICRP recommendations in 1990, and the conversion 
coefficients evaluated in Japan to obtain effective dose for photons having energies up to 10 GeV and 
for neutrons having energies up to 5 GeV. This standard also gives group-wise dose conversion 
coefficients in the energy group structures of multi-group cross-section libraries frequently used in 
shielding calculations. 
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Introduction 

The Standards Committee of Atomic Energy Society of Japan is set to prepare Nuclear Standards, 
which are developed on the basis of latest knowledge and experiences through the process realising 
fairness, impartially and transparency [1]. The Subcommittee on Radiation Shielding, the Research 
Reactor Technical Committee and the Standards Committee deals with standardisation of methods 
and data used in shielding calculations, which are dose conversion coefficients, gamma-ray build-up 
factors and typical composition of shielding materials. 

Fluence-to-dose conversion coefficients are necessary to estimate dose rate in radiation shielding 
calculations by the discrete ordinates method, the Monte Carlo method, etc. New values of radiation 
dose conversion coefficients were provided by the International Commission on Radiological 
Protection (hereafter, ICRP) when ICRP published new recommendations in 1977 [2] and 1990 [3], and 
general concepts with respect to radiation dose were modified accordingly. As a result, values of 
radiation dose conversion coefficients attached in the Japanese domestic law, the Radioactive Defect 
Protection Law, etc., have also been changed. 

“Radiation dose conversion coefficients for radiation shielding calculations: 2004” [4] provides 
dose conversion coefficients from fluence rate to effective dose rate of photons and neutrons for use 
in radiation shielding calculations. This standard is based largely on the ICRP recommendations in 
1990. However, original values based on research conducted in Japan have been retained primarily 
with respect to the following two items: 

1) conversion coefficients to obtain effective dose of photons and neutrons in the high energy 
region; 

2) group-wise conversion coefficients to obtain effective dose. 

Status of effective dose conversion coefficients data 

Table 1 shows the energy range and irradiation geometries of the effective dose conversion coefficient 
data set, ICRP Publication 74 [5], domestic law in Japan, and high energy data sets [6-8]. The values of the 
effective dose conversion coefficients attached in the domestic law in Japan, the Radioactive Protection 
Law, were adopted only for AP irradiation geometry in which the effective dose is greater than those 
in other irradiation geometries for lower energy radiation. In this standard, the values of effective 
dose conversion coefficients were adopted for photons with energy from 0.01 MeV to 10 GeV, and for 
neutrons with energy from 1 MeV to 5 GeV, which exceed the energy range in ICRP Publication 74 and 
domestic law in Japan. 

Table 1: Energy range and irradiation geometries of  
the effective dose conversion coefficient data set 

Dataset Photons Neutrons 
ICRP  

Publication 74 
0.01 MeV – 10 MeV 

6 geometries (AP, PA, RLAT, LLAT, ROT, ISO)
1 MeV – 180 MeV 

6 geometries (AP, PA, RLAT, LLAT, ROT, ISO) 
Domestic law  

in Japan 
0.01 MeV – 10 MeV 

AP geometry 
1 MeV – 20 MeV 

AP geometry 
High energy  

data 
EGS4: 1 MeV – 10 GeV 

FLUKA: 0.05 MeV – 100 GeV 
HETC-3STEP: 20 MeV – 10 GeV 

FLUKA: 1 meV – 100 GeV 
Scope in this 

standard 
0.01 MeV – 10 GeV 

AP geometry 
1 MeV – 5 GeV 
AP geometry 

 

Contents of standard 

The object radiation in this standard was photons with energy from 0.01 MeV to 10 GeV and neutrons 
with energy from 1 MeV to 5 GeV. The values of effective dose per unit fluence and effective dose rate 
per unit fluence rate were listed in the form of energy point data and energy group averaged data. The 
fitting formula in the polynomial expression was also shown. 
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Source data of standard 

Table 2 shows the source data of standard. The values for lower photons and neutrons were based in 
the data from ICRP Publication 74 for AP irradiation geometry, which were corresponding to those 
attached in the domestic law in Japan. The values for photons with energy above 5 MeV were based in 
the data from EGS4 results [8,9] which were obtained for the vacuum condition around phantom and 
included the effect of secondary electron transport, because the secondary electrons produced by high 
energy photons have large range. The values for neutrons with energy above 20 MeV were based in 
the data from HETC-3STEP results [8] which were calculated by using the radiation weighting factor 
for high energy neutrons, 5. 

Table 2: Source data of standard 

Radiation Energy range Source Geometry Comments 

Photons 

0.01 MeV 
- 5 MeV 

ICRP Publication 74 AP Kerma approximation 

5 MeV 
- 10 GeV 

EGS4 results AP 
Secondary electron transport 

Vacuum around phantom 

Neutrons 
< 20 MeV ICRP Publication 74 AP  
20 MeV 
- 5 GeV 

HETC-3STEP results AP Radiation weighting factor, 5 

 

Characteristic of standard data for photons 

In ICRP Publication 74, the effective dose conversion coefficients for photons were obtained from 
effective dose per air Kerma multiplied by air Kerma conversion coefficients. As air Kerma conversion 
coefficients for high energy photons above 10 MeV were not listed in the ICRP report and effective 
dose conversion coefficients for high energy photons were listed in the form from unit fluence to 
effective dose, the values for the all energy region were also listed in the form from unit fluence to 
effective dose. 

As energy of secondary electrons produced by low energy photons is small and its range is also 
small, the Kerma approximation holds good that the energy of secondary electrons is deposited 
around the collision point between photons and medium atoms. Figure 1 shows the effect of 
secondary electron transport in effective dose conversion coefficients for AP irradiation by photons. 
Effective dose conversion coefficients by using Kerma approximation were two decade greater than 
those with secondary electron transport at 10 GeV photons. The values cited in the standard were 
data obtained by using secondary electron transport. 

Figure 2 shows effective dose conversion coefficients for photons in various irradiation 
geometries. Effective dose conversion coefficients in AP irradiation of low energy photons were 
greater than those in other irradiation geometries, and from that reason those for AP irradiation were 
adopted as attached values in domestic law. On the other hand, the maximum values of effective dose 
conversion coefficients in the irradiation geometries were varied with photon energy from AP 
geometry to ISO geometry. An adoption of maximum effective dose conversion coefficients caused 
excessive margin. For the consistency to low energy photons, effective dose conversion coefficients 
for high energy photons in AP irradiation were also adopted. 

The evaluated data of effective dose conversion coefficients for photons in ICRP Publication 74 have 
no presentation of error bar. The statistical errors contained in EGS4 results were eliminated by the 
smoothing procedure for 1 MeV span data of EGS4 results [9] from 5 MeV to 20 MeV. 
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Figure 1: Effect of secondary electron transport in  
effective dose conversion coefficients for photons 

 

Figure 2: Effective dose conversion coefficients for photons in various irradiation geometries 

       

Characteristic of standard data for neutron 

Effective dose conversion coefficients were evaluated by using of radiation weighting factor (wR). 
Figure 3 shows the radiation weighting factor and body averaged quality factor for neutrons. Radiation 
weighting factors for high energy neutrons is 5 and its value is greater than the body averaged quality 
factors which are evaluated from the effective dose equivalent divided by the effective absorbed dose. 
In this standard, effective dose conversion coefficients for high energy neutrons were corresponding 
to those evaluated by using wR = 5. 

Figure 4 shows effective dose conversion coefficients for neutron in various irradiation geometries. 
Effective dose conversion coefficients in AP irradiation of low energy neutrons were greater than those 
in other irradiation geometries same as photon case, and from that reason those for AP irradiation were 
also adopted as attached values in domestic law. From the same reason, effective dose conversion 
coefficients for high energy neutrons in AP irradiation were adopted in this standard. 
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Figure 3: Radiation weighting factors and body averaged quality factors for neutrons 

 

Figure 4: Effective dose conversion coefficients for neutron in various irradiation geometries 

    

Figure 5: Concrete transmitted neutron spectra and calculation model 
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The contribution of each energy region neutrons to total dose was evaluated by using the typical 
concrete transmitted neutron spectra [10]. Figure 5 shows calculation model and concrete transmitted 
neutron spectra. Proton energy is 0.6 GeV, 1 GeV and 1.5 GeV, respectively, and concrete transmitted 
neutron spectra were calculated NMTC/JAM code [11,12]. Figure 6 shows dose contribution of each 
energy neutrons, below 19.6 MeV, 19.6-100 MeV, 100-180 MeV, and above 100 MeV. There is some 
discrepancy in effective dose conversion coefficients between irradiation geometries and evaluation 
code, but the contribution due to neutron above 180 MeV is smaller than about 10%. So the difference 
of dose conversion coefficients between irradiation geometries and evaluated codes was eliminated in 
view of total dose. 

Figure 6: Dose contribution of each energy neutrons 

 

Fitting formula for effective dose conversion coefficients expressed by polynomial 

The dose conversion coefficients for desired energy, not fixed energy, are often needed in shielding 
calculations. In the standard, fitting formula of effective dose conversion coefficients (E/Φ) expressed 
by Equations (1) and (2) are prepared for photons and neutrons, respectively. Eγ and En are energy for 
photons and neutrons, Mγ m and Mn

m are fitting parameters for photons and neutrons, respectively. 
Fitting parameters with five-digit number were obtained for four regions of photon and neutron 
energy region. 
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Figures 7 and 8 show the fitting of effective dose conversion coefficients for photons and 
neutrons, respectively. The fitting error for photons was less than 3%. The fitting error for low energy 
neutrons below 20 MeV was less than 2%, and that for high energy neutrons above 20 MeV was less 
than 6% except for 100 MeV data, which was not smoothed data and its fitting error was about 10%. 
Attached EXCEL file can calculate the effective dose conversion coefficients for desired energy of 
photons and neutrons. 
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Figure 7: Fitting of effective dose conversion coefficients for photons 

 

Figure 8: Fitting of effective dose conversion coefficients for neutrons 

 

Group averaged dose conversion coefficients for typical shielding group constants 

In shielding calculations, the discrete ordinate codes such as ANISN and DOT are used with group 
averaged cross-section libraries. Group averaged dose conversion coefficients were also prepared for 
four typical shielding group constants shown in Table 3. Ambient dose equivalent conversion 
coefficients are need for the shielding calculations of transport casks. 

Summaries 

In the standard of dose conversion coefficients in Atomic Energy Society of Japan, effective dose 
conversion coefficients for photons and neutrons were published beyond the energy range in ICRP 
Publication 74 and domestic law in Japan. It provides the fitting formula for effective dose and group 
averaged data for typical shielding group constants, also. EXCEL data file is furnished with standard 
book, which contains the various tables and the tool to calculate the effective dose conversion 
coefficients in desired energy by fitting formula. 
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Table 3: Group averaged data 

Energy group structure 
(n/γ) 

Effective dose 
(E) 

Ambient dose equivalent 
(H*(10)) 

DLC23/CASK [13] 
(22n/18γ) ○ ○ 

JSD-J2 [14] 
(100n/20γ) ○ ○ 

VITAMIN-B6 [15] 
(199n/42γ) ○ ○ 

High energy (extended HILO86R 
[16] up to 3 GeV) 

(78n/22γ) 
○ ― 
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Abstract 

High-energy accelerators can produce strongly time-structured radiation fields. Such dose shots are 
generated at linear machines with low duty cycles as well as at circular machines when complete fills 
are instantaneously lost. The main dose component is due to high-energy neutrons occurring at that 
time structure. Usually, moderated rem-meters based on proportional chambers fail here as they 
extremely suffer from dead time effects. Therefore a new method for pulsed neutron dose monitoring 
was developed and investigated. It's based on an unstable intermediate state with a short half life.  
In this case, high-energy neutrons produce the 9Li nuclide by spallation of the carbon in the moderator 
of the rem-counter LB 6411 from BERTHOLD Technologies. Its daughter nuclide is a neutron emitter. 
So, delayed neutrons are registered with a half life of 170 ms in time-resolved readout with 1 ms 
resolution. The response was measured along with passive dose meters in the radiation field behind 
the lateral concrete shielding of a 7.5 GeV proton transfer line. 
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Introduction 

Almost all modern accelerators make use of radio-frequency structures for acceleration of charged 
particles. The primary beam is bunched and any beam interaction causes a pulsed field of secondary 
radiation. Behind thick shielding of high-energy accelerators the radiation intensity is attenuated by 
several orders of magnitude and mainly high-energy neutrons (En > 20 MeV) (Dinter, 1996a, 2000) 
contribute to the total dose. The time structure of the radiation fields is in many cases quasi-continuous 
and active dose meters work properly. But there are also strongly time dependent radiation fields.  
In principle there are two different time structures: transient processes and repetitive processes.  
As the instantaneous dose rate levels might be extremely high active dose meter may suffer from 
unpredictable dead time effects. 

The character of a transient process might be illustrated with an example from DESY. The 
circular electron-proton collider HERA was upgraded to increase its luminosity. A failure in the magnet 
system caused a complete loss of the stored proton beam within a few milliseconds. This event occurred 
near an experimental hall and caused severe damages in the vacuum system. In addition there was 
also a considerable amount of residual radioactivity detected. Measurements with passive dose meters 
(TLD600-TLD700 in a polyethylene cylinder, thorium radiator on Macrofol foil) resulted with doses of 
approximately 1 mSv for this pulse, while active Andersson-Braun (AB) counters under responded 
severely by several orders of magnitude. 

In general, transient events are rare. But they may generate not only severe hardware damages 
but also relatively large dose increments up to several mSv. Considering such events in terms of "dose 
rate" concepts might be completely misleading. In a short period time scale dose rate might not be 
measurable and would be a more or less meaningless quantity. In terms of long periods the event 
might not even occur again. Only integrated dose increments of the entire event can be registered by 
passive dose meters and by very few active instruments. 

According to the specific time structure of an accelerator the radiation fields may be repetitive. 
This is for instance true at the new linear electron accelerators of the free-electron lasers FLASH and 
XFEL. It holds also for synchrotron radiation sources like SPring8, ESRF, APS; BESSY-II and PETRA-III 
because of the top-up operation mode. The repetitions rates are up to 10 Hz with duty cycles of less 
than 0.01. Regardless of transient events that could occur also at these accelerators the radiation field 
is a sequence of dose shots which have to be measured. The dose increment per shot is expected to be 
much smaller as for the transient case but may well reach a few μSv. For example, if the accelerator is 
in a bad condition a repetition rate of 1 Hz and a dose of 1 μSv per shot would lead to an average dose 
rate of 3.6 mSv/h behind shielding. This exposure has to be measured properly and machine operation 
has to be interrupted as early as reasonably possible. 

The principle of the new detection method 

In 2005 a collaboration between Berthold Technologies and DESY was formed in order to develop a 
new system for the measurement of pulsed neutron radiation based on existing LB 6411 neutron dose 
rate monitors. With the new method, the LB 6411s are read-out time resolved with 1 ms resolution 
and delayed neutrons from the following reaction chain are detected. High-energy neutrons with 
energies above 40 MeV produce the 9Li nuclide in the polyethylene moderator via the spallation 
reaction 12C(n,X)9Li with a cross-section in the range between 0.1…1 mbarn [9]. It is instable and 
decays with a half life of 178 ms: 9Li → 9Be* + β– + ν. The9 Be* nuclide instantaneously disintegrates by 
emitting a fast neutron: 9Be* → 2α + n. Thus, the detected neutrons are having a time spectrum 
according to the decay with 178 ms half life. The prompt radiation pulse with time zero can be 
detected utilising the prompt detector counts.  

Description of the detector system 

The new detection concept utilises rem counters as neutron detectors and their moderators as 12C 
target to produce 9Li nuclei. We used the Berthold probes LB 6411 and LB 6411-Pb as rem-counters. For 
data acquisition with time resolved readout a new small data-logging unit, the Berthold LB 5360 was 
newly developed. 
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Neutron dose rate probes LB 6411 and LB 6411-Pb 

The neutron dose rate meter Berthold LB 6411 measures ambient dose equivalent H*(10) for neutrons. 
It was developed as a consequence of the recommendations of the Internal Commission on 
Radiological Protection published in ICRP 60 (ICRP, 1991). The probe utilises for neutron detection a 
cylindrical 3He proportional counter tube centred in a polyethylene moderating sphere with diameter 
25 cm. The probe’s weight is about 10 kg. The response to neutron dose rate is 2.83 counts/nSv for 
bare 252Cf. The neutron energy range covers thermal energies up to 20 MeV. The energy dependent 
neutron response is tuned with internal neutron absorbing layers and it is ±30% between 50 KeV and 
10 MeV. A detailed description of the detector together with calibration data from the PTB and results 
of MCNP calculations was published elsewhere (Klett, 1997). 

As it is well known that conventional rem-counters suffer from severe under responses at higher 
neutron energies, a special version LB 6411-Pb for neutron energies up to 1 GeV was recently 
developed. It is the LB 6411 with an additional external spherical layer of lead with a thickness of 
10 mm. High energy neutrons are generating in the lead spallation neutrons and increase thus the 
response at higher energies. The overall weight is approximately 35 kg. The detector was calibrated in 
the CERF reference field at CERN/Geneva (Mitaroff, 2002) and showed an excellent dose response to 
high energy neutrons (Klett, 2004). The measured response at CERF relative to the required response 
was 98.8%, while it was for a conventional LB 6411 only 68.9%. 

Time resolved readout 

The counting rates of the neutron detectors were acquired with time resolved readout with the newly 
developed small data acquisition system Berthold LB 5360. The unit is based on a Motorola 68340 CPU 
(max. 24.117 MHz). On board it has a real time clock, 128 KByte RAM, 1 MByte flash, a serial RS232 port 
and two counting channels for maximum rates up to 7.48 MHz. We used for this experiment readout 
time slices of exactly 1 ms, which were controlled by the real time clock. The minimum time slice 
would be 122 μs. The system auto-synchronises to the accelerator's beam pulses using a trigger 
threshold condition. During a beam pulse the prompt counting rate is relatively high and exceeding 
this threshold the burst is identified. The system records for subsequent events the time difference 
relative to the beam pulse and accumulates and stores the counts as time-difference histograms. The 
data logger LB 5360 is analysing these histograms and if required is also transferring them periodically 
to a host or network. 

Measurements with pulsed neutron radiation 

These instruments were for the first time successfully tested with pulsed neutron fields on 
9-10 March 2006 at DESY. The reference doses were determined with passive dose meters. 

Beam and irradiation conditions 

The pulsed radiation field was generated by a 7.5 GeV proton beam in the transfer tunnel from the 
DESY III synchrotron to the PETRA storage ring. For this experiment a bending magnet in the injection 
line was switched off, in order to generate a complete beam loss in the shielding. It consisted of the 
concrete walls of the tunnel and the hall and soil in between and it had about 2.5 m of total thickness. 
Behind the shielding was the irradiation platform inside the PETRA experimental hall. It was located 
in lateral direction to the beam at a distance of about 3.2 m. The neutron ambient dose equivalent per 
primary proton was estimated by a “point source, line of sight” model to be 4 × 10–17 Sv (Dinter, 1996a). 
On the irradiation platform the neutron energy spectrum is expected to be in equilibrium for standard 
concrete as it is shown in Figure 1. The time structure of the proton beam is given by bunch trains 
with a spacing of 4 s. A single train consists of 10 bunches spaced by 96 ns. It is almost 1 μs long and 
has a total charge of 1 × 1012 protons. A single bunch train generates a dose quantum of 40 μSv on the 
irradiation platform. 
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Figure 1: Energy spectrum of the neutron fluence in lethargy representation on the  
irradiation platform. The inserted box displays the time structure of the proton beam. 

 

Experimental results 

The LB 6411 Pb and the LB 6411 together with passive neutron dose meters were simultaneously 
irradiated with 101 shots. Several passive dose meters were used to measure accumulated doses not 
affected by dead time effects. Reference dose increments for a single shot were extracted for comparison. 

Reference dose 

The bubble detectors BD-PND from Bubble Technology Industries with a sensitivity of 13 μSv/bubble 
(Am-Be source) measured a dose of 27 μSv. It is due to low-energy neutrons only as bubble detectors 
are not sensitive to high-energy neutrons. 

At DESY sets of two different passive dose meters are commonly used. Both, the pair of 
TLD600/700 in a Polyethylene cylinder and the Thorium radiator on Macrofol foil are calibrated for the 
entire high-energy neutron spectrum behind thick lateral concrete shielding. Their doses of 50 μSv 
and 54 μSv were measured, respectively. This agreement validates the assumption of a standard 
concrete equilibrium energy spectrum. The reading of the TLD700 leads to a γ-dose of 7 μSv. 

The reference neutron doses for a single shot were chosen to be 27 μSv for the low-energy part 
and 50 μSv for the whole neutron spectrum. 

LB 6411 data processing 

The counts of the LB 6411 were coherently accumulated shot by shot. The prompt counts were used 
as a trigger for auto-synchronisation. The raw data time spectrum is shown in Figure 2. On the very 
left the prompt peak can be seen. 
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For further analysis the following steps were applied: Normalising for a single shot, setting time 
zero right after the prompt peak and rebinning the time in logarithmically equidistant bins. The result 
is drawn in Figure 3, left. In order to have a closer look onto the time spectrum a lethargy representation 
is displayed in Figure 3, right. The normalisation is chosen such that the peak maximum corresponds 
to the integral number of counts of the decay pattern. The solid line is a two-exponentials fit. The high 
peak with a life time of 1.5 ms is the time-of-flight signal due to thermal neutrons from the source 
region. With a speed of 2.2 m/ms one gets a distance of 3.3 m representing the real geometry very well. 
The smaller peak with a life time of 245 ms is caused by the delayed neutrons from the 9Li decay. 

Figure 2: Accumulated raw data of the LB 6411 Pb from 101 shots are 
shown in a semi-log plot with equidistant (1 ms) time binning 

 

Figure 3: Single shot response of the LB 6411 Pb in logarithmic time binning 

Time zero is right after the prompt peak. On the left, there is the semilog plot of the measured time spectrum with the time  
axis adapted to the 9Li decay. The plot on the right shows the same data (*) in lethargy representation. The solid line is a 

two-exponential fit to the data. The normalisation is chosen such that the peak maximum corresponds to the integral number of 
counts of the decay pattern, that are 40 and 5 counts for the thermal neutron peak and the 9Li neutron peak respectively. 

 

Comparison to reference 

The results are summarised in Table 1. The upper part belongs to the LB 6411 and the lower part to 
the LB 6411 Pb. Any data correspond to a single shot. 
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The total number of counts for both rem-counters leads to doses that underestimate the 
reference value by several orders of magnitude. This is the case with the normal operation mode of 
the rem-counters. 

In the time-resolved operation mode there is a clear response due to the delayed neutrons of the 
9Li decay. With the reference dose of the high-energy part of the neutron spectrum the sensitivities of 
the LB 6411 and the LB 6411 Pb are calculated to be 0.26 and 0.21 counts/μSv respectively.  

Table 1: Data of the single shot response of the LB 6411 Pb and LB 6411 

Device 
name 

Quantity Time constant 
Number 

of counts 
Sensitivity 

[counts/μSv] 
Dose readout 

[μSv] 
Reference 
dose [μSv] 

LB 6411 
Total Δ = 3000 ms 250 2830 0.09 27 

Thermal neutrons τ = 1.5 ms 87.3    
9Li neutrons τ = 245 ms 6.0 0.26  23 

LB 6411 Pb 
Total Δ = 3000 ms 155 2830 0.05 50 

Thermal neutrons τ = 1.5 ms 40.5    
9Li neutrons τ = 245 ms 4.8 0.21  23 

 

The response due to thermal neutrons cannot be compared to a reference dose as it contains 
only those thermal neutrons coming from the source region far away. But both versions of the LB 6411 
differ considerably. The Lead shell of the LB 6411-Pb might reduce the response due to thermal 
neutrons more than expected so far. 

Conclusion 

There are functional prototypes of the time-resolved readout LB 5360 for the rem-counters LB 6411 
and LB 6411-Pb from Berthold Technologies, Germany. Their responses due to pulsed high-energy 
neutrons were measured. The sensitivities are 0.26 and 0.21 counts/μSv respectively. This method can 
be applied in pulsed high-energy neutron fields with repetition rates up to 5 Hz.  
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Shielding parameters of concrete and polyethylene  
for the PSI proton accelerator facilities 

Sabine Teichmann 
Paul Scherrer Institut, Switzerland 

Abstract 

The Paul Scherrer Institut (PSI) operates 72-MeV, 250-MeV and 590-MeV proton accelerator facilities. 
To provide a simple, systematic approach to arising shielding questions within new projects, MCNPX 
has been used to calculate angle-dependent shielding parameters of concrete, i.e. dose-rate source 
terms and attenuation lengths, for protons with these three energies striking a stopping-length iron 
target. Two calculational models (tallies at various levels within a shielding sphere and tallies on the 
outside of a shielding sphere of varying thickness) and two cross-section sets (ENDF/B-VI and LA150) 
have been examined. Polyethylene has also been considered as shielding material for 72-MeV protons. 
The contributions of photons and neutrons to the total dose rate were analysed. The results are 
compared to available measurements. 
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Introduction 

The Paul Scherrer Institut (PSI) has been operating 72-MeV and 590-MeV proton accelerator facilities 
since 1974. An upgrade of the 590-MeV facility from 2 to 3 mA DC proton currents is in progress.  
In addition to the existing target stations for isotope and meson production and the spallation 
neutron source SINQ, an ultra-cold neutron source (UCN) is currently under construction, which will 
be fed by the 590-MeV ring cyclotron. In 2005, commissioning tests began on the new medical 
cyclotron at PSI. It produces 250-MeV protons, which can be degraded down to 70 MeV, to feed the 
existing proton therapy area, two new treatment rooms and one experimental area. 

To provide a simple, systematic approach to shielding problems arising within new projects, the 
Monte Carlo particle transport code MCNPX version 2.5.f [1] has been used to calculate angle-dependent 
shielding parameters, i.e. dose-rate source terms and attenuation lengths that can be used for the 
dose rate H behind a shield: 
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where Ep is the proton beam energy, r is the distance from the target to the point of interest, d(θ) is the 
effective shielding thickness under angle θ (i.e. the length of shielding material that is being traversed), 
H0,i(Ep,θ) and λi(Ep,θ) are parameters for the angle-dependent source terms and attenuation lengths for 
small and large shielding depths. 

Calculations were made for the following cases (proton energy, shielding material): 

1) 72 MeV, normal concrete; 

2) 72 MeV, polyethylene (PE); 

3) 250 MeV, normal concrete; 

4) 590 MeV, normal concrete. 

An angular range from 0 to 90 degrees in steps of 10 degrees was considered. 

Calculational models 

The principle of the method is described in [2]. A cylindrical block of iron, with dimensions shown in 
Table 1, is used as the target for the proton beam. It is located at the centre of a spherical shielding 
shell, 3 to 5 m thick and with a large inner radius of at least 90 m, so that effects related to the 
curvature and to neutron scattering can be neglected. The compositions of the used shielding 
materials are given in Table 2. Geometry splitting and Russian roulette are used as variance reduction 
techniques. The shielding is subdivided into shells of 15 to 20 cm thickness. With increasing radius, 
the shells are assigned increasing importance values. The ratio of the importance values between 
adjacent shells never exceeds a factor 2. Surface flux tallies (F2-tallies), segmented into angular bins of 
10 degree widths between 0° and 90° are used to score outgoing energy-dependent neutron and 
photon fluxes. They are folded with energy-dependent conversion factors for the ambient dose 
equivalent, listed in Tables 3 and 4. 

Final results were obtained by using the fluxes and dose rates at the surface crossing boundaries 
every 15-20 cm (Model 1). By employing cosine-binning, only the outward-directed particle fluxes were 
selected. The effect of reflection off the outer shells on the results was thus minimised. However, 
multiple reflected particles going outwards are still being scored. To investigate this effect, a more 
realistic model was used for a few reference cases. In this model, surface fluxes were scored at the 
outermost boundary of a shielding shell with three different thicknesses (Model 2): 0.9 m, 1.35 m and 
1.95 m for 72 MeV; 1 m, 2 m and 3 m for 250 MeV; 1.4 m, 2.4 m and 3.4 m for 590-MeV protons. 

Furthermore, two different sets of neutron cross-section libraries have been used with Model 1: 
LA150 (Model 1a) and ENDF/B-VI (Model 1b). 

Unless otherwise noted, results and discussions refer to Model 1a. 
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Table 1: Parameters of the iron target used in the simulations; ρ = 7.8 g/cm3 

Eρ 

[MeV] 
Thickness 

[mm] 
Radius 
[mm] 

Proton range 
[mm] 

072 010 007 007.6 
250 075 058 068.0 
590 284 220 274.0 

 

Table 2: Chemical compositions used in the simulations for normal  
concrete (ρ = 2.31 g/cm3) and polyethylene (ρ = 0.95 g/cm3) in atomic fractions 

 H C O Mg Al Si Ca Fe 
Concrete 0.1064 0.2530 0.4446 0.0233 0.0075 0.0213 0.1415 0.0024 
PE 0.6667 0.3333       

 

Table 3: Used flux-to-dose conversion factors for neutrons, CFn 

The factors for energies up to 100 MeV are taken from [3], above that from [4] 

En [MeV] 2.5·10–8 0.024 0.144 0.25 0.57 1.2 2.5 2.8 3.2 5.0 14.8 
CFn [pSv cm2] 11.4 20.2 134 215 355 433 437 433 429 420 561 
En [MeV] 19 30 50 75 100 150 200 300 400 500 600 
CFn [pSv cm2] 600 515 400 330 300 285 285 306 349 420 487 

 

Table 4: Used flux-to-dose conversion factors for photons, CFp 

The factors are taken from [5] 

Eγ [MeV] 0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.10 0.15 0.20 
CFp [pSv cm2] 0.082 0.84 1.04 0.81 0.61 0.51 0.51 0.56 0.62 0.87 1.23 
Eγ [MeV] 0.3 0.4 0.5 0.6 0.8 1.0 1.5 2.0 3.0 4.0 5.0 
CFp [pSv cm2] 1.81 2.36 2.78 3.46 4.29 5.18 6.92 8.25 10.40 10.70 10.40 
Eγ [MeV] 6.0 8.0 10.0 
CFp [pSv cm2] 9.57 9.10 8.80 

 

MCNPX results 

As an example, Figure 1 shows calculated spectra of outgoing neutrons between 0 and 10 degrees for 
different concrete shielding thicknesses. The source spectrum is included as well.  

For each angular bin, the relative contributions to the total dose rate of neutrons above and 
below 19 MeV and of photons up to 10 MeV have been extracted as a function of depth within the 
shielding material. Since the neutron dose rate measurement instruments routinely used at PSI for 
survey purposes have a very low efficiency for neutrons above about 20 MeV, this information is 
needed to estimate the total neutron dose rate from the measured dose rate. Results for the forward 
and lateral angular range are shown in Figures 2-5. It can be seen that for small depths within the 
shielding, the contribution of the low-energy neutrons dominates strongly in all cases. With increasing 
depth, the contribution of the high-energy neutrons rises and then levels off at around 40-50% for 
concrete shielding. Due to this change in the neutron spectrum, the double exponential function of 
Equation (1) is needed to accurately describe the dose attenuation over the whole shielding range. The 
effect is less pronounced in the case of 590-MeV protons at forward angles. In the case of polyethylene 
shielding, the neutron dose is dominated by the high-energy neutrons after a short distance into the 
shielding, whereas for concrete shielding, the high-energy neutron dose is lower or comparable to the 
low-energy neutron dose. 
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Figure 1: Calculated neutron spectra in the forward direction at three depths 
within concrete shielding for 72-MeV, 250-MeV and 590-MeV protons.  

The spectra labelled “0 cm” correspond to the source spectrum. 

       

Figure 2: Relative contributions to the total dose rate for 72-MeV 
protons and concrete shielding at forward and lateral angles 

       

Figure 3: Relative contributions to the total dose rate for 72-MeV  
protons and polyethylene shielding at forward and lateral angles 

         

The calculated contribution of photons is of the order of a few per cent in the case of concrete 
shielding but plays a prominent role in the case of polyethylene shielding, especially at more lateral 
angles and larger depths within the shielding. The high hydrogen content in polyethylene leads to a 
high production of neutron-capture photons with an energy of 2.2 MeV. The large contribution of 
photons to the total dose rate is thus expected in this case.  
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In all cases with concrete shielding, it can be seen that the relative contributions of high-energy 
neutrons increase for the last bin (which corresponds to the outermost surface) with respect to the 
previous bins. This effect is due to the use of Model 1 instead of Model 2. In Model 1, all scoring 
surfaces, except the last one, are followed by material which can backscatter neutrons. Due to 
multiple scattering, some of these backscattered neutrons are scored more than once. The probability 
for scattering is higher for the low-energy neutrons and their contribution to the dose rate is therefore 
raised. The neutron flux crossing the last surface will have much less contributions from multiple 
scattering and should more accurately reflect the more realistic conditions of Model 2. This was 
confirmed with the results from calculations using Model 2. Comparing the dose rate contributions for 
Model 1 and Model 2 at a specific shielding thickness shows that the low-energy neutron dose 
contribution is overestimated in the shell model (Model 1) by about 10%. 

Figure 4: Relative contributions to the total dose rate for 250-MeV 
protons and concrete shielding at forward and lateral angles 

      

Figure 5: Relative contributions to the total dose rate for 590-MeV 
protons and concrete shielding at forward and lateral angles 
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Data analysis 

By plotting the calculated total dose rate H, multiplied with the square of the distance r from the 
target, against the shielding thickness [see Equation (1)], an exponential fit can be used to obtain 
attenuation lengths and source terms (dose rate extrapolated to zero shielding thickness). 

Model comparisons 

For the comparison between the different employed models, a single exponential fit at larger 
shielding depths, where the neutron spectrum has reached an equilibrated state, was used. The 
different models were compared only for the cases with concrete shielding.  

The attenuation lengths extracted from Model 2 (shielding shells with different thicknesses) do 
not differ significantly from those of Model 1 (shell model); the differences lie within ±1-3%. The 
source terms are higher by about 2-20% for Model 1. A similar observation has been reported in [2]. 

The use of different cross-section libraries (Models 1a, 1b) did not lead to statistically significant 
variations in the attenuation lengths and source terms, although there seemed to be a tendency 
towards slightly smaller values for the attenuation lengths when using the ENDF/B-VI library instead 
of the LA150 library. 

Analysing resulting dose rates for a specific shielding case showed that the attenuation lengths 
and source terms from Model 1a (shell model with LA150 libraries) seem to give the most conservative 
results, i.e. slightly higher dose rates for the same shielding thickness. It was therefore selected for the 
final calculations and data analysis. 

Figure 6: Total dose rate attenuation curves in concrete and 
polyethylene for 72-MeV protons (lines are eye guides only) 

           

Figure 7: Total dose rate attenuation curves in concrete for 
250-MeV and 590-MeV protons (lines are eye guides only) 
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Shielding parameters 

Figures 6 and 7 show the calculated total dose rate attenuation curves from Model 1a for all angular 
ranges. The data were fitted with a non-linear least-square method for each angular bin, using the 
graphing and analysing program Origin 6.1 [6]. Dose rates scored at the innermost and outermost 
boundaries were not used. In general, use of the double exponential fit according to Equation (1) gives 
the best fitting results. The parameter pairs (H0,1,λ1) and (H0,2,λ2) correspond to the small-depth and 
large-depth exponential functions, respectively. As discussed earlier, the change in the neutron 
spectrum at small depths is less pronounced for 590 MeV at forward angles, so that a fit with one 
exponential gives good results here. In all cases, the correlation coefficient R was larger than 0.995, 
indicating a very good fit. The results for the shielding parameters and their statistical errors are listed 
in Tables 5-8. 

Table 5: Source terms and attenuation lengths in concrete for 72-MeV protons on Fe 

Angular bin 
H0,1 

[10–16 Sv m2 p–1] 
λ1

[g/cm2] 
H0,2

[10–16 Sv m2 p–1] 
λ2 

[g/cm2] 
0-10° 5.50 ± 0.30 32.94 ± 1.44 3.60 ± 0.40 49.73 ± 0.52 

10-20° 6.70 ± 0.20 35.84 ± 0.62 2.00 ± 0.20 51.84 ± 0.54 
20-30° 6.60 ± 0.10 34.68 ± 0.45 1.80 ± 0.10 51.41 ± 0.41 
30-40° 6.30 ± 0.09 33.91 ± 0.37 1.50 ± 0.10 50.74 ± 0.37 
40-50° 6.00 ± 0.07 32.60 ± 0.33 1.30 ± 0.09 49.51 ± 0.34 
50-60° 6.00 ± 0.05 32.14 ± 0.26 0.90 ± 0.07 49.24 ± 0.37 
60-70° 5.80 ± 0.04 31.46 ± 0.23 0.60 ± 0.05 48.96 ± 0.43 
70-80° 5.60 ± 0.04 30.39 ± 0.22 0.50 ± 0.05 46.68 ± 0.46 
80-90° 5.50 ± 0.04 29.95 ± 0.21 0.40 ± 0.05 45.66 ± 0.63 

 

Table 6: Source terms and attenuation lengths in polyethylene for 72-MeV protons on Fe 

Angular bin 
H0,1 

[10–16 Sv m2 p–1] 
λ1

[g/cm2] 
H0,2

[10–16 Sv m2 p–1] 
λ2 

[g/cm2] 
0-10° 2.80 ± 0.09 15.62 ± 0.53 1.20 ± 0.06 31.65 ± 0.22 

10-20° 2.80 ± 0.05 15.61 ± 0.29 1.10 ± 0.03 31.35 ± 0.13 
20-30° 2.60 ± 0.03 15.87 ± 0.22 0.90 ± 0.02 31.15 ± 0.12 
30-40° 2.40 ± 0.03 15.79 ± 0.18 0.70 ± 0.02 31.40 ± 0.11 
40-50° 2.20 ± 0.02 15.44 ± 0.15 0.50 ± 0.01 31.65 ± 0.11 
50-60° 2.00 ± 0.02 15.22 ± 0.13 0.300 ± 0.008 31.98 ± 0.11 
60-70° 1.80 ± 0.02 14.80 ± 0.12 0.200 ± 0.005 32.86 ± 0.11 
70-80° 1.70 ± 0.02 14.17 ± 0.10 0.100 ± 0.003 33.88 ± 0.10 
80-90° 1.40 ± 0.02 14.26 ± 0.09 0.099 ± 0.002 35.13 ± 0.11 

 

Table 7: Source terms and attenuation lengths in concrete for 250-MeV protons on Fe 

Angular bin 
H0,1 

[10–15 Sv m2 p–1] 
λ1

[g/cm2] 
H0,2

[10–15 Sv m2 p–1] 
λ2 

[g/cm2] 
0-10° 2.11 ± 0.08 26.10 ± 2.26 6.40 ± 0.07 115.40 ± 0.30 

10-20° 2.16 ± 0.05 26.01 ± 1.26 6.18 ± 0.04 114.53 ± 0.17 
20-30° 3.30 ± 0.04 31.97 ± 0.61 4.44 ± 0.03 109.23 ± 0.17 
30-40° 5.42 ± 0.27 28.48 ± 0.97 3.10 ± 0.03 102.32 ± 0.19 
40-50° 5.12 ± 0.14 32.31 ± 0.67 2.05 ± 0.02 97.35 ± 0.23 
50-60° 5.03 ± 0.09 33.80 ± 0.52 1.31 ± 0.02 92.85 ± 0.29 
60-70° 4.92 ± 0.07 34.79 ± 0.42 0.81 ± 0.02 88.44 ± 0.38 
70-80° 4.86 ± 0.06 33.92 ± 0.36 0.53 ± 0.02 84.87 ± 0.47 
80-90° 4.85 ± 0.06 32.19 ± 0.33 0.38 ± 0.02 79.08 ± 0.60 
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Table 8: Source terms and attenuation lengths in concrete for 590-MeV protons on Fe 

Angular bin 
H0,1 

[10–15 Sv m2 p–1] 
λ1

[g/cm2] 
H0,2

[10–15 Sv m2 p–1] 
λ2 

[g/cm2] 
0-10° – – 20.34 ± 0.07 133.78 ± 0.11 

10-20° – – 16.88 ± 0.03 131.81 ± 0.07 
20-30° – – 12.62 ± 0.02 125.27 ± 0.06 
30-40° – – 9.60 ± 0.02 119.13 ± 0.06 
40-50° 23.80 ± 1.10 21.26 ± 0.45 5.83 ± 0.02 117.20 ± 0.09 
50-60° 18.69 ± 0.48 24.47 ± 0.34 4.16 ± 0.02 113.04 ± 0.11 
60-70° 16.08 ± 0.30 26.52 ± 0.29 3.05 ± 0.02 109.53 ± 0.12 
70-80° 14.55 ± 0.21 27.88 ± 0.25 2.20 ± 0.01 105.70 ± 0.14 
80-90° 13.43 ± 0.17 28.46 ± 0.22 1.55 ± 0.01 102.37 ± 0.18 

 

Comparison with available measurements 

Many of the existing shielding installations at PSI consist of combinations of iron with concrete and 
the calculated parameters are not applicable for those cases. Also, it is generally difficult to find good 
measurement locations with well defined conditions. Measured data for comparison purposes are 
therefore scarce and are restricted at the moment to a proton energy of 250 MeV. 

Results of measurements for the new medical cyclotron facility PROSCAN at PSI were reported in 
Ref. [7]. 250-MeV protons were stopped in a cylindrical copper block of 100 mm diameter and 70 mm 
length and dose rates were measured on the roof made of varying thicknesses of concrete. In Figure 8, 
the results of [7] are shown together with calculated total dose rates using the shielding parameters 
from Table 7. Calculated values using the parameters from [8] (only available for a single exponential), 
which were used for the comparison in [7], are also shown. A density of 2.4 g/cm3 was used for 
concrete (specification for shielding blocks at PSI). 

Figure 8: Comparison of measured and calculated total dose rates for 250-MeV protons 

Experimental data (open squares) are taken from [7]. The calculated values (black diamonds) represent angular bins of ±5°. 
Calculated values using the parameters from [8] are also shown for comparison (grey triangles). The angular uncertainty of the 
measured data is about ±2°. 
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The agreement is very good except for the cases with 2.5 and 3 m shielding. At these thicknesses, 
the value of the concrete density becomes increasingly important. Using 2.3 g/cm3 leads to 30-40% 
larger calculated dose rates and better agreement. Also, the measurements at 3 m shielding are close 
to the detection limit of 0.1 μSv/h and may be affected by background which was not properly 



SHIELDING PARAMETERS OF CONCRETE AND POLYETHYLENE FOR THE PSI PROTON ACCELERATOR FACILITIES 

SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 53 

considered. The calculated total dose rates with the parameters from Table 7 have a smoother 
dependence on angle than the calculated dose rates using the parameters from [8], with generally 
higher values at lateral angles and a less pronounced peak around 60°. For 0.5 m shielding and around 
90°, they give a better agreement. 

Preliminary dose rate surveys at the PROSCAN facility also seem to be in good agreement with 
calculations presented here. 

The measured relative contribution of photons to the total dose rate varies with the shielding 
thickness, but is approximately 10% ([7] and confirmed during the preliminary dose rate surveys at the 
PROSCAN facility). This is higher than the 2-4% calculated here (see Figure 4). General experience at 
the PSI facilities indicates that the calculated dose rate contributions of photons in concrete shielding 
are underestimated, although precise measurements are difficult because of high background levels. 
However, photons still play a minor role for the total dose rate behind concrete shielding. 

Conclusions 

The calculations of shielding parameters of concrete and polyethylene are part of an effort to provide 
a simple, systematic approach to shielding questions arising at the PSI proton accelerator facilities.  
In general, a double exponential gives a better fit over the whole shielding range between 15 cm and 
5 m. The resulting two pairs of source-term and attenuation-length parameters correspond to an 
exponential function for small and large shielding depths, respectively. This is also reflected in the 
change of the relative contributions to the total dose rate of neutrons above or below 19 MeV as a 
function of shielding depth. In the case of polyethylene shielding, photons play an important role. For 
concrete shielding, the dose rate is dominated by neutrons, with a high-energy neutron component of 
about 40-50% at larger shielding depths. 

Use of the shell-model approximation leads to an overestimation of the source terms by 2-20%, 
while the attenuation lengths are not significantly affected; the dose-rate contribution of neutrons 
below 19 MeV is overestimated within the shielding by about 10%. In view of other uncertainties, this 
is considered to be a good approximation. The two choices of cross-section libraries did not lead to 
significantly different results.  

Comparisons with measurements for 250-MeV areas at PSI show good agreement for the total 
dose rate. The contribution of photons seems to be underestimated for concrete shielding, but this is 
of little importance to the total dose rate. The used flux-to-dose conversion factors for higher-energy 
photons could be part of the reason for this discrepancy. 

Since many shielding installations at PSI consist of a combination of iron and concrete, additional 
calculations are planned to incorporate that option. It is also foreseen to include other target materials, 
e.g. carbon and lead. More measurements under well-defined conditions are needed to validate the 
calculational methods. 
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Abstract 

The MCNPX was used to calculate the neutron fluence spectra generated by using the lead and 
beryllium targets bombarded with electron and proton, respectively, at the electron test linac of PAL 
and the MC50 proton accelerator of KIRAMS in a series of works for a quantification of the neutron 
fields. Neutrons were assumed to be produced from a target struck by electrons with an energy of 
65 MeV and from two Be targets of different thickness, 1.0 and 10.5 mm, bombarded by 35 and 
45 MeV protons respectively. Major geometrical configurations such as a beam stopper and the gantry 
to collimate the neutron at the MC50 facility were simulated to describe the neutron fields as 
realistically as possible while a simple geometry was considered in the case of the linac of PAL. 
Additional calculation of the neutron spectrum at the facility of National Accelerator Centre (NAC) in 
South Africa was performed for the purpose of a comparison. 
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Introduction 

From the seventies, intense neutron sources have been developed by using an accelerator which can 
accelerate the charged particle from 10 to 70 MeV and used for applications in the field of radiobiology, 
radiotherapy and materials research [1-4]. Especially the neutron therapy facilities have favoured the 
use of a thick Be target and protons as the projectiles to produce the fast neutrons because a given 
cyclotron can accelerate protons to twice the energy to which it can accelerate deuterons and thus 
produce intense neutron fields per unit current applied. On the other hand, photon and neutron 
sources produced from the targets of a high atomic number by high energetic electrons have been 
used for a radiation shielding analysis and a nuclear reaction cross-section measurement.  

Accurate information of neutron sources such as the energy and fluence is important and needs 
to be supplied to beam users for an analysis of their work done. Unfortunately these do not seem to be 
enough so that the neutron fluence spectra at the measurement place are known clearly. There are 
only a few measurements for quantifying the neutron fields at accelerator facilities and some results 
are different from each other due to difficulties in the measurement technique, the operational 
condition and a complication of the instrumentations implemented [1-4]. 

This study is a series of works for a quantification of the neutron field produced at the neutron 
therapy room of KIRAMS and at the electron test linac of PAL through the determination of the 
spectral information and thus the calculation results can be used for unfolding the measured data of 
the neutron spectrometer like a Bonner Sphere. 

Description of the MC50, NAC and linac facilities 

KIRAMS has operated the MC50 cyclotron (MC50) for neutron therapy and radioisotope production 
since 1986 [5] while it is being used only for RI production and irradiation test for a material research. 
The MC50 accelerates protons with an energy of 45 MeV and it has several beam ports for a proton or 
neutron irradiation. Beam current is controlled from a few nA to ten mA. NAC of South Africa 
accelerates protons to 66 MeV and it has a 19.6 mm thick Be target while the MC50 has a 10.5 mm 
thick Be target. 

The electron linac of PAL accelerated electrons with an energy of 65 MeV in this measurement. The 
test linac consists of an electron linac, a water-cooled Ta target and an 11-metre long time-of-flight 
(TOF) measurement path. A 5.5 cm thick lead block as a target to produce the neutron fields was 
placed in front of the Ta target holder and the overall length of the linac was about 15 m. 

Major configurations of the MC50, NAC and linac facilities were extracted from useful literatures 
and summarised in Table 1.  

Schematic diagram of the neutron beam guide of the MC50 cyclotron (inside the gantry) is shown 
in Figure 1. The major geometry surrounding the target of the NAC facility is similar to that of the 
MC50 unit except for the total length of the collimator and the thickness of the Be target and the 
primary iron filter. Key parameters such as the proton energy, the thickness of the target and the 
primary filter were changed to fit the geometry of the NAC but the beam collimator was the gantry of 
the MC50 unit.  

Geometry of the thin Be target and its surroundings is simple because it has no collimator and no 
filter. Neutrons from the thin target were emitted omni-directionally and had an angular distribution. 
A 6 mm thick aluminium was added to stop 35 MeV protons and it also contributed to producing 
neutron through the (p,n) reaction like in other targets because a proton of 35 MeV cannot be fully 
stopped in a thin Be target.  

The thick lead target was placed between an electron beam tube and the water cooled Ta target 
in this calculation and therefore the beam direction of the neutrons from the target of the electron 
linac was approximately 4π. 

Schematic drawings of the MC50 and linac facilities are shown in Figure 1 and Figure 2. 
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Table 1: Configuration of the MC50, NAC and linac facilities 

 
MC50 [1,5] NAC [6,7] Linac 

Thick target Thin target Thick target Thick target 

Target (thickness, mm) Be (10.5) Be (1.0) Be (19.6) Pb (50) 

Energy (particle, max. : MeV) (p, 45) (p, 35) (p, 66) (e, 65) 

Stopping material Cu + water Al (0.6 cm) Cu + water – 

Flattening filter (Primary filter, cm) Fe (2.6) – Fe (0.8) – 

Hardening filter (thickness, cm) Lucite (5.0) – PE (2.0) – 

Beam direction Isocentric 4 π Isocentric 4 π 

Distance from target (cm) 150/300 90/175 150 60/660 

Beam size (cm) Diameter (13) Diameter (13) 10 × 10 – 

Collimator type Variable jaw – Variable jaw Hole 

Collimator material Fe + PE – Fe + PE Concrete 

 

Calculation of the neutron fluence spectra 

The MCNPX code (Ver. 2.4) [8] was used to calculate the neutron fluence spectra of two kinds of 
neutron sources at the reference position of the neutron therapy room of KIRAMS. Nuclear physics 
mode for a neutron production using the p + Be reaction was the Bertini model which is one of the 
models prepared in the MCNPX code for high energy particle physics because it is still not appropriate 
to use the nuclear data library of Be except for H, C, N, O, Al, Si, P, Ca, Cr, Fe, Ni, Cu, Nb, W, Hg, Pb and 
Bi. Proton energy was 35 and 45 MeV for MC50 and 66 MeV for NAC respectively. Both the neutron 
transport and the photonuclear reaction in the Be target and its surrounding materials such as a 
water blanket or an aluminium cover including a housing for stopping a proton were considered when 
an energetic proton interacted with them. 

Figure 1: Schematic drawing of the beam collimator in the  
gantry of the MC50 unit and the geometry of a thin Be target 
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Figure 2: Schematic drawing of a plane (left) and a side (right)  
view of the target room and calculation points (marked with o) 

 

Calculation was performed in two stages. First the neutron fluence near the target housing or the 
entrance of the bulk collimator of the gantry was scored and then transported to the reference 
position of the geometry, 90 and 150 cm, from the target. The surface crossing tally, F2, and a phase 
space tally were used for this kind of work. Cut-off energies of the proton, neutron and photon for a 
phase space tally were 1 MeV, 1 keV and 5 MeV respectively and each of them was determined by 
considering the neutron yield and a threshold energy in the case of a photonuclear reaction of the key 
materials near the target. 

Neutron fluence spectra at the reference position were calculated from 1 MeV to the maximum 
energies of 35 and 45 or 66 MeV in log-equidistant intervals of 20 points per decade. For the neutron 
fluence spectra of the NAC facility used for benchmarking the calculation result the energy interval 
was set to 2 MeV from 0 to 66 MeV. The effects of the materials surrounding the Be target were 
investigated especially for the thin target because a 35 MeV proton can penetrate a 1.0 mm thick Be 
target when considering the CSDA range of a 35 MeV proton in beryllium is about 1.423 g/cm2 and it 
produces neutron through the (p,n) reaction with the materials in the target housing or beam stopper. 

Two kinds of photoneutron spectra, at inside and outside the target room, produced from the 
thick lead target bombarded by the electron beams of 65 MeV at the PAL were simulated by using a 
similar method to the case of MC50 of KIRAMS. The energy cut-off for the transport of electron and 
photon was 6.73 MeV corresponding to the threshold energy of the photonuclear reaction of the 
natural lead [9]. The F2 and a phase space tally were used to obtain the spectral distribution of the 
neutron at the distance of 0.6 and 6.6 m from the target and at the spherical surface enclosing a cubic 
lead target which has a side of the 10 radiation lengths (r.l.), dimensions of 5.5 × 5.5 × 5.5 cm3, 
respectively. The target thickness of 10 radiation lengths in the case of a lead is known for a neutron 
production to be saturated and therefore it can be used for the optimum condition of creating 
neutrons [9]. 

Neutron fluence spectra at the reference position were calculated from 1 MeV to the maximum 
energy of the neutrons produced by 65 MeV electrons in log-equidistant intervals of 10 points per 
decade. The electron was considered as a pencil beam and the photo-neutron sources were sampled 
at the surface of an angle of 90 and 30 degrees off-axis to the incident electron beam for the position 
of 0.6 and 6.6 m, inside and outside the target room, respectively. The data for the neutron transport 
and the photonuclear reaction were the LA150 and ENDF60 library, while the data for the electron and 
photon were the EL03 and MCPLIB2 respectively.  

Results and discussion 

In the benchmark calculation using the main parameters of the operation condition of the NAC 
facility as shown in Figure 3 there was a little difference in the shape of the neutron spectra of the 
energy region from 25 to 35 MeV. Even though the target cooling jacket of the water and copper at the 
NAC facility was excluded [6] in the simulation of the neutron beam a small edge in the neutron 
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spectra was found while a valley was found in the case of using the geometry of KIRAMS (NACNoCu of 
legend in Figure 3). This needs to be investigated further because it is likely to be the effect of the 
presence of the surrounding materials for cooling the target and housing. Other major variables 
causing the differences in the spectral shape between the two facilities are the beam size and kinds of 
hardening filtrations and these can also be other factors that change the shape of the neutron spectra. 
General shape of the whole spectra between the two facilities was not different and the calculation of 
the neutron fluence spectra by using the MCNPX code was found to be reasonable for this kind of work.  

Figure 3: Comparison of the calculated neutron fluence  
spectra according to the operation condition of the NAC facility 

Numbers in a parentheses mean a neutron peak energy of the spectra in the high energy region over 20 MeV 
(PF : primary filter, HF: hardening filter) 
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Several measurements indicated that the neutron spectra produced from the thick Be target 
struck by protons were a relatively intense low energy component attributed to the evaporation 
neutrons followed by a region of an approximately constant fluence from about 10 MeV to near the 
kinetic limit and then a steep decrease to the maximum energy [10-12]. But it was the measurement 
under the condition without a beam hardening filtration and the neutron spectrum produced by using 
a 66 MeV proton and a thick Be target showed a broad peak at neutron energies between 20 and 
40 MeV as well as a similar low energy part [3]. These shapes were also found in this calculation.  

Figure 4: Neutron fluence spectra produced from the thick (10.5 mm Be) and thin  
(1.0 mm Be) target and phase space spectra at 45 cm from the thick target inside gantry 

The hill side below a high energy peak is from another neutron source of the (p,n) reaction with materials near the Be target 
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Neutron fluence spectra produced from the thin and thick Be target of the MC50 cyclotron at 
KIRAMS are shown in Figure 4 and Figure 5. Resonance peak of the iron was shown in a phase space 
spectrum and it appeared to be only a small peak at the reference position of 150 cm from the target. 
There was a big change in the spectrum between at the phase space and at the reference position due 
to the beam collimation and filtration inside the gantry. A typical shape of the thermal neutron peak 
was found because the amounts of scattered neutrons were considerable in the therapy room. Among 
six neutron spectra shown in Figure 5 a neutron spectrum marked with (6) in the figure had a 
different shape due to its different position which was about 60 degree off the proton beam direction 
to the target. 

Figure 5: Calculated neutron fluence spectra of KIRAMS 

Presented in lethargy format, Edφ/dE, after normalising the group fluence 
G: Gantry, 35/45: proton energies accelerated, H: Horizontal beam, and other numbers: the distance in cm from the target 
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Figure 6: Difference in neutron production with the target and its surrounding  
material in the case of 35 MeV proton bombarding the 1.0 mm Be target 

(3) and (4) are the case of no Be target with an aluminium and a copper cover is directly struck by energetic protons 
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Two spectra were similar except for the hill side of the neutron spectrum for the case of a thin 
target below a high energy peak of about 20 MeV. It was verified by investigating the effects of the 
beam stopping material backside of the thin target, 1 mm Al in the target housing and 5 mm Al as an 
additional proton beam stopper. Differences in the neutron production spectra with the target and its 
surrounding material for a 35 MeV proton bombarding the 1.0 mm thick Be target are shown in 
Figure 6. According to this figure, the neutron yields increase with the thickness of the aluminium and 
it means that aluminium itself would be a target which produced neutrons with a peak near 1 MeV. 
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Table 2 shows a summary of the calculated neutron spectra in this work. Neutron yields of the 
(p,n) and photonuclear reaction are summarised in Table 3. According to Table 3 the neutron yields 
are increasing with the incident energy of the proton and the thickness of the target. The spectrum 
weighted average energy of neutron field produced from the thick target was larger than that from the 
thin target struck by a 35 MeV proton in this calculation but it could not be directly related due to 
differences of the beam direction and the geometry for collimation. The effect of a beam hardening in 
the gantry appeared as the average energy of the neutron field at the reference position increased 
compared with that of a phase space inside the gantry.  

Table 2: Summary of the calculated neutron fields of the MC50 and the test linac 

 MC50 (KIRAMS) Linac (PAL) 
Proton or electron energy 

accelerated (MeV) 
45 35 35 65 

Target or beam geometry Gantry Gantry 
Horizontal, 

open 
Open 
(90o) 

Collimated
(30o) 

Average energy of neutron field  
at phase space, SSW (MeV) 

14.1 10.7 8.16 2.4 2.38 

Fluence to dose equivalent 
conversion factor of SSW (pSv.cm2) 

452 524 419 390 391 

Distance from target (cm) 150 300 150 300 90 175* 60 660 
Average energy of neutron field 

(MeV) 
17.5 17.5 13.3 13.4 10.5 3.8 1.87 2.4 

Fluence to dose equivalent 
conversion factor (pSv.cm2) 

469 466 472 469 395 300 324 391 

* This is the same position as the case of distance of 300 cm from the target of gantry. The neutron beam direction of the 
horizontal geometry was orthogonal to that of the neutrons from gantry. 

Figure 7: Calculated neutron fluence spectra inside and outside the target room  
of the linac of PAL and the reference spectrum recommended by ISO-8529 

Presented in lethargy format, Edφ/dE, after normalising the group fluences 
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According to the photoneutron production cross-section the dominant neutron production 
phenomena all over the whole energy is expressed as the giant dipole resonance due to the huge 
amount of low energy photon and the large absorption cross-section at low energy. The photoneutron 
spectra from this giant resonance process have a similar shape of the fission spectrum which is 
described by a Maxwellian distribution with a temperature T in the range of 0.5 MeV ≤ T ≤ 1.5 MeV 
such as N(E) = a⋅E1/2⋅exp(-E/T), where a is a constant. But at energies higher than about 10 MeV the 
photoneutron spectrum has been known for having the shape of a simple exponential function, 
N(E)~E–α , where α is in the range of 1.7 to 3.0 with neutron energy [13,14]. 
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As shown in Figure 7 the calculated spectra inside and outside the target room of the 65 MeV 
electron linac was similar to the fission spectrum which is described as the Maxwellian distribution 
with a temperature of 1.4 MeV and as the ISO reference spectrum of a 252Cf source. The spectrum 
weighted average energy of the neutron field of inside the target room was lower than that of a phase 
space and outside the target room because there was a contribution of scattered neutrons from the 
wall and floor of the target room. 

Table 3: Comparison of the neutron yields with the thickness of target and the particle energy 

Particle accelerated Energy (MeV) Target (mm) Yield (%) 

Proton 

66 
45 
35 
35 

Be (19.6) 
Be (10.5) 
Be (10.5) 
Be (1.0) 

10.1 
4.77 
3.05 
1.31 

Electron 65 Pb (50) 1.86 
 

As discussed so far, the neutron beam qualities produced from a Be target struck by energetic 
protons are very dependent on the energy of incident particle, the target thickness, the presence of a 
target cooling jacket, and the primary and hardening filtration even though the accelerators have a 
similar geometrical configuration. 

These calculation results were used to quantify the neutron fields at KIRAMS and at the PAL as 
an initial estimation of the neutron spectrum, which is priori information for the final spectrum to be 
determined by measurement and is crucial for unfolding the measured data of a Bonner Sphere, the 
few channel unfolding [15]. 
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Comparison between the source terms used in  
SHIELD11 and the source terms calculated by FLUKA1 
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Abstract 

SHIELD11 is an analytical code for performing shielding calculations used at SLAC. It uses simple 
analytic expressions for the production and attenuation of photons and neutrons resulting from 
electron beams striking thick targets. SHIELD11 code is based on five-component model: Direct 
Gamma, Indirect Gamma, Giant-Resonance Neutron (GRN), Mid-Energy Neutron (20 MeV-100 MeV), 
High-Energy Neutron (>100 MeV). FLUKA Monte Carlo code was used to study direct gamma and 
three neutron components used in SHIELD11.  

Photon absorbed dose rate from a thick iron target was measured by D.A.G. Neet at SLAC in 1965.  
In Neet’s experiment, a 990-MeV and 10-Watt beam hit an iron target with radius of 3" and length of 
15". The dose was measured using an air ionisation chamber with thin aluminium walls (ZEUS).We 
simulated the energy deposition on the air ionisation chamber using FLUKA. The energy deposition 
was converted to absorbed dose. The measurements and FLUKA calculations agree within ±30%. The 
measurements and SHIELD11 calculations agree within ±50%, except in the 0-degree direction. 
SHIELD11 underestimates the dose rate in the 0-degree direction by 60%. 

FLUKA was used to score the neutron yields using a 10-GeV electron beam to hit thick targets (Al, Fe, 
Sb, Pb). Total neutron yields produced from the targets were divided into two energy ranges: from 
20 MeV to 100 MeV and greater than 100 MeV. SHIELD11 overestimated the GRN, mid and high 
neutron yield by a factor of three, six and two respectively. The neutron yields per steradian produced 
from the iron target as a function of the angle were presented. The high-energy neutron yield per 
steradian in lateral direction agreed within ±10% between the SHIELD11 and FLUKA calculations.  

This work was supported by Department of Energy contract DE-AC02-76SF00515. 
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copy of the PowerPoint presentation in PDF format upon request (cpsreq@nea.fr). 



 

 

 



DOUBLE DIFFERENTIAL CROSS-SECTION OF FRAGMENT PRODUCTION BY TENS OF MeV PROTONS AND NEUTRONS 

SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 67 

Double differential cross-section of fragment  
production by tens of MeV protons and neutrons 

T. Sanami, M. Hagiwara 
High Energy Accelerator Research Organisation (KEK) 

T. Oishi, S. Kamada, T. Okuji, M. Baba 
Cyclotron Radioisotope Centre, Tohoku University 

M. Takada, N. Miyahara 
National Institute of Radiological Science 

H. Nakashima, Y. Iwamoto, S. Tanaka,* T. Kaneko 
Japan Atomic Energy Agency 

  Abstract 

Double differential cross-sections (DDX) of fragment production from neutron-induced and 
proton-induced reactions have been measured in the intermediate-energy region to confirm the 
applicability of theoretical models. A Bragg curve counter with an enhanced energy dynamic rage and 
detection efficiency was developed to measure the DDXs. DDXs of Li, Be, B and C production were 
obtained for 70 MeV proton-induced reactions on C, Al and Si. DDXs of Li, Be and B were obtained for 
65 MeV neutron-induced reactions on C. These results were compared with theoretical calculations 
with different intra nuclear cascade models. 

                                                   
* Present organisation: Nippon Advanced Technology Co., Ltd. 
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Introduction 

The energy deposition of a fragment produced by a nuclear reaction has considerable effects in a 
material irradiated by an intermediate-energy (tens of MeV) neutron because the fragment has a high 
linear energy transfer (LET). To estimate the effect, a data set of the energy and angular distribution 
(double differential cross-section – DDX) of a fragment is indispensable. DDX is also helpful to 
investigate the mechanism of fragment production. For this requirement, there has been much effort 
to construct DDX data [1,2]. Theoretical models to calculate fragment production and transport have 
been developed to evaluate this effect [3]. To confirm their validity, experimental data are highly desired.  

Direct measurements of fragments from neutron-induced reactions are difficult because there is 
no mono-energetic neutron source with high intensity in the tens of MeV energy range. In addition, a 
high-efficiency detector with the capability of particle identification is important to measure 
fragments because the production rate is quite low compared with other light particles. To meet this 
requirement, we have developed a Bragg curve counter (BCC) for neutron-induced fragment 
measurements. Using the BCC, DDX at 0-deg. of fragments from carbon were successfully obtained 
using a quasi mono-energetic neutron source. In addition, the BCC has been applied to measure the 
DDX of fragments from proton-induced reactions on C, Al and Si. 

In this paper, we describe DDXs for fragment production by protons and neutrons in the 
intermediate energy region. The data were obtained by a specially designed BCC. The experimental 
method is also summarised briefly. These results are compared with theoretical calculations with 
different intra nuclear cascade models to confirm their applicability. 

Bragg curve counter 

A Bragg curve counter (BCC) is an ionisation chamber with a Frish grid [4]. A schematic illustration of 
the BCC is shown in Figure 1. A fragment that enters the counter produces ionisation electrons along 
its trajectory. These electrons drift to the anode plate through a grid while keeping their distribution, 
which represents the energy-loss distribution, i.e. the Bragg curve. The first part and whole integral of 
the anode signal correspond to the Bragg peak height and the energy of the fragment, respectively. 
The Z-number is determined from the Bragg peak height.  

Figure 1: Schematic illustration of Bragg curve counter 
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Figure 2 shows a schematic drawing of our BCC. Details of the chamber are presented in other 
papers [5,6]. The chamber has two different head units, which are exchanged for experimental 
purposes. One head has a thin entrance window of 2.5 μm thick aluminised Mylar to permit fragment 
to enter the chamber from outside. The head unit is designed to measure proton-induced reactions. 
The other head unit, which is designed to measure neutron-induced reactions, can mount the sample 
foil on the cathode in the chamber. The configuration of the head unit can achieve a large detection 
efficiency of fragments. 
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Figure 2: Schematic drawing of the Bragg curve counter 
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The effective diameter of the electrode is 160 mm. The distances between the cathode and the 
grid, and the grid and the anode are 300 mm and 5 mm, respectively. Field-shaping rings are inserted 
with 20 mm steps to maintain a homogeneous electric field. The grid consists of gold-plated tungsten 
wires (0.1 mm in diam.) spaced by 1.0 mm. The shielding inefficiency was calculated to be 3.1% [6].  
A counting gas of 0.0267 MPa Ar+10%CH4 is used in a gas flow mode to maintain its qualities. High 
voltages of -960 V, 0 V and +60 V through RC-filters are applied to the cathode, the grid and the anode, 
respectively. In this condition, the strength of the electric field reaches 0.18 V/cm/Torr, which makes 
the electron drift time from the cathode to the grid less than 6 μs. For these parameters, the 
saturation curve and the energy linearity were confirmed using an α source and ion beams of C, O and 
Ne at the AVF cyclotron at Cyclotron Radioisotope Centre, Tohoku University (CYRIC). 

Experiment 

Details of the experimental setup are already described in references [5-7]. Only an outline is 
presented in the following sections for the proton and neutron incident cases separately.  

Proton-induced reaction 

The proton-induced fragmentation experiment has been performed using the AVF cyclotron at the 
National Institute of Radiological Science (NIRS). Figure 3 shows the experimental setup. Samples of 4 
μm thick polypropylene, 2 μm thick aluminium and 310 μg/cm2 Si on Ta were mounted on a sample 
changer located at the centre of a scattering chamber. Protons with an energy of 70 MeV bombard 
the sample, and then entered a Farady cup made of graphite. The fragments from the sample are 
measured with BCC at 30, 60, 90, 135 degrees. In this set-up, the ambiguity of the angle is less than 2 
degrees. Owing to the large solid angle of the BCC, only 1 hour is sufficient for each sample with a 
beam current of ∼30 nA. Figure 4 shows the two-dimensional spectrum on the energy vs. Bragg peak 
for a silicon sample. Excellent separation of each fragment and the signal-to-noise ratio were 
confirmed up to Z = 8 (oxygen) in the energy region where particles are separated by the difference of 
the Bragg peak-value. In the case of the Si sample, fragments from Ta backing were subtracted using 
Ta data (less than 10% from the Si sample). In the data analysis, the data of time difference between 
cathode and anode signals were used to improve particle identification at the low-energy side [7]. The 
energy spectrum was extended to high-energy fragments, which punch through the BCC, using the 
correction method with the relationship between a deposit energy and an incident energy calculated 
by the SRIM code [7]. 
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Figure 3: Experimental set-up for the proton-induced fragment measurement 
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Figure 4: Two-dimensional spectrum on the energy vs. Bragg peak for a silicon sample 
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Neutron-induced reaction 

The neutron experiment has been performed using a new intense neutron beam facility at Cyclotron 
Radioisotope Centre, Tohoku University (CYRIC). Figure 5 shows the experimental arrangement. 
Neutrons with an energy of 65 MeV are produced via the 7Li(p,n) reaction with a 70 MeV proton beam 
and metallic lithium target, thickness of which is equivalent to 2 MeV energy-loss for the beam.  
The average proton beam current is about 1∼1.5 μA. The energy spectrum of neutrons is 
quasi-monoenergetic. The intensity of monoenergetic peak neutrons is 4.7 × 109 [n/sr/μC] at 0° [8].  

Figure 5: Experimental set-up for the neutron-induced fragment measurement 
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Figure 6: Two-dimensional spectrum on the energy vs. Bragg  
peak for a polypropylene sample [Poly. (10 μm) + Au (100 μm)] 
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The BCC with the head unit for an internal sample was placed at 1.3 m from the Li target. The 
arrangement provided ∼106 [n/(cm⋅s)] neutron flux at the sample position. Samples were 10 μm thick 
polypropylene with 100 μm Au baking and 100 μm Au baking mounted on a sample changer, which 
also acted as a cathode electrode. Almost all fragments emitted in forward angle from the sample 
were measured using this apparatus. To determine detection efficiency precisely, the anode plate was 
divided to 3 parts. The centre part was a 50 mm diameter circle to measure fragments emitted in a 
forward angle with respect to the chamber axis. The others were a concentric ring shape to reject any 
large-angled fragments. By using this rejection, an efficiency curve as a function of fragment energy 
for each Z number was determined based on the range data, and examined experimentally. Figure 6 
shows the two-dimensional spectrum on the energy vs. Bragg peak for a polypropylene sample with 
this rejection. Owing to rejection of large-angled events, excellent separation of each fragment and 
the signal-to-noise ratio were confirmed up to Z = 5 (Boron) in the energy region where particles were 
separated by the difference in the Bragg-peak value. Background events that originated from the 
chamber body and the counting gas were eliminated using the data of the Au (100 μm) sample. 

Double differential cross-section 

After identifying fragments using the two-dimensional spectra on the energy vs. Bragg peak, energy 
spectra were obtained using energy calibration data, which were determined by the punch-thorough 
edge and peak of α particles from an 241Am source. The results are given in the following sections for 
the proton and neutron-incident case separately. 

Figure 7: He, Li, Be, B, C production double-differential  
cross-sections of carbon for a 70 MeV proton at 30, 60, 90 degrees 
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Proton-induced reaction 

Figure 7 shows the DDXs of the Li, Be, B, C production of carbon for 70 MeV protons at 30, 60, 90,  
135 degrees along with the calculations of PHITS [3] and data by Harada, et al. [9]. The calculations 
were carried out using three different intra-nuclear cascade models (Bertini, JQMD, ISOBAR) combined 
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with one evaporation model (GEM). Considerable amounts of fragments whose energy reached to 
20 MeV were observed as a result of the 70 MeV proton-induced reaction. The magnitude of this result 
is similar to the other experimental data [10]. 

Figure 8 shows a comparison of the silicon data. Aluminium data, which were almost the same 
as the silicon one, were also obtained. The discrepancies between experiment and calculation on 
high-energy part of light fragments are larger than in the carbon case. In contrast, the calculation 
represents the experimental data well for relatively heavy fragments. The threshold energies of the 
experimental data were determined from the thicknesses of the sample and the entrance window of the 
BCC. These thicknesses could be reduced by an experimental setup focusing at low-energy fragments. 

For both results, the ISOBAR model generally reproduces the experimental data except for the data 
of light fragments. Calculations with the Bertini model remarkably underestimate all of the results. 
This means that we should pay much attention to what model is embedded in the calculation code to 
estimate the deposition energy correctly in this energy range. At the forward angle of lithium and 
beryllium DDXs, the experimental data show a different shape from the other data. An underestimate 
of lighter fragment production was also observed by another experiment [12]. This fact indicates that 
a new reaction mechanism is indispensable to reproduce these components. These results indicate 
that we have to choose an adequate model to calculate the effects influenced by fragment production, 
such as energy deposition in the μm-order area.  

Figure 8: He, Li, Be, B, C production double-differential  
cross-sections of silicon for a 70 MeV proton at 30, 60, 90, 135 degrees 
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Neutron-induced reaction 

Figure 9 shows the DDXs of lithium, beryllium and boron from a 65 MeV neutron-induced reaction on 
carbon. For a comparison between the results, the DDXs of these fragments by proton induced 
reactions at 30-degree and PHITS calculations are also plotted. The effects by low-energy continuum 
neutrons of a quasi-mono energetic source were considered using the ratio of the fragment spectra by 
monoenergetic neutrons to quasi-mono energetic neutrons calculated by the PHITS code. The relatively 
small energy dynamic range of the neutron results is due to a no-correction of the punch through 
fragments. The lithium and boron results are in good agreement with the results of PHITS using the 
ISOBAR option. For beryllium, the calculation results markedly underestimate the experimental one. 
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Figure 9: Experimental results for carbon compared with the proton beam result and PHITS calculation 
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Conclusion 

We measured the double differential cross-section (DDX) of light fragments from proton and neutron-
induced reactions in the tens of MeV energy region. To measure the DDX, we developed a Bragg curve 
counter (BCC), a particle identification method using a cathode signal, a correction method for a 
punch-through fragment and a method to determine the efficiency of fragment detection for an 
internal sample. The DDXs of fragments from proton-induced reactions could be measured efficiently 
by using this system. This means that the system can provide systematic results of fragment DDX as a 
function of the incident energy and target nucleus. By combining the DDXs of hydrogen and helium 
isotope emission, the DDXs of every particle are available in this energy range. The data set must be 
effective not only to evaluate the theoretical model and parameters, but also to precisely estimate the 
irradiation effect. In addition, the DDX data of neutrons, which are only one type of data obtained by 
direct measurements in this energy range, provide important information about the difference from 
that of protons. The neutron data should be helpful to check the availability of the theoretical model 
and the parameters that are determined using the proton DDX data.  
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Abstract 

The J-PARC (Japan Proton Accelerator Research Complex) project is in progress, aiming at studies on 
the latest basic science and the advancing nuclear technology. In the project, the high-energy proton 
accelerator complex of the world highest intensity is under construction. Because of its very high beam 
power and its energy as well as the large-scale accelerator complex, we have encountered some 
difficult radiation problems in the radiation safety design. In order to overcome the problems on the 
shielding design for J-PARC, a calculation system with both simplified and detailed methods is used 
for the shielding design of J-PARC. This paper reviews the current status of the radiation shielding 
design for J-PARC by using the calculation system. 
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Introduction 

Aiming at studies on basic sciences and the advancing nuclear technologies, the J-PARC (Japan Proton 
Accelerator Research Complex) project is being conducted under collaboration between High Energy 
Accelerator Research Organisation (KEK) and Japan Atomic Energy Agency (JAEA). J-PARC is composed 
of three accelerator facilities: a 600-MeV linac (LINAC), and 3 GeV rapid cycle synchrotron (3GeVRCS) 
and 50 GeV synchrotron (50GeVMR), and four experimental facilities: Material and Life Science Facility 
(MLF), Nuclear and Particle Physics Facility (NP), Nuclear Transmutation Experiment Facility and 
Neutrino Facility (ν), as shown in Figure 1. The high-energy proton accelerator complex with the 
world’s highest intensity, 3 GeV beam of 1 MW maximum power, is under construction [1-3].  

From the viewpoint of radiation shielding, the large-scale accelerator complex with high beam 
intensity and energy causes many difficult radiation problems in shielding design. Characteristics of 
J-PARC are: i) high beam power (up to 1 MW); ii) high beam energy (up to 50 GeV); iii) large-scale 
accelerator complex (3.6 km in length). Radiation problems come from: i) widely distributed radiation 
source; ii) thick shield; iii) many ducts and so on. On the other hand, shielding methods with high 
accuracy were strongly required for a detailed design study. In order to overcome the radiation 
problems, a calculation system with both simplified and detailed methods are applied for shielding 
design and safety analyses with estimating the accuracy of the methods by using experimental 
benchmark analyses [4-6]. This paper describes the current status of the radiation shielding design for 
J-PARC by using the combination method. 

Shielding design criteria 

In Japan, “Laws concerning Prevention of Radiation Hazards due to Radioisotopes, etc.” is main law for 
accelerator facilities. In the law, exposure limit for workers is 50 mSv/y and 100 mSv/5y based on ICRP 
1990 recommendation. Under the limitation dose limits for each area are regulated as tabulated in 
Table 1. As the design criteria of shielding design for the J-PARC facility, half of the regulation for 
inside the site and one twentieth for site boundary were adopted by considering the safety factor of 
two and following the customs of other large accelerator facilities in Japan. For gaseous and liquid 
wastes, regulations on concentration and total amount by government and local government were 
adopted as the criteria. These wastes are managed by using confinement systems so as to keep the 
regulations. Activated air generated in rooms of the facilities will be controlled by a confinement 
system in rooms with negative pressure and a buffer region having monitoring system during 
operation, and released after waiting decay-out of nuclei with short life after operation and removing 
7Be with HEPA filter in ventilation equipment. (Figure 2) As for activation in cooling system, the 
coolant is used in closed cycle during operation and released after monitoring the activity, mainly 
tritium, in disposal tanks. 

Shielding design conditions 

It is difficult to exactly estimate primary beam-loss conditions in accelerator devices except for beam 
dumps and targets. In the shielding design of J-PARC, it is assumed that the average beam loss is less 
than 1 W/m at almost all part of the beam line of the accelerators so as to permit the hands-on 
maintenance, based on the experience and estimation at various high energy accelerator facilities [7-9]. 

Proposed beam operation times are 5 500 hours for LINAC and 3GeVRCS, 5 000 hours for 50 GeV 
MR and MLF, and 4 000 hours for NP and ν. About 10 campaigns of three-week continuous operation 
and one-week maintenance are expected with two-month long maintenance in a year. 

Shielding methods 

Because the beam loss assumption has a large uncertainty, exact calculations for the shielding design 
with detailed methods make little sense. Considering the large uncertainty in source term estimation, 
we basically employ semi-empirical formulas and/or simplified methods for almost of the design. 
However, it is difficult to apply the simplified methods for the design calculations at the target, the 
beam dump and the injection and extraction points of the accelerator, because the geometries are 
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complicated and the large beam losses are expected. Although usually very time consuming, some 
detailed methods must be applied for the design calculations there. Thus, a calculation system with 
both simplified and detailed methods is used for the shielding design of J-PARC [6]. 

As for the simplified methods, for bulk-shielding calculations by specifying the beam-loss rates 
and the beam energy for the calculations at almost all parts of the accelerator, the Tesch’s formula [10] 
for a proton energy of below 1 GeV and the Moyer model [11] above 1 GeV are used. For labyrinths of 
access ways and ducts in facilities, simple empirical formulas of Nakamura and Uwamino [12] and a 
simplified duct streaming code, DUCT-III [13,14] are applied. In order to estimate the dose due to 
radiation at the site boundary, Stapleton's formula [15] is applied for all skyshine sources. A PC-based 
calculation system composed of simplified formulae for bulk shield and the empirical formula for 
neutron skyshine, named SSCAT [16], is used for comprehensive radiation safety estimation of whole 
facilities in J-PARC. 

In detailed methods, a calculation system combined with various codes is used, as shown in 
Figure 3 [5]. In this system, several Monte-Carlo codes PHITS [17], MARS14 [18] and MCNPX [19], are 
used for high-energy particle transport calculation, making full use of the characteristics of each code. 
The PHITS code is a multi-purpose particle and heavy ion transport Monte Carlo code based on the 
NMTC/JAM code [20]. The combined system of the PHITS and DCHAIN-SP 2001 [21] codes is used to 
design a spallation neutron target system in J-PARC, because the code system can easily estimate the 
evolution of induced radioactivity and nuclear heating in the spallation target and radiation damage 
of the target structure. The MCNPX code is famous and widely used for the designs, because the code 
has various kinds of estimators and valiance reduction techniques. The MARS code can calculate the 
radiation flux and dose in a rather short time, compared with other Monte-Carlo codes. The MARS 
code can easily connect with the STRUCT code [22] calculating proton beam tracing in accelerators 
and the ANSYS code for calculating heat transfer. The MCNP-4 code [23] with a nuclear data set, 
JENDL-3.3 [24], is applied for low-energy neutrons up to 20 MeV and photons. The DCHAIN-SP 2001 
code with mainly the FENDL-Dosimetry file [25] is used for induced radioactivity and dose estimations 
due to residual nuclei in the machine components and the wall of the accelerator room. 

Benchmarking 

In order to study the accuracy of the methods and make clear the differences among the results by 
the methods, some benchmark analyses on thick target neutron yield, beam dump, bulk shielding, 
streaming and skyshine were carried out. As an example of benchmarking, comparisons of the 
calculated dose-equivalent due to skyshine radiation among the Stapleton's formula, the SHINE-III [25] 
and NMTC/JAM codes are presented in Figure 4. It has been shown that the calculations are in very 
good agreement with each other from the point of very near to the source region up to a distance of 
2 000 m for neutrons generated by 600 MeV and 3 GeV proton beams [5]. 

Shielding designs 

In shielding design for J-PARC, numerous calculations have been done for estimation of shielding 
thickness on bulk shields, effective dose rate due to radiation streaming on ducts and access paths, 
effective dose rate due to skyshine at site boundary and activities in air, water and structural 
materials such as wall, target and accelerator devices. Calculated results on nuclear heating and 
radiation damage are applied for mechanical and thermo-hydraulic design of a mercury target and 
estimation of life time of target vessel. In this chapter, some typical examples are presented from 
some facilities in J-PARC.  

Figure 5 shows the dose distribution due to beam loss at the 30-degree beam dump in linac tunnel. 
In the calculation proton beam of 190 MeV and 100 W irradiates the beam dump embedded in the 
concrete wall of LINAC tunnel. By using the calculated results, the size of the beam dump itself and 
thickness of the concrete wall around the beam dump were designed. The calculated neutron flux was 
used for estimation of effective dose rate at the ground surface. The neutron and proton fluxes were 
used for estimation of activities in air of the accelerator room and in water of coolant used for accelerator 
devices, and the estimated activities applied to design the ventilation system and cooling system. 
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Effective dose rate distribution along a duct at 3GeVRCS is shown in Figure 6, which is the 
calculated result by the PHITS code due to the average beam loss of 1 W/m at quadruple magnets of 
3GeVRCS. It is presented in the figure that the generated radiation attenuates of about 5, order of 
magnitude in the two-bend duct, but a thin concrete shield was required to be below the design criteria. 

Dose distribution due to beam loss at air in a duct in front of a fast beam dump of 7 kW for 
50GeVMR was calculated by the MARS code. In the calculation an effect of air in the beam duct was 
examined and it was presented that the high power beam of 7 kW required an additional shield in 
case that the duct was filled by air as shown in Figure 7. 

Many items were calculated in design of MLF [13]. For the mercury target design, neutron yield 
from the target was calculated and moderator performance was estimated. For shielding, effective 
dose around the target and residual activities in the target were estimated. Nuclear heat distribution 
was calculated for structural design on cooling system. Radiation damage of the target vessel irradiated 
by the proton beam was estimated and the maintenance scenario was planed. Figure 8 shows the 
distribution of nuclear heat on horizontal plane around a mercury target calculated by the PHITS code 
as an example of estimations. In the calculation the target for a neutron spallation source is irradiated 
by proton beams of 3 GeV and 1 MW. Nuclear heat above about 0.1 W/cc/MW is generated at the 
proton beam window and the mercury target, and a few amount of nuclear heat in the shields around 
the target is observed. The distribution of the nuclear heat was used as the design parameter of the 
cooling system of the beam window, target and shields. 

Summary 

J-PARC is a large-scale experimental facility consisting mainly of a high-intensity, high-energy proton 
accelerator of top world class. Thus, shielding design for J-PARC must be prudent, concerning radiation 
safety aspect more than for the existing accelerator facilities. In order to secure safety, attaining 
economical rationality, the shielding design and safety evaluations are performed by a combined 
method of the simplified and sophisticated methods with reliable data. Safety factor of two was 
applied for the shielding design based on experimental benchmarking. As the first step of a safety 
review, we obtained an approval for use of linac. Safety review will be done for approval in use of 
other facilities: 3GeVRCS, 50GeVMR, MLF, NP and ν, in the near future. 
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Table 1: Radiation dose limit in the Japan regulation 

Area Radiation dose limits 
Controlled area 1 mSv/1week 

Boundary of controlled area 1.3 mSv/3months 
Site boundary 250 μSv/3months 

 

Figure 1: Bird’s eye view of planned J-PARC facilities 

 

Figure 2: Conceptual view of air confinement system for J-PARC 
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Figure 3: Calculation flow of radiation and activity for J-PARC [5] 
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Figure 4: Comparison of the skyshine dose as a function of the distance from the  
source among Stapleton’s equation, the SHINE-III code and the NMTC-MCNP code [5] 
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Figure 5: Dose distribution due to beam loss at 30-degree beam dump in LINAC tunnel 

 

Figure 6: Effective dose rate distribution in a duct due to the 
average beam loss of 1W/m at quadruple magnets at 3GeVRCS 
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Figure 7: Dose distribution due to beam loss at air in a duct in front of  
a fast beam dump of 7 kW for 50GeVMR calculated by the MARS code 

 a) Geometry b) Dose distribution 

  

Figure 8: Distribution of nuclear heat on horizontal plane  
around a mercury target calculated by the PHITS code 
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Safety design of the Radioactive Isotope Beam Factory (RIBF) at RIKEN 

Yoshitomo Uwamino, Nobuhisa Fukunishi, Hisao Sakamoto, Shin Fujita 
RIKEN, Japan 

Abstract 

The RIBF is a facility-expanding project. It consists of three ring cyclotrons, a projectile-fragment 
separator, and the experimental facilities. The final stage cyclotron is superconducting and its 
maximum energy is 400 MeV/u for ions lighter than Fe and 350 MeV/u for up to uranium. The beam 
intensity is 1 pμA (6 × 1012 particle/s) for any element at the final goal. The secondary neutron 
production measured at HIMAC was used for the source term of the shielding calculations. The deep 
penetration of high-energy neutrons was calculated by using the ANISN code with the DLC-119/ 
HILO86R group constants. Three types of radiation monitors are installed and their threshold levels for 
the beam stop are sent to the radiation safety interlock system. 



SAFETY DESIGN OF THE RADIOACTIVE ISOTOPE BEAM FACTORY (RIBF) AT RIKEN 

90 SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 

Introduction 

The RIKEN Radioactive Isotope Beam Factory (RIBF) is a facility-expanding project. Three ring 
cyclotrons and a projectile-fragment separator are now under construction. Studies with unstable 
nuclide beams will be performed on wide spread fields of pure and applied sciences. 

RIBF is a high-energy high-intensity heavy ion accelerator facility, and its shield mostly made of 
ordinary concrete is very thick at a position where a significant beam loss is expected. Shielding 
design, therefore, must be made rationally. Heavy ion beams of several hundred MeV energy region 
are available at HIMAC of NIRS in Chiba, Japan, and neutron productions of thick target bombardment 
were measured by Kurosawa, et al. [1]. These data are used for the shielding calculation of RIBF. 

The shield is designed on the basis of an estimated beam loss, and the beam loss monitoring and 
the on-line radiation monitoring are very important at a large accelerator facility. In this report the 
outline of RIBF, shielding design and the radiation monitoring system are described. 

Figure1: Bird’s eye view of the RIKEN Accelerator  
Research Facility after the RIBF construction is finished 

 

Outline of the RIKEN RI beam factory 

RIBF is now under construction next to the present RIKEN Accelerator Research Facility (RARF) as 
shown in Figure 1. The present RARF on the white background in the left consists of an AVF cyclotron, 
RIKEN Ring Cyclotron (RRC), and a variable-frequency heavy-ion RIKEN Linear Accelerator (RILAC). 
The K-number of RRC is 540 MeV. 

As the RIBF project which is mostly shown on the gray background in Figure 1, a fixed frequency 
Ring Cyclotron (fRC) is placed in the present facility, and the Intermediate stage Ring Cyclotron (IRC) 
and the Superconducting Ring Cyclotron (SRC) are under construction in the RIBF accelerator building. 
The K-number of the final stage cyclotron, SRC, is 2 500 MeV. 

Big-RIPS which stands for Big RIKEN Projectile-fragment Separator is constructed in the 
accelerator building and provides unstable RI beam to the experimental devices which are installed in 
the experimental building. 

Figure 2 is the schematic of the bean delivering. The RILAC beam is sent to RRC and also can be 
used for the low energy experiment such as the synthesis of the super heavy element. The AVF 
cyclotron at the Nishina building can be used independently when RILAC beam is injected to RRC. The 
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ions extracted from RRC heavier than Kr are pre-accelerated by fRC before they injected to IRC. At the 
RIBF accelerator building two cyclotrons of IRC and SRC are used sequentially. 

All the buildings except for RILAC are underground, and the top of the shielding roof is at the 
ground level. The beam line is 14 m below the ground level. 

The beam energies and intensities are listed in Table 1. The intensities at the beginning and at the 
final goal are shown. Ions of carbon to uranium will be accelerated. Maximum energies are 400 MeV/u 
for ions from C to Fe, and 350 MeV/u for ions Co to U. The final goal of the intensity is 1 pμA for any 
beam. The operation of RIBF will be started by the end of March 2006 with relatively low intensities. 

Figure 2: Schematic of the bean delivering at RIKEN Accelerator  
Research Facility. The hatched part is the constructing RIBF. 
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Table 1: Beam characteristics of the final stage cyclotron, SRC 

Ion Energy Intensity at beginning Intensity of final goal 

6C to 26Fe 400 MeV/u 30 pnA 1 000 pnA 

27Co to 36Kr 350 30 1 000 

37Rb to 83Bi, 92U 350 10 1 000 

 

Shielding design 

The design criteria in effective dose rate are shown in Table 2. The values in the radiation controlled 
area and at the boundary of radiation controlled area are the requirements of the law. The value for 
the office in the institute comes from the ICRP recommendation, and the value at the site boundary is 
the promise to Wako city. The limit at the outer surface of the underground wall is to control the 
induced radioactivity production in the soil, and to keep the exposure on a person who may drink the 
underground water of the site boundary below 10 μSv/year. 

Table 2: Design criteria of effective dose rate 

Place Dose rate limit 
Radiation controlled area 25 μSv/h (1 mSv/week) 

Boundary of radiation controlled area 2.6 μSv/h (1.3 mSv/3 month) 
Office in site 0.5 μSv/h (250 μSv/3 month) 

Site boundary 50 μSv/year 
Outer surface of the underground wall 1.3 mSv/hour 

 

The beam losses assumed in the shielding design are 10 pnA at the injection and the extraction 
points of IRC and SRC. 10 pnA corresponds to 1% loss of the 1 pμA beam which is the final goal. These 
relatively low loss rates will be kept by the radiation monitoring. 
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Figure 3: Double differential neutron production of a  
thick Cu target bombarded by a 400 MeV/u Ne beam 

 

High energy heavy-ion beams are available at HIMAC of NIRS, and neutron productions at thick 
targets bombarded by 100 to 400 MeV/u beams were measured by Kurosawa, et al. [1]. The results of 
400 MeV/u Ne beam bombardment on a Cu target are shown in Figure 3. The spectra have strong 
fluctuations at low energies. Low energy neutrons, however, hardly affect the neutron dose behind a 
thick shield, and these fluctuations can be ignored. 

Figure 4: Effective dose distributions of 0-degree neutrons in a concrete shield  
for the cases of 400 MeV/u C, Ne and Fe beam bombardment on Cu target 

 

These measured production data were used as a source term of the ANISN calculation, and the 
DLC-119/HILO86R [2] group cross-sections were used. Since the highest energy of the HILO86R 
constants is 400 MeV, the neutrons of energy higher than 400 MeV are treated as of 400 MeV and the 
number of them is multiplied by En/400, where En is the neutron energy in MeV. The total energy is 
conserved with this procedure. 
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Figure 5: Ratios of the effective dose distributions of 0 degree neutrons shown in Figure 4 

 

The ANISN calculation was performed with many source neutrons of Kurosawa’s measurements 
to estimate the projectile mass dependence. Figure 4 shows the effective dose attenuations of 
neutrons produced in 0 degrees at a thick Cu target bombarded by 400 MeV/u C, Ne and Fe beams. The 
shield is 10 m thick ordinary concrete. Ratios of the effective doses to that of C beam are shown in 
Figure 5. The mass ratios of Ne and Fe to C are 1.7 and 4.7, respectively. It can be conservatively said 
from Figure 5 that the effective dose behind a thick shield is proportional to the projectile mass when 
the extrapolation is made to heavier projectile. 

Figure 6: Ratios of the effective dose distributions of 90-degree neutrons 

 

While similar results are obtained in the cases of 7.5 degrees to 60 degrees emission neutrons, a 
curious result of 90-degree neutrons is seen and shown in Figure 6. This comes from the existence of 
high energy neutrons for Ne and Fe beams as shown in Figure 7. It can hardly be thought from the 
kinematics that neutrons of energy above 400 MeV are produced in 90-degree If the neutrons of 
energy higher than 400 MeV are omitted, the effective dose distribution becomes reasonable. 

The calculated results are compared with the shielding experiment by Kumamoto performed at 
HIMAC with the 400 MeV/u C and Ne beams [3]. The ANISN results are 7.5 times larger than the 
measured value at 0 degree, and 1.4 to 2.1 times larger in the cases of 13 degrees to 55 degrees. 
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Figure 7: Double differential neutron production at 90 degrees of  
400 MeV/u C, Ne and Fe beam bombardment on Cu target 

 

Neutron production by U beam was considered separately since the range is very short, U fissions 
and U is much heavier than the target nuclide. The reaction cross-section was taken from the Kox’s 
empirical formula [4], and 25% neutrons run away in the forward direction between 0 degrees and 
7.5 degrees with the same velocity of the projectile nucleus. With this assumption the forward 
neutron productions of C, Ne, Fe, Kr and U were calculated, and the results are compared with the 
measurements [1] in Figure 8. The above assumption seems reasonable from these comparisons. The 
neutron production by U beam is estimated to be 2.2 times larger than the Kr beam in the forward 
direction. In the lateral direction, on the other hand, the neutron yield of U becomes smaller than that 
of Ne because of its large velocity of the centre of mass.  

Figure 8: The calculated neutron production spectra in the forward direction between  
0 to 7.5 degrees are compared with the measured data of 12C, 20Ne, 56Fe bombardment 
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For the determination of the shield thickness, the dose distributions for the Kr beam were 
considered as the base, and the values were multiplied by 2.2 for the forward direction between 
0 degrees to 30 degrees. 

The calculated and modified results of ANISN were fitted with the following simple exponential 
formula: 

 ( ) 2
0exp rtEE λ−=  (1) 

where E0 = 2.9 × 1016 μSv cm2/h/1-pμA (at 0-deg), 6.4 × 1015 (7.5-deg), 1.4 × 1015 (15-deg), 9.8 × 1014 (30-deg), 
2.6 × 1013 (60-deg), 6.2 × 1012 (90-deg): 

λ = 49 cm (for concrete) and 19.6 cm (for iron); 
t = shield thickness; 
r = distance from the beam-loss point. 

This formula was used in the decision of the shield thicknesses which are briefly shown in Table 3. 

Table 3: Shield thicknesses at RIBF. Unit is meter and material is ordinary concrete if not specified. 

Room North wall West wall South wall East wall Roof Floor 
BT* to IRC 2 2 2** 2 2 2 

IRC 2 2 2** 2/0.5+0.5Fe 3 3** 
SRC 3.5/2.5 3 2 2 3 3** 

BT to Big-RIPS 1.5+1.7Fe 0.5+0.5Fe 2+1.4Fe – 4.8 4/5.5** 
Big-RIPS 2 2 2** 2.5** 2 4/5.5** 

Experimental 1.5** 1.5** 1.5 2 1.5 1.5 

* Beam transport room. 

** Outside is soil. 

Radiation monitors and interlock system 

Three types of radiation monitors are installed in RIBF, and the interlock signals from these monitors 
are sent to the radiation safety interlock system. 

Beam loss monitor 

A simple plastic scintillator of 2.5-cm diameter and 2.5-cm length is used as a beam loss monitor, 
because it is sensitive to high-energy neutrons which are the dominant source component for thick 
shield. The pulse count rate of the discriminator and the anode current are read for low-level and 
high-level radiation fields, respectively. 

Neutron dose equivalent monitor 

Neutrons are the dominant component of the radiation around the facility, and a conventional 
hand-held neutron dose equivalent monitor, a so-called rem counter, can be used as a simple and 
relatively cheap radiation monitor. The NSN21001 dose equivalent monitor of Fuji Electric Co. Ltd. has 
high sensitivity, and the MAR-566 dose equivalent monitor of Aloka Co. Ltd. is water resistant. About  
20 monitors are installed in the radiation controlled area. These monitors have logarithmic voltage 
output of five decades. The voltage signal is converted into current signal, and sent to the analogue 
input of the radiation safety interlock system. 

Area monitor 

Neutron and gamma-ray radiation area monitors are commercially available. The centre console of 
them records and displays the data, and their performance is very high. They are expensive, however, 
and 12 pairs of neutron and gamma-ray monitors are distributed at the outside of the accelerator 
rooms, at the boundary of the radiation controlled area and at the site boundary. 
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Radiation safety interlock system 

A radiation safety interlock system, HIS (Houshasen [which means “radiation” in Japanese] Interlock 
System), is installed. This system controls all the devices connected to it, that is, radiation shutters, 
beam stoppers, radiation monitors, shielding doors, beam status indicator, alarm siren, and so on. 

HIS consists of five I/O stations and two personal computers. Each station has a programmable 
logic controller (PLC) and an I/O board. The signals join the I/O boards through multi connectors which 
facilitate connection and disconnection of the station at the site when we repair or test the system. 

The most important devices for safety, that is, the shielding doors and the radiation shutters, are 
double-monitored by the two systems independently, one is HIS and the other is the Beam Interlock 
System (BIS) of which purpose is to protect the accelerator and the beam-line components. This 
concept is succeeded from the design of the existing facility. 

Summary 

A high-energy high-intensity heavy ion accelerator facility, RIBF, is under construction, and operation 
will be started by March 2007. Shielding calculations were performed by using the ANISN code with 
the source neutron spectra measured at HIMAC. The calculation gave conservative results compared 
with the shielding experiment. Three types of radiation monitoring systems are installed for the beam 
loss control. 
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Abstract 

The Gesellschaft für SchwerIonenforschung (GSI) is a heavy ion research facility, which performs basic 
and applied research in physics and related natural science disciplines. The GSI currently comprises 
the heavy ion synchrotron SIS18 which is fed by the linear accelerator UNILAC. With this combination 
several experimental areas including the fragment separator FRS and the storage ring ESR can be served. 

In the next years the GSI will contribute to a new international accelerator facility called FAIR (Facility 
for Antiproton and Ion Research). The present SIS18 will be used as an injector for a 100/300 Tm 
double heavy ion synchrotron SIS100/300. This synchrotron will provide intensities of up to 1012 
particles per second for uranium beams with energies of 2 GeV per nucleon. Furthermore with this 
facility it will be possible to produce antiprotons in a wide energy range. The Facility for Low-energy 
Antiproton and Ion Research (FLAIR) makes use of the beams of antiprotons and highly-charged ions. 
It comprises mainly two storage rings (LSR and USR), the universal trap facility HITRAP and five 
experimental caves. 

The shielding of the FLAIR facility of FAIR will be presented on the basis of several Monte Carlo 
simulations for radiation transport with the latest version of the FLUKA code (FLUKA 2005.6). The 
production of secondary particles and their migration through the shielding walls made of concrete is 
calculated to optimise the shape and the thickness of the shielding in order to preserve the limits of the 
German Radiation Protection Ordinance. 
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Introduction 

The GSI accelerator facility1 consists of the UNIversal Linear ACcelerator UNILAC, the heavy ion 
synchrotron SIS18 and several experimental areas including a fragment separator and a storage ring. 
Using SIS18 all elements of the periodic system (from hydrogen to uranium) can be accelerated to 
about 90% of the speed of light. 

The new facility FAIR (Facility for Antiproton and Ion Research) will be an international 
accelerator facility2 of the next generation. It consists of a double ring synchrotron SIS100/300 
(circumference ~1200 m) with 100 and 300 Tm maximum magnet bending power. Several facilities 
such as the High Energy Storage Ring HESR, the Collector Ring CR, the Recycled Experimental Storage 
Ring RESR, the new Experimental Storage Ring NESR and the Super FRagment Separator SFRS are 
connected to this double ring. Figure 1 shows a sketch of the planned FAIR facility. 

The present SIS18 will be used as an injector for the SIS100/300. It will provide intensities of 
1012 particles per second for uranium beams with energies of 2 GeV per nucleon. Furthermore with 
this facility it will be possible to produce antiprotons with intensities around 107 per second in a wide 
energy range (from 14 GeV down to several eV). 

Figure 1: Sketch of the existing GSI facility (left) and the planned future project FAIR (right)  

The meaning of the abbreviations can be found in the text [2] 

 

It is foreseen to produce the antiprotons by an intense 29 GeV proton beam (delivered by the 
SIS100) shot on a special production target. Up to 1013 protons per cycle will thus produce 108 antiprotons 
every five seconds. The antiprotons are then pre-cooled at 3 GeV in the CR by a stochastic cooling 
system. Afterwards, the antiprotons are transferred to the decelerator ring RESR, where the 
accumulation of up to 7·1010 antiprotons is foreseen. The antiprotons are accelerated for experiments 
with high energy antiprotons in the HESR or directly transferred to the NESR, which is used to 
decelerate the beam to 30 MeV that is then transferred to the Facility for Low-energy Antiproton and 
Ion Research (FLAIR) [1]. The location of the FLAIR hall in relation to the other facilities of FAIR can be 
seen in Figure 1. 

                                                 
1. More information on the GSI can be found at www.gsi.de. 
2. www.gsi.de/fair/index.html displays more information about this facility, its features and the planned 
experiments. 
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FLAIR 

Within the FLAIR hall two storage rings and a universal trap facility will provide antiprotons in an 
energy range between 300 MeV and several eV, which make low energetic antiproton experiments 
possible like: precision measurements of properties of the antiproton as well as precision spectroscopy 
of anti-hydrogen. This is most relevant for tests of the CPT theorem and other fundamental 
symmetries and interactions. 

In the following the devices of FLAIR will be described in detail: The facility consists of two 
storage rings – the low-energy storage ring (LSR) and the ultra-low energy storage ring (USR) – and a 
universal trap facility (HITRAP = Heavy Ion TRAP). Antiprotons coming from the NESR have an energy 
of 30 MeV. The LSR will be mainly used to decelerate the antiprotons down to 300 keV. However, with 
the LSR it is also possible to accelerate the antiprotons up to 90 MeV. After the extraction at the LSR 
the 300 keV antiprotons will further be decelerated in the USR down to an energy up to 20 keV. The 
ion trap facility HITRAP decelerates heavy highly-charged ions (coming from the NESR) and 
antiprotons (coming from the LSR) from 4 MeV/u down to cryogenic temperatures. Figure 2 shows a 
sketch of the planned FLAIR building. 

Figure 2: Sketch of the FLAIR facility [3] 

 

German radiation protection ordinance 

During beam time always a small fraction (~10%) of antiprotons hit beam components such as 
magnets, tubes or chambers. For antiproton experiments a total beam loss of 100% has to be assumed. 
These beam losses cause annihilation of the antiprotons and the production of high energetic 
particles like neutrons, gammas, etc.; thus beam losses cause ionising radiation. 

In the German radiation protection ordinance dose limits are set which will affect the design of 
the FLAIR facility. One of the rules is that the dose to the public inside the premises must not exceed 
1 mSv per year. If you want the area outside the experimental areas or accelerators freely accessible to 
the staff and assume 2 000 working hours, one gets to a dose rate of 0.5 μSv per hour. The GSI 
determines this dose rate as limit for the areas outside the experimental areas: Therefore the main 
task is to calculate the minimum required thickness of the concrete shielding to ensure a dose rate of 
less than 0.5 μSv per hour for all areas outside the shielding walls. 
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Calculations 

All simulations were performed using the Monte Carlo code FLUKA [4,5].3 Importance weighting was 
applied for variance reduction. In the following the calculation for the LSR, USR, HITRAP and Cave F8 
will be presented. 

LSR 

To calculate the required thickness of the concrete shielding two calculations are performed according 
to two different scenarios: During normal operation only a small fraction (approximately 10%) of the 
beam will be lost homogeneously in the ring. However, for the setup and conditioning of the LSR a 
total loss of 100% of the beam must be assumed. The standard beam pipes in the LSR will be made 
from 2 mm thick steel. Taking into account the mass of all magnets (approximately 100 tonnes) an 
average thickness of 10 mm steel of the beam tube demonstrates the total amount of steel. 

Figure 3 shows the two calculations according to a 10% beam loss, which is represented by four 
discrete positions, at a beam intensity of 108 particles per 30 seconds (Figure 3 left) and a 100% beam 
loss for a reduced beam intensity by a factor of 10. The calculation shows that a 50 cm thick concrete 
wall is needed to assure a dose rate below 0.5 μSv/h behind the shielding walls. 

Figure 3: Two Monte Carlo calculations of the LSR 

Left: 108 antiprotons per 30 seconds at 90 MeV. The total loss of 10% is represented by four positions. Right: The antiprotons 
have an energy of 30 MeV at the injection and 90 MeV at the extraction. The total beam loss is 100%. To keep the thickness of 
the concrete walls unchanged, the intensity has to be decreased by a factor of 10. 

 

 

USR 

The USR shall provide antiprotons in the energy range between 20 keV and 300 keV for both in-ring 
experiments and effective injection into traps. To calculate the required thickness again one has to 
take into account the beam intensity, the beam energy and the thickness of the beam tube. Figure 4 
shows the calculation according to 100% beam loss (worst case scenario). The thickness of the beam 
tube is assumed to 5 mm. The intensity is 106 per 20 seconds, which is on average 5⋅105 antiprotons 
per second. 

                                                 
3. The latest FLUKA version is FLUKA 2005.6 (July ’05). More information about this Monte Carlo program can be 
found under www.fluka.org. 
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The thickness of the concrete walls has to be between 50 and 100 cm. The shielding walls for this 
cave are thicker than the one for the LSR cave. This is mainly due to the lower distance between the 
beam line of the storage ring to the shielding walls. 

Figure 4: Dose rate plot of the USR 

The antiprotons have an energy of 300 keV; the beam intensity is 5 × 105 per second.  
The beam loss is 100%, which is represented by eight discrete positions. 

 

Figure 5: Dose rate plot of HITRAP 

There is a 100% beam loss, which is represented by three discrete positions, at an intensity of 108 antiprotons  
per 50 seconds. The antiprotons have an energy of 4 MeV. The unit of the dose rate is Sv per hour. 

 

HITRAP 

The ion trap facility HITRAP will decelerate heavy highly-charged ions and antiprotons from 4 MeV/u 
down to cryogenic temperatures. The antiprotons coming from the LSR have a maximum energy of 
4 MeV/u. The intensity of the beam is 108 per 50 seconds. Figure 5 shows a worst case scenario. The 
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beam loss of 100% is represented by three discrete positions. The calculation shows that a minimum 
thickness of 140 cm for the concrete shielding around the HITRAP facility is needed. For the maze 
entrance the concrete walls need a thickness of 100 cm. 

Cave F8 

Cave F8 is an experimental cave for further development of the tumour therapy operated with 
antiproton beams from the NESR. Scientists expect a better tumour therapy by using antiprotons, 
because antiprotons annihilate when stopped in material. The annihilation produces residual nuclear 
fragments of high charge and low energy, which deposit a large biological dose in the direct 
surrounding of the antiproton stopping distribution. Since the cooled low-emittance antiproton beams 
can be stopped in a well-defined region, the presumably large energy deposited locally makes them a 
suitable tool for tumour therapy. If this effect is confirmed, the method can be extended at FLAIR 
where the high energy antiproton beams (50-300 MeV) needed to penetrate deep enough into human 
tissue are available directly from the NESR [6]. 

Figure 6 shows a dose map of Cave F8 operated with antiprotons having an energy of 300 MeV 
with an intensity of 107. For the calculation a phantom with the outside dimensions 40 × 40 × 100 cm3 
is used. The beam loss is 100%. To maintain a large experimental area the maze is taken to the outside. 
Figure 6 shows that a thick concrete wall of 225 cm around the phantom is needed to maintain a dose 
rate of below 0.5 μSv per hour. However, the shielding walls of the maze entrance can be even thinner. 

Figure 6: Dose rate plot of Cave F8 

The antiprotons hit the target with an intensity of 107 per second with an energy of 300 MeV. There is a 100% beam  
loss in the target, which is a cuboid made of water with the dimensions of 40 × 40 × 100 cm3 acting as phantom. 

 

Conclusion 

The Gesellschaft für Schwerionenforschung and the international co-operation partners plan the new 
accelerator facility of the next generation which is able to produce antiprotons with high intensities in 
a wide energy range. Connected to this Facility for Low-energy Antiproton and Ion Research (FLAIR) 
will deal with low energetic antiprotons. 
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The Monte Carlo code FLUKA was used to calculate the shielding design of the FLAIR building. 
Emphasis is put on the two storage rings LSR and USR, the universal trap facility HITRAP and the 
anti-proton tumour therapy Cave F8. Depending on the energies and the intensities of the antiproton 
beam different thickness (from 50 cm up to 225 cm) of the concrete shielding is needed for the 
different caves. 
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Abstract 

The multi-MW target proposed for the EURISOL facility will be based on fission of uranium (or 
thorium) compounds to produce rare isotopes far from stability. A two-step process is used for the 
isotope production. First, neutrons are generated in a liquid mercury target, irradiated by the 1 GeV 
proton or deuteron beam, provided by the EURISOL linac driver. Then, the neutrons induce fission in a 
surrounding assembly of uranium carbide. R&D projects on several aspects of the target assembly are 
ongoing. Key criteria for the target design are a maximum beam power capability of 4 MW, a remote 
handling system with minimum downtime and maximum reliability, as well as radiation safety, 
minimisation of hazards and the classification of the facility. In the framework of the ongoing 
radiation characterisation and safety studies, radiation transport simulations have been performed to 
calculate the prompt radiation dose in the target and surrounding materials, as well as to determine 
shielding material and angle-dependent parameters. In this paper, we report the results of these 
studies and the proposed radiation shield design for the multi-MW target area. Furthermore, accurate 
estimates have been performed of the amount of fissile elements being produced in the uranium target 
assembly, for typical running conditions, in order to understand the implications for the classification 
of the facility. The results are reported and briefly discussed. 

Project supported by EC under EURISOL DS Contract no. 515768 RIDS, www.eurisol.org. 
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Introduction 

The proposed European Isotope Separation On-Line (EURISOL) facility [1] is an ISOL-type 
next-generation Radioactive Ion Beam (RIB) facility which will provide RIB intensities two to three 
orders of magnitudes higher than in existing RIB facilities. The EURISOL physics programme will 
address fundamental questions related to nuclear structure and many-body interactions between 
hadrons, as well as the precision study of nuclear interactions, which determine element formation in 
stars and have important implications in the understanding of stellar and galaxy evolution. 
Furthermore, the availability of such a high-intensity radioactive ion source will open up new 
opportunities to test fundamental symmetries of the Standard Model at low energy, which are 
complementary to those performed with high-energy experiments. The possibility of producing a pure 
beam of electron neutrinos (or their antiparticles) through the beta-decay (beta beam) of radioactive 
ions circulating in a high-energy storage ring, for neutrino precision experiments, is also under study.  

In the ISOL method, isotopes are produced by spallation or fission reactions in thick targets. This 
method is complementary to in-flight isotope production, used for instance in the FAIR project at GSI 
(Darmstadt, Germany). In the EURISOL Design Study (DS) [2], two baseline designs for isotope 
production targets are considered: a direct target and a fission target.  

The direct target is the extension to higher beam power of existing ISOL targets at ISOLDE (CERN, 
Switzerland), ISAC (TRIUMF, Canada) or SPIRAL (GANIL, France). A proton beam deposits a power of up 
to 100 kW in the EURISOL direct target. There is a physical limitation to the maximum power rating of 
such a target, which is given by the capability to shed excess heat and to maintain a temperature in 
the target below the target limit for thermal disintegration.  

A fission target coupled to a spallation neutron source is a way to overcome this power limit of 
the direct targets. This is the option considered for the multi-MW target assembly of the EURISOL 
facility. A multi-MW 1 GeV proton beam generates spallation neutrons in a liquid mercury target [3]. The 
neutrons in turn induce fission reactions in an actinide target assembly surrounding the spallation 
neutron source. The liquid mercury target can withstand and evacuate much higher beam power than a 
solid direct target. The isotope production efficiency (expressed as isotopes per unit beam power) of 
the fission target depends largely on the geometry of the spallation neutron source, the actinide target 
and the neutron-moderating or reflecting materials Similar efficiencies as for direct targets can be 
achieved. The target material for the fission target is a low-density actinide-carbide, for example UCx or 
ThCx, where x lies between 3 and 4. 

Table 1: Dimensions and UCx filling of the two ring-shaped fission targets placed around the  
spallation neutron source in a MMW fission following proposals by Tecchio, et al. [4] 

 Small target Large target Total 
Length 20 cm  
Thickness 2.8 cm  
Inner radius 12.1 cm 19.1 cm  
Volume 4 750 cm3 7 213 cm3 11 963 cm3 
UCx density, filling factor 3.0 gcm–3, 85%  
UCx mass 12.1 kg 18.4 kg 30.5 kg 

 

In contrast to the direct actinide target, where the dominating reactions are spallation and fast 
fission with protons, isotope production in a fission target is dominated by neutron reactions: fission of 
238U with fast neutrons, and of 235U with epithermal and thermal neutrons. A third neutron-induced 
reaction, neutron capture on 238U, leads to the breeding of fissile elements in the target, the most 
important being 239Pu. The multi-MW target assembly is described in Section 2. 

R&D projects on several aspect of the target assembly are ongoing. Key criteria for the target 
design are a maximum beam power capability of 4 MW, remote handling system with minimum 
downtime and maximum reliability, as well as radiation safety, minimisation of hazards and the 
classification of the facility.  

In the framework of the ongoing radiation characterisation and safety studies, detailed radiation 
transport simulations have been performed to calculate the prompt radiation dose in the target and 
surrounding materials, as well as determine shielding material selection and angle-dependent 
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parameters. We report in Section 3 the results of these studies and the proposed radiation shield 
design for the multi-MW target area. Furthermore, estimates have been performed of the amount of 
fissile elements being produced in the uranium target assembly for typical running conditions in 
order to understand the implications for the classification of the facility. These results are reported 
in Section 4 and briefly discussed. 

Figure 1: Isometric view of the fission target assembly 

A mercury target, serving as spallation neutron source (green), is surrounded by two ring-shaped target containers filled with 
uranium carbide, as fissile material (grey). Isotopes created in the fission targets move by diffusion through evacuated tubes 
(blue) the ion source(s). A graphite moderator (grey) is enclosing the spallation source plus fission target assembly. The whole 
target is mounted in a stainless steel vacuum vessel (light grey). 

 

Figure 2: Assembly drawing of the fission target assembly as proposed in [4].  
Length and diameter of the assembly are approximately 100 cm each. 

 



DESIGN OF THE EURISOL MULTI-MW TARGET ASSEMBLY: RADIATION AND SAFETY ISSUES 

108 SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 

The multi-MW target assembly 

Geometry 

The multi-MW target assembly consists of a spallation neutron source, converting the proton beam 
from the accelerator into neutrons, and a target in which a fissile isotope undergoes reactions with 
fast or with thermal neutrons, producing radioactive isotopes as fission products.  

The present target design [3,4] is preliminary. However it is detailed enough to make meaningful 
radiation characterisation and safety studies and predictions on the production rates of (radioactive) 
isotopes within the target, including actinides. 

The spallation neutron source is a 50 cm long, 16 cm diameter cylindrical steel vessel filled with 
mercury (Hg) [3]. Two ring-shaped tantalum containers with tungsten heat screens are placed around 
the cylindrical neutron source. The targets are filled with pellets made from uranium carbide 
(stochiometric notation: UCx, with x ≈ 3) with a density of 3 g cm–1, occupying 85% of the volume [4]. 
Table 1 shows the dimensions and mass of the UCx targets. Figure1 is an isometric view of the target 
and Figure 2 an assembly drawing. The UCx target containers are held in place with supports made 
from beryllium oxide (BeO). A 10 cm thick graphite moderator encloses the spallation source/fission 
target azimuthally and downstream, perpendicularly to the beam axis. 

Target material 

The actinide target material to be used in the multi-MW fission target has not been decided yet.  
In current direct isotope production targets, depleted uranium is the most frequently used actinide. 
This material accounts for 50% of all targets used at ISOLDE (CERN). Depleted uranium is a by-product of 
nuclear fuel production. It contains 99.7% 238U, 0.3% 235U and a smaller amount of 234U. It is well suited 
for the production of direct targets where the fission reactions are caused mainly by fast protons and 
secondary particles (neutrons, pions). For the multi-MW fission target assembly, the choice of natural 
uranium (0.7% of 235U) as target actinide would have advantages, because it would better exploit the 
epithermal and thermal neutrons emerging from the spallation source and from the moderator. 

In a realistic setting, the fission target assembly will be embedded in massive radiation shielding. 
The shielding must be considered when estimating isotope production and fissile isotope breeding 
rates because it moderates and reflects neutrons from the spallation source, increasing the efficiency 
of isotope production per primary beam proton. In this paper, a cylindrical steel shielding has been 
assumed, as described in the next Section. Upstream of the target, the shielding is closed by an end 
cap, leaving only a narrow penetration for the proton beam line. Downstream of the target, a mobile 
shielding end cap has to be arranged, allowing retrieving the target assembly to a (shielded and 
confined) maintenance position.  

Simulation 

The Monte Carlo (MC) radiation transport program FLUKA [5] is used to perform simulations of the 
dose rate fields in the multi-MW fission target assembly and the surrounding materials, as well as the 
calculation of isotope production. The main components of the fission target assembly and the 
shielding are described with the combinatorial geometry package of FLUKA. The isotope production 
rates are determined by the fluence spectra of secondary particles (neutrons, pions, protons) from the 
spallation source in the fission target material. 

In the MC simulation, a Gaussian-profiled proton beam with FWHM = 3.54 cm impinges on the 
centreline of the mercury target. The production of isotopes (“residual nuclei”) is scored with the 
RESNUCLE card, employing models for interactions of nuclei with hadrons and tabulated cross-sections 
for interactions with neutrons with Ekin < 19.6 MeV. 

Dose rates and shielding design for the multi-MW target station 

One of the technological challenges of this multi-MW facility is the very intense radiation field created 
by the secondary particles produced in the target and the surrounding materials. This imposes stringent 
constraints on the construction, as well as on the operation and maintenance of the target and its 
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associated equipment. To ensure safe operation, the target station must be encapsulated in a thick 
shield to attenuate the radiation dose outside the shield to acceptable values. The shield around the 
target must be designed to satisfy a number of requirements. The shield must be sufficiently thick, 
but at the same time the amount of material used for the shield must be minimised, to reduce 
construction and disposal costs. The volume inside the shield around the target must also be 
minimised to facilitate evacuation of the target area and avoid air activation. At the same time, the 
small distance between the target and the shielding material implies that: i) the radiation level at the 
target area is increased by the back-scattered particles; ii) high power density is deposited in the inner 
shield layer, requiring shield cooling; iii) the inner shield layer will be highly activated. With these 
constraints in mind, the shielding materials, thickness and shape must be optimally chosen. 

We propose to use a two-component shield, made of an inner layer from steel and an outer layer 
from concrete. 

The purpose of the prompt radiation shield is to reduce the radiation dose outside the shield to 
values below the operational dose rate limits defined by the legislation. They are different in different 
countries. Since we do not know in which country the EURISOL facility will be sited, we have chosen 
the limit of 1 μSv/h, as a typically permissible dose rate in supervised radiation areas. Thus, our 
objective is to design a prompt radiation shield for the multi-MW fission target, in the configuration as 
described in the previous Section, exposed to 1 GeV 4 MW proton beam, such that the dose rate at the 
outer surface of the shield is inferior to 1 μSv/h. 

For the purpose of shield design, given the beam power and energy, the prompt radiation dose 
rate H can be approximated by the point source, line-of-sight attenuation formula: 

 H(θ,d,R) = H0(θ) exp{-Σi di/λ i(θ)}/R2 (1) 

where θ and R are the co-ordinates (azimuthal angle and distance) of the point where the dose rate is 
measured and d = Σi di is the total distance traversed by the radiation in different successive shielding 
materials. H0(θ) is the source term, depending upon the azimuthal angle θ. It gives the dose rate at a 
unit distance from the source before any shielding material and it depends on the source intensity 
and geometry. Once the source term and the attenuation lengths λi in the different shielding materials 
are known, it is possible to determine, as a function of θ, the shield thickness di of the different 
materials, needed to attenuate the radiation dose by the desired factor. It is useful to remind that the 
attenuation length in a given material depends upon the composition in terms of particle types 
(protons, neutrons, pions, etc.) of the radiation field. 

Our strategy [6] to design the radiation shield for the multi-MW target is the following. We use 
the FLUKA MC code to simulate the particle transport through the target and shielding materials and 
calculate the dose rate spatial distribution H(θ,R), in a reference shield geometry. Then we fit the 
parameters H0(θ) and λi(θ) for subsequent determination of the angular-dependent extension ti(θ) of 
the shielding shells, making use of Eq. (1). 

The shield reference configuration is a two-component layered steel and concrete cylindrical 
monolith, completely encapsulating the target. It is composed of an inner steel cylinder of 2 m 
constant thickness, of 60 cm inner radius, closed at the two ends by 2 m thick end-caps, sited at about 
20 cm distance from the target ends. The steel layer is followed by a 2 m thick concrete layer, also 
cylindrical in shape, closed by 2 m thick end-caps. The chosen thickness values are sufficiently large 
to allow establishing particle equilibrium, after which the radiation field composition, in terms of 
particle types, stays unchanged with the penetrated material depth. Consequently, a reliable 
determination of the source term and attenuation length values can be performed.  

The isodose contours, as a function of the longitudinal co-ordinate z and the radial co-ordinate r 
(cylindrical symmetry is assumed in the simulation) are shown in the upper panel of Figure 3. The target 
and shield geometry as used in the simulation are superimposed to the dose contours. The subdivision 
of the steel shield in 20 layers and of the concrete shield in 10 layers indicates the regions where 
suitable MC biasing factors have been applied, to achieve adequate particle statistics at all depths in 
the shielding materials. After conversion from cylindrical (r,z) to spherical co-ordinates [R = (r2 + z2)1/2, 
θ = acos(z/R)] dose rates as a function of R for two different values of θ, in the beam direction (θ = 0°) 
and perpendicular to the beam direction (θ = 90°) are shown in the lower panels of Figure 3. In the two 
cases, the contributions to the dose rate from the different particle types are also shown. 
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The dose rate values are then plotted as a function of the radiation depth d in the shielding 
material (d(θ) = R – g(θ), g(θ) being the distance of the shield inner edge from the co-ordinate origin), in 
different θ bins of 4 degree widths, going from 0 (beam direction) to 180° (beam opposite direction). 
Then, these curves are fitted using an exponential function exp(a + bd) and the values of the source 
term and attenuation length derived from the fitted values [H0 = exp(a), λ = -1/b]. As an example the 
attenuation curves in steel for θ values between 0° and 90° are shown in the upper panel of Figure 4. 
The fitted values of H0 and λ in steel as a function of θ are given in the lower panel of Figure 4. The 
larger values of the source term H0 in the backward direction (θ > 90°) may seem unnatural, as one 
would expect lower dose values in the backward direction. This is indeed the case, as lower λ values 
in the backward direction compensate the higher H0 values. In the fit, we have chosen deliberately to 
minimise the uncertainties on the λ parameters, while allowing relatively bigger uncertainties on the H0 
parameters [6]. In this way, as λ enters exponentially, while H0 enters linearly in Eq. (1), we minimise the 
uncertainty on the calculated H(θ,d,R) values induced by the uncertainties on the H0 and λ fitted values. 

The λ values have also been determined in the concrete shield and used, together with the fitted 
H0 and λ parameter values in steel, to evaluate the thickness of steel and concrete, as a function of θ, 
such that the dose rate at the outer surface of the shield is inferior to 1 μSv/h. The result is shown in 
Figure 5. The needed concrete thickness tconc is given as a function of θ for different values of the steel 
thickness tsteel Here tsteel is defined as the thickness of the steel cylinder, along the axis and of the end 
caps, encapsulating the target. The inner dimensions of the steel cylinder are the same as described 
above, for the reference shield geometry. 

Given the cost of steel, about a factor of 25 more expensive than concrete, we propose to use 1 m 
thick steel cylinder followed by a concrete shield of variable thickness as a function of θ, as indicated in 
Figure5 for tsteel = 1 m. For θ = 0, 90 and 180° a concrete thickness values of about 900, 850 and 650 cm, 
respectively, are needed after 1 m thick steel shield cylinder, to reduce the dose rate to 1 μSv/h. 

Breeding of fissile material in the multi-MW target 

Fissile isotope breeding in five different fission target designs has been studied [7]. Their characteristics 
are described in the second column of Table 2. The standard ISOLDE UCx target has been added as an 
example for direct targets. The designs U0 and Th0, in absence of shielding, although unrealistic, 
allow drawing conclusions on the relative merits of different actinide materials for isotope production 
and breeding of fissile elements. Comparison between the designs U0 and U1 will reveal the influence 
of the shielding. The designs U1, U2 and U3 can be considered as realistic, keeping in mind that the 
different 235U content will have effects on isotope production (as shown in the fifth column of Table 2). 

The method used for the calculation is described in detail in [7]. The results in terms of estimates 
of fissile isotope production are reported in the last two columns of Table 2. 

The studied fission target assemblies show approximately the same efficiency (see column 5 of 
Table 2) as a standard ISOLDE UCx target in the production per incident proton of spallation and 
fission elements lighter than the target material. Reducing the size of the fission target would reduce 
this efficiency. As it can be seen in Table 2, one isotope alone, 239U, is produced more copiously than 
all others taken together, in the case of a UCx target. Essentially all of it will decay into 239Pu. In direct 
targets (e.g. the ISOLDE target), breeding of heavier isotopes is practically absent because only few 
low-energy neutrons are available for its production. The presence of the shielding, in the configuration 
described in the previous sections, increases the production of 239U (and thus 239Pu) by 70%. This figure 
may vary depending on the exact arrangement of shielding. The higher 235U content enhances the 
production of fission products due to a better exploitation of epithermal and thermal neutrons; 
however it does not influence the neutron spectrum and capture rate and thus breeding of 239U/239Pu. 

In the Th-based fission target, slightly more fissile isotopes are bred than in the U-based target, 
for slightly less fission products. 233U presents the similar risks for radiation protection and the same 
issues for nuclear security as 239Pu. In this respect there is no advantage in considering Th as base 
material for fission targets. The comparison with a standard ISOLDE target, as an example for a direct 
target, also shows that the production of fissile elements, as compared to that of lighter isotopes, is 
highly reduced in the direct target with respect to the fission target assembly. 
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Figure 3: (Top) Isodose rate curves as function of r and z (cylindrical  
co-ordinates used for the simulation). Dose rate values, in Sv/h, are given here  

and in the following figures for 4 MW 1 GeV proton beam impinging on the target. 

 

(Bottom) Dose rate as a function of R = (r2 + z2)1/2 for two different values of θ, in the beam  
direction (θ = 0 degrees) and perpendicular to the beam direction (θ = 90 degrees). In the two  

cases, the contributions to the dose rate from the different particle types are also shown. 
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Figure 4: (Left) Effective dose attenuation curves in steel, as a function  
of steel depth, for different θ values. (Right) The values of H0 and λ,  

obtained from the fit of the attenuation curves, are shown as a function of θ. 

Figure 5: Concrete shield thickness, as a function of the azimuthal angle θ,  
needed to attenuate the effective dose rate to 10-6 Sv/h at the outer shield surface 

The curves are given for six different values of the inner steel cylinder thickness tsteel (see text). The upper curve is for tsteel = 100 cm 
while the lower curve is for tsteel = 300 cm, with the intermediate curves given for intermediate tsteel values in the order shown in 
the subtitle. The points are the result of the dose rate calculation, Eq. (1), using the source term and attenuation length values, 
obtained from the fit of the simulation data as explained in the text. The curves are the results of a polynomial fit to the points 
and their uncertainties. 
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Table 2: Estimate of fissile isotope production in a  
UC3 (ThC3) target, for five different configurations [7] 

Columns 2, 3 and 4 show the characteristics and shielding conditions used for the calculation (see text). Column 5 gives the 
production per proton of isotopes lighter than 239U. Columns 6 and 7 give the production of 239U (233Th for Type Th0) per proton 
and the implied production of 239Pu (233U for Type Th0) during 3 000 hours with a 4 MW proton beam. Isotope production in an 
ISOLDE-UCx target is added for comparison. 

Target  
type 

Common 
characteristics 

Actinide
used for 

target 

Steel
shielding

Light (A<239) 
isotopes per 

proton 

239U* per 
proton 

239Pu* for 4 MW power 
3 000 h running time 

Atoms Atoms Atoms Mass(g) 
U0 

Target material UC3 (ThC3), 
Target mass 30.5 kg, 10 cm  

C moderator 

238U No 0.31 0.407 1.09 1023 43.4 
Th0 232Th No 0.21 0.427 1.15 1023 45.6 
U1 238U Yes 0.32 

0.68 1.83 1023 72.5 
U2 

natU 
(0.7% 235U)

Yes 0.47 

U3 
depU 

(0.3% 235U)
Yes 0.44 

ISOLDE
Target material UC3, dir. irrad. 
by E = 1.4 GeV proton beam 

depU 
(0.3% 235U)

No 0.33 9.6 10–4 – – 

* 233Th/233U for Type Th0. 

In multi-MW target assemblies for isotope production based on uranium carbide, the isotope 
239U is produced by neutron capture on 238U more abundantly than all other isotopes taken together. 
Practically all of the 239U will decay into 239Pu, the burn-up of this isotope in the target being very low. 
Similar conclusions apply to targets based on thorium carbide for the production of the fissile isotope 
233U. In a realistic target design, including the effects of radiation shielding on the neutron fluence, 
more than 70 g of 239Pu would be produced per year, irrespective of the presence of 235U in the target 
material. Rules for safeguarding fissile materials under the international nuclear Non-proliferation 
Treaty (NPT) will have to be applied to the EURISOL multi-MW targets. 

Summary 

The EURISOL facility will provide RIBs with intensities two to three orders of magnitudes higher than 
in present facilities, opening up unprecedented opportunities for investigations and discoveries in 
nuclear physics, astrophysics and particle physics. 

This paper focuses on the EURISOL multi-MW target, designed for the production of rare isotopes 
far from stability. The proposed design makes use of a liquid mercury target, directly irradiated by a 
multi-MW proton beam, for the production of an intense neutron flux. The neutrons in turn irradiate 
a surrounding assembly of uranium carbide targets in which isotopes are produced by neutron-induced 
fission reactions. A detailed layout of the multi-MW target assembly has been proposed and its key 
features are being studied. 

Prompt radiation dose calculations in the target and the surrounding materials have been 
performed, the radiation attenuation through materials has been analysed and its angular dependence 
parameterised. It has been shown that with a 1 m thick steel monolith encapsulating the target, 
followed by 7 m (up-stream of the target) to 9 m (down-stream of the target) thick concrete shield, the 
radiation dose outside the shield can be kept below the limit of 1 μSv/h, as permissible dose rate in 
supervised radiation areas. 

In terms of nuclear safety, the quantities of hazardous isotopes were calculated, showing no 
particular advantage in using Th as fissile material rather than U, due to the breeding of 233U, as 
problematic for proliferation as 239Pu. Moreover, Th targets present lower RIB production rates than 
U targets, for the same beam power and energy. These results are an essential input in the finalisation 
of the target design and in the process leading to the classification of the facility. 
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Abstract 

The 350 MJ of stored beam energy at LHC and the small spot size at 7 TeV/c poses strict requirements 
for the collimation system. Two insertions (IR3, IR7) are dedicated to beam cleaning with the design 
goals of absorbing part of the primary beam halo and of the secondary radiation. The tertiary halo 
which escapes the betatron cleaning insertion in IR7 may heat the cold magnets at unacceptable levels, 
if no additional absorber is used. Moreover, the transverse energy and intensity carried by the beam 
lays three orders of magnitude above the values of current facilities thereby requiring careful 
calculations of the heat deposition in the collimators and in other fragile units. The present paper 
provides an overview of the intensive study by means of FLUKA simulation to shield and protect all 
sensitive equipment against overheating and radiation damage in the harsh environment of IR7 
during normal collimation and for various accident scenarios 
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Introduction 

For nominal performance at LHC, each of the two rings will store 2808 bunches of 1.1 × 1011 protons at 
7 TeV each, the total stored energy in both beams amounts to 350 MJ. This high beam power must be 
handled in a super-conducting environment, severely constraining the fraction of the beam that can 
be lost in a cold magnet. Even a tiny fraction ~5 mW/cm3, equivalent to 1/109 of the total beam power, 
is sufficient to quench a magnet if it is deposited in its cold parts [1]. Given that beam losses cannot be 
completely avoided, the high loss rates of protons associated to the intense LHC beams require a 
powerful collimation system, designed to restrict the mechanical aperture in the machine and to 
clean the primary halo and the secondary radiation. A set of active and passive absorbers is used to 
reduce down to acceptable levels the tertiary halo which escapes the collimation systems, so that 
quenches of magnets are avoided. The present paper gives an overview of the challenging and broad 
simulation work, performed in the last years to protect and shield those sensitive equipments. The 
intranuclear cascade code FLUKA [2,3] was used for the simulation, with the help of many of user 
written routines, and processing scripts. 

Simulation set-up description 

The survey required to model a long section of the LHC tunnel, 1.5 km in total including the straight 
section and part of the two arcs upstream and downstream of the straight section [Figure 1(a)] [4,5]. 
There are over 250 beam objects, namely: primary and secondary collimators, passive and active 
absorbers, warm and cold dipoles, bending magnets, quadrupoles, sextupoles, orbit correctors and 
various beam instrumentation. The position, orientation, material assignment and magnetic field 
strength characterising of each object is determined by the optics of the beam. Due to the complexity 
involved in modelling such geometry, it was decided to follow a modular approach by means of 
user-written programs. 

Figure 1: Photo realistic views created with the PovRay ray-tracing program as modelled in FLUKA 

(a) Inner view of part of the IR7 insertion, where part of the straight section is visible together with the corrector dipoles (MCBC) 
and warm quadrupoles (MQW). (b) Section of a secondary collimator (TCS). Light effects and colours have been added with 
PovRay. 

 (a) (b) 

  

A prototype of each object listed above was modelled with full details and stored in a “parking” 
area next to the tunnel for later mapping via the LATTICE card of FLUKA. The transformation of each 
object was performed by allocating a bounding body in the input file for the replicated item in the 
geometry, and then an automatically generated lattic.f Fortran routine has made the conversion of the 
lattice co-ordinates to the prototype reference system, located in the parking area. 

There are two kinds of collimators, primary (TCP) and secondary (TCS). The primary collimators 
(TCP) have 100 cm long graphite jaws where the central 60 cm stick out slightly to intercept the beam 
halo at 6 sigma (the value of σ depends on the beta function of the beam), plus an additional tapering 
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of 10 cm at both sides. The secondary collimators (TCS) [Figure 1(b)] have 100 cm long graphite jaws 
entirely sitting at 7 sigma, plus the 10 cm of tapering on both sides. The choice of materials for the 
collimators of the LHC was limited to low Z-materials, like graphite or beryllium [4,6,7]. This choice is 
not motivated by the normal operational scenarios but rather by accidental rapid impacts of beams, 
either at injection or, more severely, during a coast at 7 TeV. For accidents at 7 TeV neither beryllium 
nor graphite will melt locally, but cracks and permanent deformations of the collimator side face are 
to be expected. 

The tilt of the jaws follows the beam divergence at the location of the collimator. Several ideas 
have been studied to address the problem of the variable location of the collimator jaws, position and 
tilt. Finally it was decided to change at runtime the position and orientation of the collimator jaws 
planes. This was performed inside the lattic.f routine for every single step when a particle entered a 
new collimator lattice. The beam lines including the surrounding tunnel for the dispersion 
suppressors and all the elements were automatically generated, by the Rexx [8] script, using the latest 
beam optics [9]. 

Figure 2: Cross-section of geometry and magnetic field map of a warm quadrupole (MQW) 

 

Each LHC magnet has its own magnetic field mapping that is defined in various ways, i.e. analytic 
form and 2-D interpolation grid including possible symmetries (Figure 2). Therefore, a special file 
format was created to allow a common and more flexible description of all cases. The format 
describes a field through 2-D linear interpolation, or else by using the analytic form of the field (for 
constant fields and perfect quadrupoles), or both, including symmetries and co-ordinate transformation. 
For example the field of the quadrupoles was described inside the vacuum pipes using the analytic 
form, while outside it was linearly interpolated from a 2-D grid. The intensity or the gradient of each 
magnetic field as well the rotation and positioning in the ARC were dynamically assigned by the 
generating Rexx script for each element to ensure the correct optics and beta functions of the beam. 

For such a cumbersome setup there is no unique biasing scheme. The applied technique was to 
adjust the importance of the regions, and to enable Russian roulette splitting of secondary particles 
produced in a collision, inversely proportional to their average distance from each of the two beam 
lines. However, for every simulation run, a dedicated biasing scheme was additionally introduced for 
the regions of interest. 

The map of the primary inelastic collisions, i.e. the position where the particles are lost on the 
collimators, was calculated using a multi-turn cleaning process simulated initially by the COLLTRACK 
V5.4 [10] code and recently by the SixTrack [11] program. The tracking program has recorded into a file 
all inelastic and diffractive scattering interactions parameters, position and direction of the lost proton. 
The individual cascade starts by forcing the FLUKA code to create an inelastic nuclear interaction of a 
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proton inside the collimators jaws at the position given by the tracking program reading randomly the 
co-ordinate and the direction of the lost protons. Several scenarios have been used for different 
machine operating conditions, the most critical ones being: 

1. For nominal running, a transient period of up to 10 s is accepted with a peak loss rate of 
4 × 1011 p/beam/s lost for the 0.2 h beam life time scenario [12], corresponding to 450 kW of 
power vanished in the cleaning insertions. 

2. A total yearly average loss rate, estimated to be 4.1 × 1016 p/yr during the operation of the LHC. 

3. Due to a spontaneous rise of one of the extraction kicker modules during the coast, part of the 
7 TeV/c beam (six bunches of 1.1 × 1011 p) is spread across the front of a collimator jaw. 

4. Faulty kick by the injection kicker, where a full batch of protons hit the front of a collimator 
jaw at 450 GeV/c. 

Since the betatron cleaning (IR7) is far away from the high luminosity interaction points, no other 
source of particle losses were taken into account. 

Protection of the super-conducting elements 

The betatron cleaning insertion is the “hottest” region in the LHC ring, where almost all of the beam 
cleaning will take place there. Therefore the radiation levels expected in IR7 during operation are very 
high. Some of the cold magnets will not survive unless adequately protected from radiation generated 
on the primary and secondary collimators located 300 m upstream. Special equipments (the so-called 
active absorbers) are thus needed to prevent secondary particles from reaching the superconducting 
coils. The absorbers are very similar to the secondary collimators (TCS) having copper jaws with an 
inset of tungsten [13] with an aperture at 10 σ. Due to the lower radiation environment in the arc a 
higher Z material could be used. copper and tungsten were chosen because of their high density and 
good thermal properties. Like with the collimators, absorbers can have any orientation in space and 
jaw tilt. The possible locations where absorbers could be installed were limited by the space 
availability and by cleaning constraints. On the one hand, the longer is the distance from the magnet 
to be shielded the lower is the influence of the absorber on the magnet. On the other hand, if the 
absorber is too close to the magnet, the cascade generated in the absorber may reach and quench the 
magnet. A large set of simulations were needed in order to optimise the use of absorbers. 

The initially large number of possible combinations (three loss scenarios, two absorber 
orientations, two beams, four locations and different length of the primary collimators) was reduced 
by general considerations after a first set of simulations. Despite all the assumed simplifications, a 
very large number of simulations were needed to obtain good accuracy. The reason is that the 
probability of having a particle interacting in a coil 300 m downstream of the collimators is utterly 
small, because the presence of absorbers reduces the initial radiation levels in the cold aperture by 
2 orders of magnitude. Biasing techniques and high energy thresholds in elements in the warm 
section allowed reducing the CPU time per history from 120 seconds to 2-3 seconds. 

The first quadrupole (MQTL) is the most sensitive element because of its location, relatively close 
to the collimators. After a long and detailed investigation of the various scenarios, the conclusion was 
that three absorbers per beam can safely keep the energy deposition in the first MQTL below the 
quenching limit of 5 mW/cm3. Figure 3 shows the reduction of the radiation level in the dispersion 
suppressor downstream of the last absorber, for various absorber set-ups. Configurations with only 
two absorbers cannot grant sufficient protection. 

Protection of the warm elements 

Another critical part of the work was focused on the shielding of the warm objects close to the primary 
collimators. Although these units they do not operate in a superconducting regime nor do they contain 
delicate electronic equipment, they still cannot stand whatever level of radiation. Among them there 
is the epoxy used in the insulator blocks or in the coils of the magnets, the pipes whose wrapping film 
must ensure the heating during out-gassing, the flanges, where asymmetric irradiations can cause 
pressure in-leaks, or the collimators, whose jaws must remain flat to function properly. The addition 
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of passive absorbers and the use of appropriate materials shall guarantee a correct operation of all 
items. Passive absorbers (TCLPA) are shielding devices that are mounted around the vacuum pipe, with 
a fix aperture in contrast with the active absorbers that have movable jaws. 

Figure 3: Maximum power density in the superconducting  
coils of the MQTL, for various active absorbers scenarios 

It is visible that to reduce the power density below the quench limit of 5 mW/cm3 at least three absorbers are needed 
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Several solutions have been investigated in detail, starting the simulations with an ideal absorber 
made of black body,1 steel or tungsten. The ideal black hole absorber was used to tune the aperture 
and the lateral dimensions of the passive absorber. This step provided valuable information about the 
lower limit that we can expect and the dimensions of the absorber to be used. Furthermore, it made 
obvious that there is a need to use an ellipsoid aperture of 29.5 mm horizontal and 22 mm vertical 
(smaller than the beam pipe), to filter a great number of halo particles. The external lateral dimension 
is of the order of 45 × 45 cm2, to be able to decrease the dose to the coils from 85 MGy/y down to 
1.5 MGy/y, below the goal limit of 3 MGy/y [14]. The length was defined as a function of the space 
availability and of course of the material choice. It is evident that the higher Z material used will have 
a better cleaning efficiency; therefore the final choice was to use tungsten for both its good thermal 
properties and high density (Table 1). The simulation showed that a further reduction of the dose on 
both bending magnets (MBWB and MBWA) could be done either in expense of constraining more the 
aperture (which would limit the functionality of the machine especially during injection) or by 
installing a second, shorter (20 cm) passive absorber in the spacing between the two magnets. 

Table 1: Dose peaks in the coils of the two MBW  
magnets for various passive absorber configurations 

Absorber MBWB (MGy/y) MBWA (MGy/y) 
None 85 25 

Black hole 0.5 1.4 
100 cm Fe 4.8 3.9 
100 cm W 2 3.9 

100 cm W + 20 cm W 2 2.4 
 

A similar approach has been followed for the shielding of the warm quadrupole MQW after the 
first secondary collimator. The initial dose on the coils was reaching levels of 13 MGy/y. With the use 
of a an equivalent tungsten passive absorber of length 60 cm in front of the MQW the dose in the coils 
drops down to 1.8 MGy/y. 

                                                      
1. A fictitious FLUKA material used to terminate particle trajectories. Any particle reaching a black hole 
boundary is discarded. 
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Figure 4: Dose maps (MGy/y) before and after the introduction of the passive absorbers 

 (a) In the first bending magnet MBWB (b) In the first warm quadrupole MQW 

No absorbers No absorbers 

With 100 cm + 20 cm W absorbers With 60 cm W absorber 

Simulation accuracy 

The systematic error involved in simulating the cascade of 7 TeV beams is a combination of several 
factors, which are in most cases difficult, or even impossible, to predict. The main sources of error are: 

• Errors due to the physics modelling: i) in the uncertainty in the inelastic p-A extrapolation 
cross-section at 7 TeV lab; ii) uncertainty in the modelling used from the simulation code. One 
would expect a factor of 1.3 on the integral quantities scored like energy deposition (peak 
included), while for multi differential quantities the uncertainty can be much worse.  

• Errors due to the assumptions used in the description of the geometry and of the materials 
under study. Usually it is difficult to quantify this uncertainty; experience has shows that a 
factor of 2 can be taken as a safe limit [15]. 

• Errors when having beams grazing at small angles the surfaces of the collimators, where the 
surface roughness is not taken into account. A factor of 2 can be taken as a safe choice. 

Conclusions 

The LHC betatron cleaning insertion has been extensively studied by means of FLUKA simulation, on 
a 64 CPU Linux cluster. A modular approach in the geometry definition was chosen, and all the relevant 
elements, magnets and collimators were implemented with high precision. During normal operation 
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the betatron cleaning should be able to remove safely 450 kW of beam power for period up to 10 s.  
At the same time we have to guarantee that the power density on the coils of the super conducting 
magnets 300 m downstream of the collimation system will never rise above the quench limit of 
5 mW/cm3. Analysis of the results showed that to prevent superconducting magnets from quench, at 
least three absorbers are needed made of a high Z material like tungsten. As for the case of the warm 
objects, passive absorbers made of tungsten are needed in order to ensure that the yearly dose to the 
epoxy of the coils is below the limit of 3 Gy/y to guarantee a life span of 10 years. 
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Abstract 

During the lifetime of a high-energy accelerator estimations of induced radioactivity are important in 
all its phases, such as design, operation and decommissioning. FLUKA’s capability of making 
predictions for isotope production in hadronic showers has been subject to extensive benchmark 
experiments carried out in the last years. The accuracy of these predictions steadily improved with the 
advancements of models implemented into FLUKA, in particular after the introduction of a new 
evaporation/ fragmentation model and the improvements and extensions of the PEANUT model. 

Whereas former activation studies focused on samples of selected materials and representative source 
spectra typical for high-energy accelerators, this paper gives a more general analysis of calculated 
isotope production cross-sections and their application to future radiation protection needs. In this 
paper a general approach is presented how to quantify calculation uncertainties and use pre-calculated 
cross-sections in order to fold them with expected energy spectra as encountered around accelerators, 
thus leading to fast and accurate results. The application of this approach is understood to be an 
indispensable ingredient, for example in order to efficiently calculate radionuclide inventories needed 
for disposal of radioactive waste towards the final repositories. 

Based on a list of materials and radioactive isotopes, possible reaction channels can be derived for a 
certain application and energy-dependent isotope production cross-sections are calculated and 
compared to experimental data. Depending on the amount and accuracy of the available experimental 
data sets, as well as the production mechanisms of the radioisotopes, respective uncertainty factors 
can be derived. These factors mainly depend on the production mechanism and the energy range of 
interest, thus allow quantifying uncertainties in isotope production as calculated with FLUKA in a 
more global way. Pre-calculated isotope production cross-sections can then be used to estimate 
radionuclide inventories by folding the cross-sections with expected particle energy spectra. Typical 
spectra as encountered in high-loss regions of the LHC accelerator are shown and compared to those 
used in previous benchmark experiments.  
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Introduction 

All stages in the life-cycle of a high energy accelerator require calculations of induced radioactivity. 
During the construction phase their results enter the design of components and the choice of 
materials, during operation they provide dose estimates for work on activated components and also 
the de-commissioning of an accelerator is based on studies of the nuclide inventory. For accelerators 
reaching TeV energies, a Monte Carlo code used for such calculations must be able to reliably predict 
nuclide production in interactions of all stable hadrons on arbitrary target elements and at energies 
ranging from that of thermal neutrons to several TeV. For this reason, most studies for the Large 
Hadron Collider (LHC) employ FLUKA [1,2] as it was found to be the most appropriate Monte Carlo 
code for estimations of induced radioactivity at this accelerator [3]. 

In principle, induced radioactivity can be calculated directly in the simulation of the particle 
cascade in the respective components. Radionuclides follow from the last step of an inelastic 
interaction and different options exist in FLUKA to score them at any location in the geometry. 
Moreover, the calculation of radioactive built-up and decay has been added recently such that 
accurate predictions for nuclide production and induced radioactivity can now be obtained from a 
single FLUKA simulation without further need to post-process the results. 

Although being very convenient the latter one-step simulation is not always the most efficient 
way to achieve results. Examples for such situations include materials of low density, such as air, for 
which obtaining results with low statistical uncertainty may imply significant CPU-time if nuclides 
are calculated directly. Similarly, it is not always efficient to re-run the entire simulation if details in 
the geometry, such as the definition of trace elements in a material composition, or certain aspects in 
the nuclide production models have changed. 

In these situations it is often more appropriate to follow a two-step approach, by calculating 
particle fluence spectra in the regions of interest and by folding them off-line with pre-computed, 
energy-dependent nuclide production cross-sections. These cross-sections can be obtained directly 
from FLUKA by simulating single collisions but can also include experimental information, if available, 
in the form of evaluated cross-sections. This two-step approach allows more flexibility and efficiency 
to explore different design options, for example, in studies of air activation, as well as for applications 
in which precise predictions are not necessarily required, such as for the radiological characterisation 
of radioactive waste. 

The present study aims at building such a data-base of energy-dependent cross-sections. It is 
based on FLUKA predictions but also includes experimental data to verify calculated values. The most 
complete compilation of experimental information for our purposes can be found in Ref. [4]. In addition, 
dedicated benchmark experiments for activation of materials typically used in the construction of the 
LHC were performed over the past few years and serve as basis for a verification [3,5]. 

Cross-sections are calculated according to their relevance for radiological studies for the LHC and 
therefore cover so far reactions of protons, neutrons and charged pions on nuclei with masses up to 
zinc. Despite this present limitation the number of calculated cross-section data sets is enormous and 
a detailed comparison to experimental data can only be performed for selected reactions. For all other 
channels a more automated approach is attempted in which energy-averaged ratios of measured and 
calculated cross-sections are computed. These ratios are not meant to allow unambiguous conclusions 
but should give at least an indication on the performance of FLUKA for single reaction channels. 

The prediction of the nuclide vector for radioactive waste considerations has been chosen as a 
first area of application of the new database. In particular, one of the most radioactive parts of the 
LHC, the collimation region, was selected. Based on an existing, detailed FLUKA geometry [6] of that 
area particle fluence spectra were calculated for a large number of different locations and were folded 
off-line with the pre-computed cross-sections for reactions leading to waste-relevant nuclides. As it is 
shown below, this approach allows an investigation of the sensitivity of the nuclide predictions on the 
shape of the fluence spectra and a reduction of all computed spectra to a sub-set of so-called 
characteristic spectra. 
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Activation benchmark measurements at CERF 

In the past years an extensive collection of samples of different materials such as aluminium, copper, 
stainless steel, iron, titanium, concrete, marble, boron nitride, carbon composite, and demineralised 
water were irradiated at the CERN-EU High-Energy Reference Field (CERF) facility [7], using the 
secondary mixed hadron beam from the Super Proton Synchrotron (SPS) accelerator. The facility is 
installed in one of the secondary beam lines (H6) from the Super Proton Synchrotron (SPS) at CERN.  
At this facility a cylindrical copper target (7 cm in diameter, 50 cm in length) is intercepting a positively 
charged hadron beam with a momentum of 120 GeV/c consisting of protons (34.8%), pions (60.7%) 
and kaons (4.5%). 

The copper target is surrounded by a concrete enclosure of 80 cm thickness. The CERF facility 
serves mainly for detector test and calibration purposes and thus provides instrumentation for 
accurately recording the beam properties (intensity and profile). As the latter is essential for 
benchmark experiments, the facility is well suited for studies of induced radioactivity. An air-filled 
Precision Ionisation Chamber (PIC) at atmospheric pressure, placed in the beam upstream of the 
copper target, monitors the intensity of the beam.  

In the series of benchmark experiments emphasis was put on reducing uncertainties in both 
measurements and simulations in order to allow for an accurate benchmark of the FLUKA code. This 
included low-level gamma spectrometry measurements, appropriate treatment of the decay chains of 
isotopes in the gamma spectrometry and in the simulations, efficiency correction in the spectrometry, 
as well as detailed simulations of residual nuclei production with low statistical uncertainties. For 
each sample spectrometry, analyses were performed for several cooling times, which allowed 
identifying both short- and long-lived isotopes. 

Further details concerning the experimental set-up, the beam conditions and the benchmark 
results can be found in [5,8,9]. 

Figure 1: Distribution of high [red (dark grey)] and  
low [yellow (light grey)] loss regions around the LHC 

The two beam cleaning insertions (Points 3 and 7), the dump caverns  
and the inner triplets will be especially regions of elevated activation 
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The collimation regions of the LHC 

The LHC is a synchrotron-collider which accelerates and stores two intense beams of particles 
circulating in opposite directions. Its size and structure was given by the former LEP ring which 
consisted of eight so-called arcs with a bending radius close to 3.5 km linked together by eight 528 m 
long straight sections. The two beams of the LHC will be accelerated in two separate vacuum 
chambers side by side in the horizontal plane through the arcs and will cross over at dedicated 
interaction points (IP) in the centre of those straight sections dedicated to experiments. The high 
stored total energy and total beam current make the LHC not only a challenging project with respect 
to its construction, but also to the operation and protection of the accelerator itself. 

High energy particle cascades induced by beam particle losses lead to the activation of material 
in the respective zone of the accelerator. At the LHC one can distinguish machine zones of high and 
low losses as shown in Figure 1. 

The LHC requires numerous different elements in order to assure its stable operation, one of 
them being the beam cleaning or collimation system. During the high-energy collisions in the physics 
experiments, particles scattered elastically are emitted in the primary beam direction with the same 
momentum and a slight increase in transverse angle. The same effect occurs along the whole 
machine due to elastic interactions between the protons and the residual gas nuclei in the vacuum 
chamber. Furthermore, beam instabilities (non-linear beam dynamics) also contribute to an amplitude 
increase of the transverse and longitudinal beam distribution. All these effects will progressively push 
particles outside of the stable region, creating a so-called beam halo. 

One of the challenging tasks in the design of the LHC is the need to ensure this halo to be 
intercepted at dedicated elements before it hits other parts of the accelerator, e.g. the cold inner part 
of a super-conducting magnet. Already a few per mile of the scattered particle flux interacting with a 
superconducting magnet would cause it to quench. Therefore, an efficient collimation system is 
required in order to ensure stable operation of the machine. For this purpose, the LHC includes two 
cleaning insertions, defined as those parts of the accelerator ring where particle losses are 
concentrated. One of which is dedicated to clean off-momentum particles, whereas the other captures 
particles outside a defined transverse boundary, requested to be smaller than the aperture of the 
remaining accelerator components. 

The betatron cleaning insertions at IP7, which is showing the highest losses and where a 
complicated betatron cleaning system will undergo major upgrades within a phased approach of its 
installation, is in the following chosen as a test case to verify the presented approach of calculating 
secondary particle spectra and fold them with pre-calculated (or measured) isotope production 
cross-sections. 

The Monte Carlo code FLUKA 

In an inelastic reaction of a high-energy hadron with a nucleus, hadrons will be produced, as well as 
many individual nucleons and some clusters of nucleons will be ejected from the struck nucleus 
during the various phases of the interaction. Depending on the mass of the remaining fragment(s) 
with respect to the mass of the original target nucleus the interactions are classified as spallation, 
deep spallation/fission or multi fragmentation. The residual nucleus will be left in a highly excited 
state and will most probably be unstable against radioactive decay. It will attempt to reach a stable 
configuration by a succession of decays of gradually increasing lifetime (possible exceptions might be 
metastable states). Low-energy neutrons, protons and pions interact with nuclei via resonance 
interactions, but these processes generally result in the removal of only a few nucleons from the 
struck nucleus which is left in a near-stable configuration. 

The production of radionuclides in FLUKA [1,2] results directly from the description of hadronic 
interactions. It can therefore be modelled for any incoming hadron, target nucleus and energy. 
Interactions of low-energy neutrons (E < 19.6 MeV) form the only exception, for which pre-tabulated 
cross-sections are used. If such cross-sections are not available for a certain target element, 
radionuclides are not generated in interactions on that element by default. For all other reactions, 
radionuclides follow directly from the last step of the interaction and results are thus influenced by all 
previous stages. 
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Hadronic collisions at energies above several GeV are described within the Dual Parton Model 
(DPM) which includes multiple interactions of the incoming hadron on target nucleons (so-called 
Gribov-Glauber theory). These high-energy hadron-nucleon interactions are followed by a sophisticated 
Generalised Intranuclear Cascade (GINC) model. At energies below a few GeV the description of the 
interaction starts immediately from the GINC model. The GINC terminates as soon as all produced 
hadrons (except nucleons) are either emitted, absorbed or decayed and all secondaries have reached 
energies below a few tens of MeV. The pre-fragment then enters the pre-equilibrium stage immediately 
followed by a detailed description of evaporation and fragmentation [3,10]. 

The evaporation module in FLUKA includes approximately 600 possible emitted particles and 
states with mass numbers below A = 25. The fragmentation of light nuclei (A < 18) follows a Fermi 
break-up model considering about 50000 different combinations with up to six ejectiles. In addition, 
coalescence processes are treated in detail. The evaporation model has been improved recently, 
including the introduction of new level-densities and refined Coulomb barriers. 

The implementation in FLUKA of nuclear interactions is called PEANUT. At the time of this study, 
the DPM was not part of PEANUT limiting the energy range for PEANUT to 5 GeV. An independent 
implementation of the DPM was responsible for the description of interactions at higher energies which, 
for historical reasons, included also an independent intra-nuclear cascade model, less-sophisticated 
than that of PEANUT. The boundary between the two implementations at 5 GeV was typically visible 
as discontinuity in energy-dependent quantities, such as nuclide production cross-sections, but was 
of no importance for many applications. Very recently, the DPM has been added to PEANUT allowing a 
coherent description of interactions at all energies. Moreover, quasi-elastic processes are now 
consistently modelled, such that the discontinuity should disappear in future releases of FLUKA. 

As the character of this study is of more general nature these latest improvements in FLUKA 
have no direct implication on the conclusions and can be easily incorporated by replacing the nuclide 
production cross-sections. 

Precise predictions about radioisotope production are by far the most demanding tasks for 
nuclear models. More recently, a vast experimental programme aimed at validating code predictions 
for radionuclide production have been carried out at CERF in view of the challenges posed by the LHC. 
The comparisons with the calculated results, both for radionuclide production [3] and for residual 
dose rates [9], have firmly established the reliability of the code and of its associated inventory 
evolution algorithms. Of course, since the accuracy of particle energy and spatial fluence predictions 
is always better than of radionuclide production, every time reliable experimental production cross-
sections for a given isotope are available for all particles energies of interest, folding the computed 
fluences with evaluated experimental cross-sections is the most accurate approach. 

Calculations of cross-sections and comparison to experimental data 

All radionuclide production cross-sections discussed in the following paragraphs were calculated with 
a non-standard FLUKA routine. It calls directly the inelastic interaction models for a given combination 
of projectile, target nucleus and energy and allows scoring of individual residual nuclei. It returns the 
inelastic cross-section as well as individual radionuclide production cross-sections as shown below. 

For the application to waste studies at the CERN LHC accelerator, FLUKA cross-sections were 
calculated according to their relevance for radiological studies for the LHC and cover therefore so far 
reactions of protons, neutrons and charged pions on nuclei with masses up to zinc. In total 103 isotopes 
were studied (3H up to 72Zn) produced on 138 different target materials (heavier materials than Zn 
were considered as target material because of their importance as trace elements). All calculations 
were performed separately for the type of the projectile (p, n, π+ and π-) as well as for an energy range 
from 1 MeV to 10 TeV (except for neutrons were the lower limit was set to 19.6 MeV in order to 
coincide with the boundary below which tabulated values are used). 

To verify the contribution of decay chains in case of isotopes up to zinc, in a first step cumulative 
(including the production term coming from possible decay reactions of mother isotopes) and non-
cumulative cross-sections were compared as shown in Table 1. Cumulative yields contain all 
contributions from mother isotopes decaying via positive or negative beta decay and having a half-life 
smaller than the one of the respective isotope of concern. 
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In the example of isotopes being produced by protons on natural copper it can be seen that for the 
presented study in a first approximation contributions coming from radioactive decay chains are 
small (5.7% [51Cr] and 8.3% [49V]). Other projectiles and targets result in comparable contributions, thus 
for the presented study it was decided to use cumulative cross-sections only. For cases were the 
experimental data are given as non-cumulative only, calculated cumulative and non-cumulative 
cross-sections were compared to each other and didn’t show a difference significant for the 
presented calculations. 

Table 1: Isotopes produced by protons on natural copper showing differences  
in their calculated values for cumulative and non-cumulative cross-sections 

Values are given as average difference (in per cent) of the respective energy-dependent cross-section for the two cases 

 
 

Despite the present restrictions in isotopes and target materials typical for LHC applications, the 
number of calculated cross-section data sets is still enormous; a detailed comparison to experimental 
data can only be performed for selected reactions. The latter were chosen to be representative cases 
depending on the mass difference of the remaining fragment with respect to the mass of the original 
target nucleus, thus classified as spallation, deep spallation or multi-fragmentation and low-energy 
neutron reactions, their reaction mechanisms, as well as for their importance for studies concerning 
the radioactive waste at CERN. This allows testing the quality of FLUKA to predict such isotopes in 
different energy ranges. 

The selected cross-sections used for this study are: 

• 22Na produced on natural iron; 

• 60Co produced on natural copper; 

• 54Mn produced on natural iron; 

• 54Mn produced on natural manganese; 

• 154Eu produced on natural europium; 

• 54Mn produced on 55Mn; 

• 60Co produced on 59Co. 

The respective energy dependent isotope production cross-sections as calculated with FLUKA are 
shown in Figure 2. 
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Figure 2: Energy-dependent isotope production  
cross-sections of the selected representative isotopes 

Please note that in the case of 60Co and 54Mn the shown neutron cross-sections are only valid for energies above 19.6 MeV.  
For energies below tabulated values have to be used as shown for 154Eu (produced on natural europium), 60Co (59Co) or 54Mn (55Mn). 

 

  

In a first analysis these isotope production cross-sections were compared with published values 
measured in numerous experiments and collected in the Landolt-Börnstein compendium [4]. It shall 
be noted that depending on the isotope some of the available experimental data tend to fluctuate 
significantly as a function of energy, thus for the representative isotopes cases were selected were  
a sufficiently high number of experimental data points are available. In general, the available 
experimental data is more numerous for proton induced reactions and scarce in case of pions. 

Figure 3 furthermore shows the calculated FLUKA cross-sections together with the experimental 
data and gives the ratio of the two as a function of energy. Average values can be extracted assuming 
a uniform contribution of the cross-section in energy and are shown in the graph as “Average Ratio”. 
However, for a final conclusion for any application the respective shape of the energy dependent 
spectra has to be taken into account when applying these ratios. 

In order to judge the agreement between measured and calculated values of residual activation 
in case of a mixed energy spectra, those average values have to be newly calculated based on the 
actual particle energy spectra, thus can be significantly different than the presented results. It shall 
thus be noted that the current comparison focuses rather on the general method without giving a 
detailed analysis for all isotopes, e.g. those relevant for a waste characterisation at hadron accelerators 
(e.g. the LHC). For the latter detailed studies will be necessary taking into account the respective 
irradiation history in order to judge the influence of build-up and decay; the irradiation conditions in 
order to deduce the final shape of particle spectra; the detailed chemical composition of studied 
materials in order to define important trace elements. 
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Figure 3: Comparison of experimental and calculated energy-dependent  
production cross-sections for the selected representative isotopes of this study 

  

  

For all other channels a more automated approach is attempted in which energy-averaged ratios 
of measured and calculated cross-sections are computed as shown in Figure 3. As mentioned before, 
these ratios are not meant to allow unambiguous conclusions but should give at least an indication on 
the performance of FLUKA for single reaction channels. 

Table 2 (for proton-induced reactions) and Table 3 (for pion-induced reactions) show a comparison 
for all isotopes and target materials where experimental cross-sections are available, including the 
respective average ratio between FLUKA cross-sections and experimental ones, together with further 
information on the available experimental data, thus their number and energy range. Please note that 
isotopes showing an error which exceeds 40% were not taken into account. 

It can be seen that such a comparison can only give a first quantitative picture with the further 
need to make a deeper analysis for the isotopes important for the relevant study. This is supported by the 
fact of the observed good agreements between measurements and simulations as performed at CERF. 
The results presented in Tables 2 and 3 can further be used to compare the calculated FLUKA 
production cross-sections and the available experimental data collection with the experimental data 
obtained at the CERF facility at CERN [3,5,8,9]. Together with the information on production channels, the 
respective half-life of the isotope this results in a comparison as shown for copper as example in Table 4. 
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The latter table shows gives for selected target materials, all produced isotopes, their half-lives, 
and the respective projectile, the following information: 

• the isotope ratios assumed in the natural composition of the simulation; 

• the respective production reaction channels; 

– “s” … spallation; 

– “H” … tritium; 

– “n” … neutron; 

– “a” … alpha; 

– “p” … proton; 

• “Land” … average ratios between FLUKA and Landolt Börnstein data [4]; 

• “#ofDp” … number of available data in the Landolt Börnstein compendium; 

• “CERF” … ratios observed during the CERF experiments [3,5,8,9]. 

This preliminary study shows the clear need to further compare on a detailed basis the available 
experimental data, the results as obtained at CERF and the currently available data for isotope 
production cross-sections as calculated with FLUKA. With respect to the application for the 
radioactive waste this has to be done for all isotopes of interest and will finally lead to a quantification 
of the underlying uncertainties in both, simulations and experiment. 

Typical particle spectra for the LHC 

Due to the complexity and heterogeneity of the LHC machine, finding one representative radiation 
field which can be used for the assessment of any radiological quantity is not possible. However, 
for one area and its associated beam loss mechanisms, it is possible to calculate with FLUKA any 
particle spectra which can be used for the calculation of such quantities. In the case of the presented 
application to the radioactive waste, it is sufficient to limit the spectra calculation to protons, 
neutrons and pions for which the production cross-sections were computed as explained before. 

A detailed description of the beam cleaning insertion where an important fraction of the protons 
from the beam are lost was thus used to investigate the sensitivity of radioactive nuclei production to 
specific characteristics of the radiation field such as the distance and shielding between the loss 
points and the object of interest. The FLUKA geometry includes the beam line components such as the 
collimators, dipole and quadrupole magnets as well as the tunnel structure. Figure 6 shows the 
distribution of collimators and magnets along the beam pipe on a longitudinal cut of the FLUKA geometry. 

The spectra were scored at the different locations of the collimators or magnets leading to the 
calculation of 400 different spectra. The collimators are represented by two carbon jaws surrounded 
by a water layer and a copper cooling plate both enclosed in a steel tank. Particle spectra were scored 
in the jaws in which the 7 TeV beam particles interact as well as in the water. The magnets are 
represented using a simplified layout including the steel yoke, one copper and one water ring 
representing the coils and the water cooling system. The spectra were scored in the yoke as well as in 
the water. A cut of collimators and magnets as they are implemented in the FLUKA geometry and the 
locations where the spectra are scored is shown in Figure 7. 

For the tunnel structure, a realistic configuration is implemented in the FLUKA geometry. Spectra 
were scored in the floor of the tunnel, in the walls and in the air; the latter two were divided into three 
different sections for scoring purposes. Furthermore, spectra were also calculated in the different water 
pipes which go through the beam cleaning insertions. A cut of the tunnel perpendicular to the beam 
axis is represented in Figure 8. 

It has to be noted that the spectra calculation is performed with FLUKA using a track length 
estimator, thus the scored quantity corresponds to the average over an extended object and do not 
reflect the possible heterogeneity of the field insight the object. For example, in the case of the floor or 
of the water pipes, the spectra can locally be very different close to a loss point from the spectra 
which are averaged over the entire length of the beam cleaning insertion. 
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Table 2: Overall comparison (FLUKA/experiment) of proton-induced experimental [4]  
and with FLUKA calculated energy-dependent production cross-sections for all  
isotopes where experimental data were available (statistical error below 40%) 

In addition to the average ratio and its error also the number of available data points as well as their energy range is shown 
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Table 3: Overall comparison of pion-induced experimental [4] and with  
FLUKA calculated energy-dependent production cross-sections for all isotopes  

where experimental data were available (statistical error below 40%) 

In addition to the average ratio and its error also the number of available data points as well as their energy range is shown 

 
 

Table 4: Comparison of all available cross-section data for natural copper as target material 

The table shows (columns from left to right) the produced isotope, its half life, the respective projectile (p…proton, pi+…positively 
charged pion, pi-…negatively charged pion), the isotope ratios of the natural composition (including the respective ratio in per cent) 
and its reaction channels (s…spallation, t…tritium, n…neutron, a…alpha, p…proton) as well as ratios observed as average 
values for the data compendium [4] and the experiments performed at CERF [3,5,8,9]. 
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Figure 6: Cross-section of the FLUKA geometry used to simulate the  
hadronic cascade development induced by proton losses in the collimators 

Stars indicate the locations where particle spectra were scored 
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Figure 7: Cross-sectional view of a quadrupole (left) and a collimator (right) 

The locations where the spectra are scored are indicated with red stars 
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Figure 8: Cross-section of the tunnel geometry perpendicular to the beam axis 

The locations where spectra are scored are indicated with stars 
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Several criteria can be defined to compare a set of spectra (in our case for four particle types) to 
another one at a different location. The strategy which is chosen here is to limit the study to changes 
in shape without taking into account the intensity which strongly depends on the distance between 
the region of interest and the loss points (collimators). Consequently, in a first step the spectra set is 
normalised to unity. The four energy spectra are integrated and the sum allows the determination of 
the normalisation factor. 

It has to be noted that the neutron spectrum is treated in a specific way since in FLUKA the 
transport of neutrons below 19.6 MeV is performed using a multi-group transport algorithm and  
(if available) evaluated isotope production cross-sections. In this study, for the calculation of radioactive 
nuclei production, these low-energy neutron cross-sections were extracted from the code and folded 
separately with the neutron respective spectra below 19.6 MeV. 

Once the sum of the fluences of protons, neutrons (above 19.6 MeV), positive pions and negative 
pions is normalised to unity, instead of comparing the shapes of different spectra sets for all energies, 
they are first multiplied with production cross-sections to limit the comparison to the part of the 
spectra where cross-sections are significant. 

Table 5: Radioactive nuclei production calculated for the five different  
reactions (ranging from “low” to “high” energies reaction channels) and different  

locations selected out of the numerous studied spectra sets considered 

The production calculated in the CERF samples is also indicated, the one in the lateral sample was used for the final normalisation 
of the results. Please note that for the water cooling the case for the first primary collimator is special in the sense that the 
cascade does not yet reach a maximum in the collimator, thus leads to particle spectra shifted to lower energies. 

Mn54_Mn Mn54_Fe Co60_Cu Na22__Fe Be7_Cu

Wall 1St Section 1.08E+00 1.14E+00 1.09E+00 4.78E-01 4.41E-01

Wall 3rd Section 1.15E+00 1.16E+00 1.09E+00 4.93E-01 4.41E-01

Pipe in the Floor 1.23E+00 1.34E+00 1.27E+00 1.13E-01 1.12E-01

1St Quad. Yoke 1.15E+00 1.19E+00 1.09E+00 4.93E-01 4.41E-01

Last Quad. Yoke 1.23E+00 1.25E+00 1.18E+00 3.48E-01 3.24E-01

Pipe in the air 1.00E+00 1.03E+00 1.00E+00 7.25E-01 6.76E-01

1St Quad. Water 1.00E+00 1.03E+00 1.00E+00 8.55E-01 7.65E-01

Last Quad. Water 1.00E+00 9.69E-01 1.00E+00 9.57E-01 8.82E-01

2nd Air section 9.23E-01 9.06E-01 9.00E-01 1.41E+00 1.26E+00

Beam pipe 2nd section 9.23E-01 8.59E-01 8.82E-01 1.33E+00 1.21E+00

1St Prim. Coll. Water 9.23E-01 9.38E-01 1.00E+00 6.38E-01 5.29E-01

2nd Prim. Coll. Water 7.46E-01 7.50E-01 8.09E-01 1.74E+00 1.41E+00

3rd Prim. Coll. Water 7.46E-01 7.50E-01 8.00E-01 1.74E+00 1.44E+00

2nd Second. Coll. Water 7.46E-01 7.34E-01 7.91E-01 1.74E+00 1.56E+00

3rd Second. Coll. Water 7.46E-01 7.19E-01 7.82E-01 1.74E+00 1.59E+00

Last Second. Coll. Water 7.69E-01 7.50E-01 8.18E-01 1.59E+00 1.44E+00

Beam pipe 1st section 5.31E-01 5.63E-01 6.18E-01 2.75E+00 2.41E+00

2nd Primary jaws 4.92E-01 5.47E-01 6.09E-01 2.90E+00 2.38E+00

1St Secondary jaws 6.00E-01 6.09E-01 6.82E-01 2.46E+00 2.15E+00

Last Secondary jaws 5.85E-01 5.94E-01 6.64E-01 2.46E+00 2.21E+00

CERF Downstream 5.69E-01 6.09E-01 6.64E-01 2.75E+00 2.44E+00

CERF Lateral 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00  

Five different reactions are considered to take into account different reaction channels. 
Cross-sections were selected based on the physics mechanism involved or on the contribution of the 
produced isotope to the activity in the waste after significant cooling times. Those cross-sections are, 
ranging from the ones which can be qualified as being important at low energies to the ones 
dominating at higher energies, Mn54 produced respectively on Mn and Fe, Co60 produced on Cu, Na22 
produced on Fe and Be7 produced on Cu. 

For each reaction, the four response spectra are then integrated and the sum corresponds to the 
number of radioactive nuclei produced per cm of hadron track length and by units of volume. In order 
to validate, the general method presented here for waste calculations and particularly the relevance of 
the experimental verification of the FLUKA predictions, the spectra were also compared to the 
representative spectra in the samples which were irradiated in the CERF facility. The same procedure 
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described for the spectra calculated in the beam cleaning insertion is applied to two spectra sets 
corresponding to samples located respectively laterally and downstream the target. A part of the 
results obtained for the numerous studied locations is presented in Table 5 for the four reactions 
which were considered. The production is normalised to the one calculated in the CERF sample 
located laterally from the target in order to facilitate the comparison between the different locations 
and the CERF results. 

Since the calculation of radioactive nuclei production for waste characterisation does not require 
a very high accuracy the spectra sets calculated in the beam cleaning insertion can be subdivided into 
four main groups by using the values as calculated for the five reactions (see Table 5). For each group 
one representative spectra set is selected and can then be used for the calculation of radioactive 
nuclei production at any location.  

The four representative spectra sets can be characterised by the relative contribution of neutrons, 
protons and pions to the radionuclide production. The relative contribution is also strongly correlated 
to possible energy peaks of the respective spectra, e.g. of the positive and negative pions in the 
intermediate energy range or the neutron and proton spectra showing a maximum around 100 MeV 
and 200 MeV respectively in all cases. 

a) The first representative spectra set is the one scored in the yoke of the first quadrupole 
magnet module situated after the first secondary collimators. The hadronic radiation field is 
dominated by neutrons. Charged hadrons account only for approximately 20% of the isotope 
production. In terms of radioactive nuclei production, this spectrum is found representative of 
the situation inside the walls and floor or of pipes buried in the floor. 

b) The second representative spectra set is the one scored in the water ring surrounding the 
copper beam pipe. The hadronic field is rather similar than in the previous case except that 
the charged hadrons contribution is relatively more important and peaked at a higher energy. 

c) The third representative spectra set is scored in the water layer representing the cooling 
system of the first secondary collimator jaw. The contribution of the four hadron types 
considered is more or less equivalent in this case. 

d) The last spectrum set represents the extreme case of an object which would be located very 
close to the beam. In this case, positive and negative pion contributions are dominant and 
peaked at an even higher energy than in the previous case. This spectrum is representative  
of radioactive nuclei production very close or inside to the beam and consequently to the  
loss points. 

The two first representative spectra appear to be similar in their shape to the CERF spectra 
located laterally to the beam target while the two other spectra sets correspond to an intermediate 
situation between the spectra calculated laterally and downstream of the CERF target. The locations 
corresponding to the same groups appear with the same colour in Table 5. The particle spectra for the 
different groups are represented in Figure 9. 

In order to evaluate the accuracy of the method, the error which is made on the radioactive 
nuclei production when the representative spectra is used instead of the real one is presented in 
Table 6 for several extreme cases. 

As an additional cross check, the same approach was studied for the part of the neutron spectra 
below 19.6 MeV. Several reactions like 108Ag production on natural Ag, 57Co on Ni, 60Co production on 
59Co, Cu and Ni were considered. It appears that in the case of the low energy part of the neutron 
spectrum, finding representative spectra is less obvious than for the high energy components of the 
hadron field. This is due to the fact that the production of radioactive nuclei is very sensitive to 
possible resonances in the cross-sections. However, the same representative locations used for high 
energy reactions were used as a first approximation. For more accurate results a further study of 
additional production cross-sections should be performed. Figure 10 shows the four neutron spectra 
after normalisation at the four representative locations. 

Table 6 shows that the disagreement reaches its maximum for reactions occurring at high 
energies and especially in the case of particle spectra of the first group (being sensible for source 
spectra at lower energies). However, in this case, radioactive nuclei induced by high energy particles 
will not dominate the radioactive waste considerations, thus is a good confirmation of the accuracy of 
the method for the selected application. 
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Figure 9: Particle spectra at the different representative locations, expressed in  
units of lethargy and after normalisation to 1 cm of hadron track length 

(a) magnet yoke, (b) magnet water, (c) collimator water, (d) collimator jaw 
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Figure 10: Neutrons spectra below 19.6 MeV at the four representative locations 

Please note that due to the normalisation to the total track length spectra shown in Figure 9 cannot be directly joined 
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Table 6: Relative difference in per cent when comparing the isotope production as either  
calculated with the representative spectra or instead with the respective actual spectrum 

Mn54_Mn Mn54_Fe Co60_Cu Na22__Fe Be7_Cu

Wall 1St Section 1.08E+00 1.14E+00 1.09E+00 4.78E-01 4.41E-01

Wall 3rd Section 1.15E+00 1.16E+00 1.09E+00 4.93E-01 4.41E-01

Pipe in the Floor 1.23E+00 1.34E+00 1.27E+00 1.13E-01 1.12E-01

1St Quad. Yoke 1.15E+00 1.19E+00 1.09E+00 4.93E-01 4.41E-01

Last Quad. Yoke 1.23E+00 1.25E+00 1.18E+00 3.48E-01 3.24E-01

Pipe in the air 1.00E+00 1.03E+00 1.00E+00 7.25E-01 6.76E-01

1St Quad. Water 1.00E+00 1.03E+00 1.00E+00 8.55E-01 7.65E-01

Last Quad. Water 1.00E+00 9.69E-01 1.00E+00 9.57E-01 8.82E-01

Third Quad. Water 1.00E+00 9.69E-01 1.00E+00 9.28E-01 8.53E-01

2nd Air section 9.23E-01 9.06E-01 9.00E-01 1.41E+00 1.26E+00

Beam pipe 2nd section 9.23E-01 8.59E-01 8.82E-01 1.33E+00 1.21E+00

1St Prim. Coll. Water 9.23E-01 9.38E-01 1.00E+00 6.38E-01 5.29E-01

2nd Prim. Coll. Water 7.46E-01 7.50E-01 8.09E-01 1.74E+00 1.41E+00

3rd Prim. Coll. Water 7.46E-01 7.50E-01 8.00E-01 1.74E+00 1.44E+00

2nd Second. Coll. Water 7.46E-01 7.34E-01 7.91E-01 1.74E+00 1.56E+00

3rd Second. Coll. Water 7.46E-01 7.19E-01 7.82E-01 1.74E+00 1.59E+00

Last Second. Coll. Water 7.69E-01 7.50E-01 8.18E-01 1.59E+00 1.44E+00

1st Second. Water 7.69E-01 7.50E-01 8.09E-01 1.59E+00 1.44E+00

Beam pipe 1st section 5.31E-01 5.63E-01 6.18E-01 2.75E+00 2.41E+00

2nd Primary jaws 4.92E-01 5.47E-01 6.09E-01 2.90E+00 2.38E+00

1St Secondary jaws 6.00E-01 6.09E-01 6.82E-01 2.46E+00 2.15E+00

Last Secondary jaws 5.85E-01 5.94E-01 6.64E-01 2.46E+00 2.21E+00

CERF Downstream 5.69E-01 6.09E-01 6.64E-01 2.75E+00 2.44E+00

CERF Lateral 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00  

Application to the characterisation of radioactive waste 

A collection of selected cross-sections and the knowledge of how well they are reproduced by FLUKA 
should form the basis for the establishment of a library for the determination of the nuclide inventory 
of radioactive waste at CERN. The motivation for the creation of a nuclide inventory is the search for a 
practicable method for the classification and characterisation of radioactive waste stemmed from the 
CERN accelerators. Accelerator operation results in material with specific activation too high to allow 
it to be recycled or to be unconditionally disposed. Irrespective of the method to be used for its 
disposal, a detailed knowledge of the nuclide inventory in the material is essential. High accuracy is not 
necessarily required, but the knowledge of the tolerance in many aspects (e.g. chemical composition, 
isotope production cross-sections, etc.) is of utmost importance. 

Detection of radioactivity is relatively easy but the identification and quantification of the actual 
nuclides in the inventory is, at best, experimentally challenging and time consuming. The selection 
and analysis of samples is the regular technique for linking an inventory to a waste item. However, 
this technique is impracticable; it is time consuming and involves too much handling of the activated 
material contradicting the ALARA principle. Also, as measurement techniques are specific to the class 
of nuclides being assayed, theoretical inventory predictions are necessary for the design of the 
analysis programme.  

In order to characterise the radioactive waste which has been produced at CERN in the last 
decades, gamma-spectroscopy measurements must be accompanied by predictions of induced 
radioactivity. This last step is particularly important for estimating the activity of nuclides which are 
difficult to detect, e.g. 36Cl and 55Fe. The nuclide inventory, which depends on the material composition 
and irradiation history, can then be normalised to the surface dose-rate which is measured on the 
actual waste before packaging and/or specific isotopes being characteristic for the respective material 
(“fingerprints”). In this way one can complete the predictions based on our information about the 
waste (chemical composition and location in the accelerator) with a measurement which reflects the 
actual number of particles responsible for the activation. This method is usually referred to as 
“fingerprint method”. 
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Decoupling the estimate of isotope production cross-sections and particle spectra is an essential 
simplification by allowing each to be made with calculation methods specific to their individual needs. 
Folding the cross-sections with the appropriate spectra results in production rates serving as basis for 
the calculation of total isotope produced in the respective radioactive waste. 

As it regards the FLUKA predictions, the exactness of the nuclide inventory relies on the 
cross-sections which are predicted or used by the code, on its capability of simulating the hadronic 
shower and on the calculation of build-up and decay of the produced nuclides. The validation of 
FLUKA with the past CERF experiments was an important achievement for the future waste 
characterisation. A good agreement between experimental values and predictions finally allow 
applying the fingerprints method to a large collection of objects which have been activated during real 
operation of the accelerator. 

However, for a given specific activity, the contact dose-rate strongly depends on the geometry of 
the object. In particular, both the phenomenon of self-absorption and the non-uniform distribution of 
radioactive nuclides in the item of waste have an impact on the dose measurement. Depending on the 
prediction of the distribution and on the choice of the points to be measured, different conclusions 
can be drawn on the same radioactive item. It is therefore essential to test the accuracy of respective 
gamma spectroscopy and dose rate measurements with FLUKA predictions in a case where all these 
factors (shape, irradiation, material composition...) are well known. 

All these ingredients finally lead to a scheme of necessary steps in order to quantify uncertainties 
and prove the needed accuracy of the nuclide vector approach in order to characterise the nuclear 
waste being produced at the CERN accelerators, especially the new LHC. As shown in Figure 11, this 
starts by developing a list of waste relevant materials and their detailed chemical composition based 
on an internal database. In addition, the list of relevant radioactive isotopes can be deducted from 
experience at CERN as well as taken from the experimental campaign carried out at CERF during the 
past years. 

Figure 11: Schematic approach for the characterisation of radioactive waste in order to study the 
applicability of the nuclide vector approach to waste characterisation at high energy accelerators 

This includes the basic requirements, the benchmark experiments as well as detailed studies of isotope production cross-sections 
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One furthermore needs a set of representative spectra being deduced by comparing spectra at all 
regions expected to produce radioactive waste. By folding with isotope production cross-sections and 
comparing the production yields for all source spectra it is possible to quantify the introduced 
uncertainties. Either model based (Monte Carlo, FLUKA) or evaluated experimental cross-sections can be 
used. The underlying uncertainties can then again be quantified by related benchmark measurements 
as carried out at the CERF facility or by comparing the calculated results to those available in 
evaluated databases. 
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This leads then to the definition of a possible nuclide inventory with underlying quantified 
uncertainties. In a next step one has to define the final normalisation of the results by either using 
dose rate measurements or the specific activity of representative isotopes. In order to quantify this 
final step leading to the definition of the nuclide inventory two additional benchmark measurements 
are needed. One regarding the accuracy of residual dose rates predicted with FLUKA (as successfully 
carried out during several benchmark experiments at CERF) and an experimental study of the 
influence on the agreement between measurement and simulation of residual activation when 
activating extended objects. The latter study includes the accuracy of mobile gamma spectrometers 
for so-called “fingerprint” measurements in order to determine the specific activity of representative 
isotopes (the latter currently being carried out at CERF). 

A final step concerns the eventual application of the approach to e.g. the LHC in order to 
determine its nuclide inventory. During early operation of the LHC an accompanying experiment is 
needed in order to proof the above considered and quantified findings leading to the needed accuracy 
when predicting radioactive waste at high-energy accelerators like the CERN LHC. 

Summary 

All stages in the life-cycle of a high energy accelerator require calculations of induced radioactivity. 
For accelerators reaching TeV energies, a Monte Carlo code used for such calculations must be able to 
reliably predict nuclide production in interactions of all stable hadrons on arbitrary target elements 
and at energies ranging from that of thermal neutrons to several TeV. Most studies for the Large 
Hadron Collider (LHC) employ the Monte Carlo code FLUKA which was found to be the most appropriate 
Monte Carlo code for estimations of induced radioactivity at this accelerator as demonstrated in 
numerous benchmark experiments. 

A general analysis of calculated isotope production cross-sections and their application to future 
radiation protection needs was presented. The approach showed how to quantify calculation 
uncertainties and use pre-calculated cross-sections in order to fold them with expected energy 
spectra as encountered around accelerators, thus leading to fast and accurate results.  

Based on a list of materials and the produced radioactive isotopes, possible reaction channels 
were derived and energy-dependent isotope production cross-sections were calculated and compared 
to experimental data. Depending on the amount and accuracy of the available experimental data sets, 
as well as the production mechanisms of the radioisotopes, respective uncertainty factors were 
derived and quantified in a first approximation. These factors mainly depend on the production 
mechanism and the energy range of interest, thus allow quantifying uncertainties in isotope 
production as calculated with FLUKA in a more global way. It shall be noted that the latter needs a 
more careful analysis of the available data. 

The prediction of the nuclide vector for radioactive waste considerations has been chosen as a 
first area of application. In particular, one of the most radioactive parts of the LHC, the collimation 
region, was selected. Based on an existing, detailed FLUKA geometry of that area particle fluence 
spectra were calculated for a large number of different locations and were folded off-line with the 
pre-computed cross-sections for reactions leading to waste-relevant nuclides. This approach allowed 
an investigation of the sensitivity of the nuclide predictions on the shape of the fluence spectra and a 
reduction of all computed spectra to a sub-set of so-called characteristic spectra. 

The application of this approach is understood to be an indispensable ingredient, for example in 
order to efficiently calculate radionuclide inventories needed for disposal of radioactive waste towards 
the final repositories. 
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Abstract 

The proton-induced reaction cross-sections for the reactions of natMo(p,xn)99m,96(m+g),95g,95m,94gTc were 
measured by using a stacked-foil technique in the energy range of 10-30 MeV at the MC50 cyclotron of 
the Korea Institute of Radiological and Medical Sciences. The radioactivity of the activation products 
was determined by the high-resolution γ-ray spectrometry. Excitation functions for the production of 
99mTc, 96(m+g)Tc, 95mTc, 95gTc, and 94gTc radioisotopes were measured, and compared with the earlier 
reported experimental data. The present measurements are in generally good agreement with all other 
reported data and the theoretical data from MENDL-2P in the investigated energy region. 
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Introduction 

Beside the general interest of basic nuclear physics, the activation data in the intermediate energy 
regions are of increasing importance for a wide variety of applications: medical radioisotope 
production, and radiation therapy, spallation neutron sources, radiation and shielding effects in space, 
accelerator-based nuclear waste transmutation and energy production. The activation cross-sections 
on different structural and instrumentation materials induced by proton reactions have primary 
importance. Natural molybdenum (Mo) is an important structural material. The cross-section data on 
molybdenum are of interest for wide area; the thin layer activation technique (TLA) to determine the 
ratio of wear, corrosion and erosion processes of molybdenum, radiation safety, and estimation of 
radioactive wastes. Molybdenum is used as target material for the production of medical 
radioisotopes like as 99mTc/99Mo, 96Tc, etc. 99Mo is the parent nuclide of the daughter 99mTc, which 
is widely used in diagnostic nuclear medicine. 

We used a natural molybdenum as the target material for the production of medically important 
radioisotopes; such as production of 99mTc, 96(m+g)Tc, 95mTc, 95gTc, and 94gTc. This isotope production via 
proton induced reaction on natural molybdenum is very advantageous because of its metallic form, 
favourable physiochemical characteristics (good thermal and electrical conductivity, and its very high 
melting point: 2 896 K) and of its low buying cost [1]. These isotopes can be produced commercially by 
nuclear reactors. But the facility is not available around the world and is also expensive. These 
radioisotopes can also be produced by accelerator, though currently no supply of accelerator-produced 
isotopes of these kinds are available anywhere in the world. But, it is possible to produce the 
medically important radioisotopes such as 99mTc and 99Mo by proton bombardment on natural 
molybdenum via one proton-one neutron and two neutron emission reactions, respectively. Several 
authors [2-4] have reported a variety sets of data for proton induced activation cross-sections on 
molybdenum in the medium energy range. But large discrepancies are found among these sets of data. 
Therefore, the available data are not sufficient and reliable for the application in production of 
isotopes from molybdenum target in the medium energy range. 

This work was performed to measure the production cross-sections of 99mTc, 96(m+g)Tc, 95mTc, 95gTc, 
and 94gTc radioisotopes in proton induced reactions on natural molybdenum in the energy range 
10~30 MeV using a stacked-foil activation technique and the azimuthally varying field-type (AVF) 
MC-50 cyclotron at Korea Institute of Radiological and Medical Sciences (KIRAMS).  

Experimental technique 

In the present work, the excitation functions of natMo(p,xn)99m,96(m+g),95g,95m,94gTc reactions were 
measured by using a stacked-foil activation technique combined with high resolution gamma-ray 
spectrometry. Special care was taken in preparation of uniform targets with known thickness, 
determination of the proton energy degradation and the intensity of the proton beam along the 
stacked target, and also in determination of the activities of the samples. 

High purity (>99.99%) molybdenum foil (100 μm thick) with a natural isotopic composition  
(92Mo 14.84%, 94Mo 9.25%, 95Mo 15.92%, 96Mo 16.68%, 97Mo 9.55%, 98Mo 24.13% and 100Mo 9.63%) was 
used as the target for the irradiation. Monitor foils of copper (100-μm thick) and aluminium  
(100-μm-1.2mm thick) with known cross-sections were also included in the stack.  

These three types of foils were stacked together as Al-Cu-Mo, and five groups were set together 
in an aluminium holder for the irradiation. The aluminium and the copper foils were used to monitor 
the beam intensity and to degrade the beam energy, respectively. These stacked samples were then 
irradiated for 30 minutes at a proton energy of 35 MeV, a diameter of 1 mm, and a beam current of 
45~50 nA in the external beam line of the MC-50 cyclotron. The beam intensity was kept constant 
during irradiation. It was necessary to ensure that equal areas of the monitor and the target foils 
intercepted the beam. The irradiation geometry was kept in a position so that the foils received the 
maximum beam intensity. 
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Data analysis 

The activities of the radioisotopes produced from the target and the monitor foils were measured 
continuously using high purity germanium detector (HPGe) for the gamma-ray measurements. The 
source-to-detector distances was kept long enough (10~80 cm) to assure low dead time and a 
point-like geometry. The HPGe-detector was coupled with a 4096 multi-channel analyser (MCA) with 
the associated electronics to determine the photo-peak area of the gamma-ray spectrum. The spectrum 
analysis was done using the program Gamma Vision 5.0 (EG&G ORTEC). In consideration of the cases 
of long-lived radionuclide, the activity measurements were done after a sufficient cooling time. This 
was done to ensure complete decay of most of the undesired short-lived nuclide so that we could 
identify and separate the complex gamma lines easily. The detection efficiency as a function of the 
gamma energy for the HPGe-detector was determined experimentally by using standard gamma-ray 
sources with known strengths, 133Ba, 57Co, 60Co, 137Cs, 54Mn, and 109Cd at 10 to 80 cm from the endcap 
of the detector. 

The proton beam intensity was determined via the monitor reactions, natCu(p,x)62,65Zn. The beam 
energy degradation along the stack was determined using the computer program SRIM-2003 [5] by 
assuming the incident energy of 35 MeV. The activities of the Cu monitor foils and of the Al 
energy-degrader foils were measured in the same geometry as the molybdenum targets and with the 
same HPGe detector calibrated by using the above-mentioned standard gamma-ray sources. The use 
of multiple monitor foils decreases the probability of introducing unknown systematic errors in the 
activity determination. 

The cross-sections of the investigated reactions in the proton energy range 10~30 MeV were 
determined by using the well-known activation formula: 
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where CPS is a net counts per second under a photo peak, λ is the disintegration constant, Iγ is gamma 
ray intensity, ε is the efficiency of the detector, tirr is the irradiation time, ϕ is the proton flux, td is the 
decay time, and N is the total number of target nuclide. The nuclear data for the monitors and 
molybdenum used in this calculation were taken from the table of radioactive isotopes [6], and the 
threshold energies were calculated using the Qtool in the Los Alamos National Laboratory T-2 Nuclear 
Information Service [7]. The standard cross-section data for the monitors was taken from the data 
base for medical radioisotope production [8]. 

The total uncertainty of the measured experimental cross-section data mainly depends on the 
quality of the monitor data used, the uncertainty in the number of target nuclei (uniformity and 
thickness of the used target foils), the counting statistics and peak area determination, the separation 
of complex peaks, the nuclear data and gamma-ray abundance, and the detector efficiencies that are 
used in the data evaluation. The total uncertainties of the measured cross-sections were calculated by 
considering the statistical uncertainties and other uncertainties. The total uncertainties were derived 
as follows; the statistical error (1-13%), the error in the monitor flux (2~4%), the error due to the beam 
flux energy (2~4%), the error due to the detector efficiency (0.5~2%), and the error due to the gamma-ray 
intensity (1~2%). The overall uncertainty of the cross-section measurements was around 10%. 

Table 1: Measured production cross-sections of 99m,96(m+g),95m,95g,94gTc radioisotopes 

Produced 
nuclide 

Cross-sections (mb) at energies 
26.235 MeV 23.252 MeV 19.931 MeV 16.311 MeV 11.755 MeV 

99mTc 76.38 ± 7.30 123.0 ± 10.03 146.0 ± 11.96 109.0 ± 9.04 – 
96(m+g)Tc 161.00 ± 13.29 134.06 ± 12.29 115.08 ± 11.25 133.60 ± 12.48 127.80 ± 14.07 

95mTc 43.75 ± 5.22 51.10 ± 8.17 50.47 ± 6.46 50.53 ± 6.65 44.22 ±7.64 
95gTc 148.30 ± 11.92 155.60 ± 12.68 138.60 ± 11.45 119.40 ± 10.34 70.00 ± 7.74 
94gTc 73.72 ± 6.69 74.12 ± 6.99 62.48 ± 6.24 51.63 ± 5.12 29.60 ±3.84 
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Results and discussions 

The measured production cross-sections of the 99mTc, 96(m+g)Tc, 95gTc, 95mTc, 94gTc radioisotopes for the 
proton-induced reactions on molybdenum are presented in Table 1 and compared with other existing 
data in Figures 1-5 respectively. The production cross-section of 99mTc is calculated by analysing the 
140.51-keV gamma-ray peak. Basically, this radionuclide can be produced in two processes. One is 
direct process through the reaction 100Mo(p,2n)99mTc and the other is indirect process via 
100Mo(p,pn)99Mo→99mTc reaction. Also, theoretically, the reaction 98Mo(p,γ)99mTc can contribute to the 
production cross-section of 99mTc, but in the present calculation, we did not consider this process 
because the cross-section of the 98Mo(p,γ)99mTc reaction is negligible [4], so we only considered the 
formation of a radionuclide in an isomeric state. 

The present result for 99mTc radionuclide formation is shown in Figure1. We found a good 
agreement with the evaluated data MENDL-2P [13]. The data reported by Scholten, et al. [4] is much 
higher than our data in the proton energy less than 20 MeV and much lower than our data in other 
proton energy region. In their experiment, they worked with the 97.4% and 99.5% enriched 100Mo and 

98Mo sample, respectively but we used natural molybdenum. Moreover, it should be emphasised that 
the 100Mo(p,2n)99mTc reaction cannot be compared to a normal (p,2n) reaction because the product 
activity is from an isomeric state. Actually, the systematic is generally valid for total (p,xn) 
cross-sections but not for the formation of higher spin isomers. Even detailed statistical model 
calculations incorporating a pre-compound model and nuclear structural effects are often incapable 
of reproducing the isomeric cross-section [9]. An accurate experimental data base is, thus, crucial to 
consider the feasibility of this reaction for a possible production of 99mTc at a cyclotron. A limiting 
factor in this regard would be the level of co-produced long-lived 99gTc impurity. Experimentally, this 
is very hard to determine and was outside the scope of the present work. 

Figure 1: Production cross-section of natMo(p,xn)99mTc 
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The radioisotope 96mTc decays into 96gTc through the internal conversion process (98%) and 
contributes to a very weak gamma line and are not suitable for quantitative assessment. 96mTc also 
decays into 96Mo by electron capture and positron emission, but the gamma lines emitted during the 
decay are also very weak and not independent. Moreover, as the half-life of 96mTc is only 51 minutes, it 
decays completely during greater than few hours of cooling time. However, 96Nb also have very small 
(because the production cross-section of the 96Nb nuclide is on the order of 1~2 mb) contribution in 
778.224-keV gamma line. As 96mTc emits very weak gamma line that is not suitable for analysis, and 
the production cross-section of 96Nb is small; that is why an improper cooling time or an incomplete 
separation of its contribution will cause only a minor error in the resulting cross-section of the 96gTc 
production. As in the present experiment, we considered a short cooling time, that is why by 
analysing the 778.224-keV gamma-ray peak, we were able to get the production cross-section of 
96(m+g)Tc radionuclide through the (p,xn) reaction. 
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Basically, to obtain the reliable results, we measured the production cross-section of 96(m+g)Tc 
radionuclide but not the 96gTc radionuclide, because we know that for a short cooling time both (96mTc 
and 96gTc) radionuclides contribute to the 778.224-keV gamma-ray peak. We confirmed consistency 
between the results at 812.5 keV and at 778.2 keV. We found that the result obtained by analysing the 
812.5-keV peak had a slightly smaller cross-section than the 778.224-keV peak; this is optimistic 
because 812.5 keV is the intensity independent gamma peak for the 96gTc radionuclide. However, the 
measured excitation function of 96(m+g)Tc production is shown in Figure 2. It is a sum of three processes: 
96Mo(p,n)96Tc (Q = -3.79 MeV), 97Mo(p,2n)96Tc (Q = -10.69 MeV), and 98Mo(p,3n)96Tc (Q = -19.42 MeV).  
Our results showed very good agreement with the recent data reported by Takacs, et al. [10], and 
Uddin, et al. [11] and evaluated data in MENDL-2P [13], and this fact confirms the reliability of the 
measured cross-section values of 96(m+g)Tc production. 

Figure 2: Production cross-section of natMo(p,xn)96(m+g)Tc 
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Figure 3: Production cross-section of natMo(p,xn)95mTc 
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The production cross-section of 95mTc is calculated by analysing the 835.149-keV (Iγ = 26.63%) 
gamma peak and the 204.117 keV (Iγ = 63.25%) gamma peak which includes some contributions from 
the 95mNb reaction. The present analysis used only the 835.149-keV gamma peak, which is 
independent of other processes. The present result for 95mTc radionuclide formation is shown in 
Figure 3. The availability of the reported cross-sections for this (95mTc) radionuclide formation is not 
sufficient. However, we compared our data with the recent published values published by Bonardi,  
et al.[12], Uddin, et al [11], and contained in MENDL-2P [13], and we got good agreement. 
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In order to calculate the production cross-section of 95gTc radionuclide, we considered the 
765.789-keV gamma line and confirmed the result with the 1073.713-keV gamma line. The present 
result for 95gTc radionuclide formation is shown in Figure 4. This is the sum of the 95Mo(p,n)95Tc  
(Q = -2.47 MeV), 96Mo (p,2n)95Tc (Q = -11.74 MeV), 97Mo(p,3n)95Tc (Q = -18.44 MeV), and 98Mo(p,4n)95Tc  
(Q = -27.09 MeV) processes. In this case, our results showed good agreement with the latest data 
reported by Bonardi, et al. [12] and with the value estimated by MENDL-2P [13]. 

Figure 4: Production cross-section of natMo(p,xn)95gTc 
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In order to identify the 94gTc, it was necessary to follow the decay of the gamma-emission at 
702.630-keV, since the gamma ray at 871.097-keV is shared with the metastable state. The present 
result of 94gTc radionuclide formation is shown in Figure 5. Our results showed good agreement with 
the data reported by Bonardi, et al. [12] and Uddin, et al. [11] and with the value estimated by 
MENDL-2P [13]. Due to the short half-life and the existence of numerous reaction channels, this 
radionuclide was produced abundantly in the investigated energy region studied in the present work. 

Figure 5: Production cross-section of natMo(p,xn)94gTc 
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Conclusions 

We measured the excitation functions for the production of 99mTc, 96(m+g)Tc, 95mTc, 95gTc, and 94gTc 
radioisotopes with an overall uncertainty in the range of 10% for proton-induced reactions on natural 
molybdenum in the energy range of 10-30 MeV by using a stacked-foil activation technique at the 
MC-50 cyclotron of KIRAMS. The present measurements are in good agreement with other 
experimental data reported by Takacs, et al. [10] Uddin, et al. [11], and Bonardi, et al. [12], and with the 
evaluated data in MENDL-2P [13]. 
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Abstract 

To avoid unjustified exposure of personnel and environment, the induced radioactivity in permanent 
magnet used in synchrotron light source, has been studied. At the same time, the investigation on the 
activation of permanent magnet is a new approach to analyse the mechanism of radiation induced 
demagnetisation, which is an important issue on the insertion device of synchrotron light sources. 

The activation of the permanent magnet is estimated with Monte Carlo simulation and validated with 
experiment. The yields of remnant nuclides in permanent magnet due to 2.5 GeV incident electrons 
and secondary particles are estimated with Monte Carlo code, FLUKA (2005 version). The saturated 
activity of each radioactive isotope is derived and compared with the exempt level. The remnant dose 
rate at 1m from the magnet due to these radioactive nuclides is calculated. Cooling time dependence of 
the dose rate is also derived according to the half life of the radioactive nuclides. The spatial 
distribution of induced radioactivity inside the magnet is also investigated. Different targets (Cu, Ta) 
and different magnets (Nd2Fe14B, Sm2Co17) are used and the results are compared. 

In the experiment, the magnet samples are irradiated by 2.5 GeV electron beam from an injection linac 
of Pohang Light Source. The gamma spectrometry is done with an HPGe detector. Monte Carlo 
simulation with MCNP5 is used to get the accurate efficiency of the detector. The calculation and 
measurement results for Nd2Fe14B in Cu target case are compared and they agree within a factor of 
2 for most of the isotopes. 
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Introduction 

One of the main radiation safety issues at high energy electron accelerators is the activation in beam 
line components and equipments. This is the case not only during the operation and maintenance of 
the machine but also in decommissioning and final disposal of the activated materials. In all cases, 
accurate calculations of the radionuclide inventory are required in order to avoid unjustified exposure 
of personnel and environment.  

Many permanent magnets are used at insertion devices and other components in accelerators. 
Usually, the material of the magnets is Nd2Fe14B or Sm2Co17. During operation these magnets endure 
the radiation from primary electrons and the secondary particles such as neutrons, protons, pions and 
muons. The accurate estimation of the induced activity in the permanent magnets is necessary for 
the radiation protection of the maintenance radiation worker. In this work Monte Carlo simulation 
and measurement are carried out to estimate the radionuclide production in the permanent magnets 
at the electron linac of Pohang Light Source. 

At the same time, the demagnetisation of permanent magnets due to radiation damage is one of 
the most important issues of future light sources [1-4]. However, the mechanism of the 
demagnetisation caused by radiation is still not clear. Some experiments have been carried out at the 
electron linac of Pohang Light Source [5,6]. This work will also give some useful information on the 
effects of the radiation to permanent magnets. 

Calculation model and method 

The beam energy is 2.5 GeV and the beam has a 5 mm × 10 mm cross-sectional dimension. The 
schematic geometry in this Monte Carlo simulation is shown in Figure 1. The simulation was 
performed with a target or without a target (no target case). When there was a target, the beam was 
injected into a 40 mm-thick target block after passing through a 1 mm-thick beam profile monitor and 
a 10 mm-thick backing Bakelite. The magnet was put behind the target. The electromagnetic gamma 
shower was developed and neutrons were generated due to the high energy electrons and photons. 
When there was no target, the beam was incident on the magnet directly. 

Figure 1: Geometry used in Monte Carlo simulation 

 

 

The magnet material was Nd2Fe14B or Sm2Co17. The magnet sample was of the same size as the 
magnet for the standard in-vacuum undulator [4]. They were 46 mm × 12 mm × 8 mm blocks. In order 
to find out the spatial distribution of induced radioactivity inside the magnet, the magnet was divided 
into 23 pieces, each of which had a dimension of 2 mm × 12 mm × 8 mm. The target material was Cu 
or Ta. The physical properties of the targets are shown in Table 1. 

Table 1: Physical properties of the targets 

Target Z A X0 (cm) Thickness (cm) 
Copper (Cu) 29 63.5 1.43 4.2 (2.94 X0) 

Tantalum (Ta) 73 180.9 0.41 4.0 (9.75 X0) 
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Monte Carlo code FLUKA [7] was used to simulate the particle interaction and transport in these 
materials. Neutrons were transported down to thermal energies; the cut-off thresholds for electrons 
and photons were: ecut = 1 MeV, pcut = 100 keV. The amount of residual nuclei generated in the 
magnets was recorded and analysed. 

Calculation results 

Saturation activity and remnant dose rates 

The saturated activity was deduced from the amount of residual nuclei considering the normal  
beam intensity of the electron accelerator (1.45E+10 electrons/s). The saturated specific activities  
of the radioactive isotopes in different targets cases were compared with their exempt activity 
concentrations [8] as shown in Table 2.  

Table 2: Saturated specific activity of radioactive  
nuclides generated in Nd2Fe14B (46 mm × 12 mm × 8 mm) 

Nuclide 
t1/2 

Saturated specific activity Exempt activity 
concentration Cu target Ta target Without target 

(day) (Bq g–1)±(%) (Bq g–1)±(%) (Bq g–1)±(%) (Bq g–1) 
7Be 5.30E+01 4.32E+02 ± 6.40 1.51E+02 ± 4.80 1.08E+02 ± 7.70 1.00E+03 
41Ar 7.63E-02 3.63E+01 ± 20.00 – – 3.10E+01 ± 42.90 1.00E+02 
42K 5.17E-01 7.77E+02 ± 3.70 2.16E+01 ± 27.60 4.84E+02 ± 1.50 1.00E+02 
43K 9.25E-01 2.66E+02 ± 13.70 1.44E+01 ± 10.60 1.66E+02 ± 21.70 1.00E+01 

46Sc 8.38E+01 3.65E+03 ± 6.40 2.26E+02 ± 9.80 1.53E+03 ± 7.60 1.00E+01 
47Sc 3.40E+00 1.79E+03 ± 15.70 8.61E+01 ± 26.90 7.80E+02 ± 1.90 1.00E+02 
48Sc 1.80E+00 4.96E+02 ± 4.30 2.16E+01 ± 33.30 2.81E+02 ± 2.60 1.00E+01 
48V 1.60E+01 1.85E+04 ± 0.90 1.42E+03 ± 3.40 6.82E+03 ± 5.50 1.00E+01 
51Cr 2.77E+01 7.19E+04 ± 0.70 1.33E+04 ± 2.00 1.55E+04 ± 0.20 1.00E+03 
52Mn 5.59E+00 4.52E+04 ± 1.90 8.90E+03 ± 1.40 8.38E+03 ± 5.20 1.00E+01 
54Mn 3.12E+02 2.47E+05 ± 0.10 7.71E+04 ± 0.40 2.96E+04 ± 0.70 1.00E+01 
56Mn 1.08E-01 8.56E+03 ± 1.10 2.69E+03 ± 3.10 1.86E+03 ± 3.80 1.00E+01 
52Fe 3.42E-01 1.63E+03 ± 10.10 2.10E+02 ± 11.40 3.74E+02 ± 11.50 1.00E+01 
59Fe 4.45E+01 5.13E+00 ± 13.20 1.09E+01 ± 10.20 2.90E-01 ± 34.70 1.00E+01 
56Co 7.72E+01 2.47E+03 ± 4.70 1.33E+02 ± 8.70 8.73E+02 ± 7.40 1.00E+01 
57Co 2.72E+02 8.67E+01 ± 12.80 – – 4.32E+01 ± 8.90 1.00E+02 
123I 5.50E-01 5.05E+01 ± 14.30 – – 1.15E+02 ± 12.50 1.00E+02 

131Cs 9.69E+00 3.63E+01 ± 20.00 – – 1.36E+02 ± 6.20 1.00E+03 
141Ce 3.25E+01 4.47E+02 ± 9.50 3.05E+01 ± 36.10 1.36E+02 ± 42.90 1.00E+02 
147Nd 1.10E+01 7.54E+04 ± 0.10 4.67E+04 ± 0.90 4.73E+03 ± 2.80 1.00E+02 

 

It shows that the saturated activity is higher in Cu target case than in Ta target case for most of 
the nuclides. The main reason is probably due to different physical thickness of the two targets. As Ta 
has higher Z and shorter X0 compared to Cu, the physical thickness of the Ta target (9.75X0) is much 
longer that the Cu target (2.94X0). Therefore the radiation field near the magnet is much different in 
the two target cases. The electromagnetic shower developed more thoroughly in the Ta target so there 
are more high energy photons (higher than 10 MeV) near the magnet in Cu target case [9]. And more 
radioactive nuclides are generated from photonuclear reactions in Cu target case. 

With the saturated activity and gamma dose rate constant, Γ of each radioactive isotope [10,11], 
the remnant dose rates at 1m from the magnet and the contribution of each isotope in different target 
cases were calculated, as shown in Table 3. It could be found that the remnant dose rate is also 
highest in Cu target case. Among these radioactive nuclides 54Mn acts as the biggest contributor to the 
total remnant dose rate. This isotope is mainly produced by bremsstrahlung photons via 56Fe(γ,np)54Mn 
as 56Fe has a natural abundance of 91.72%. The fractions of the main isotopes are different for 
different target conditions. 
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Table 3: Remnant dose rates at 1 m from the Nd2Fe14B magnet and the contribution of each isotope 

Nuclide 
t1/2 Γ 

Cu target Ta target Without target 

D Fraction D Fraction D Fraction 

(day) (fSv h–1⋅Bq–1) (fSv⋅h–1g–1) (%) (fSv⋅h–1g–1) (%) (fSv⋅h–1g–1) (%) 
7Be 5.30E+01 7.8 3.36E+03 0.01 1.18E+03 0.01 8.44E+02 0.01 
41Ar 7.63E-02 180 6.50E+03 0.01 – – 5.60E+03 0.05 
42K 5.17E-01 36.36 2.82E+04 0.05 7.86E+02 0.01 1.76E+04 0.17 
43K 9.25E-01 160.2 4.26E+04 0.07 2.31E+03 0.02 2.66E+04 0.25 

46Sc 8.38E+01 283 1.03E+06 1.80 6.38E+04 0.44 4.32E+05 4.12 
47Sc 3.40E+00 18.45 3.31E+04 0.06 1.59E+03 0.01 1.44E+04 0.14 
48Sc 1.80E+00 455 2.25E+05 0.39 9.83E+03 0.07 1.28E+05 1.22 
48V 1.60E+01 397 7.34E+06 12.78 5.63E+05 3.88 2.71E+06 25.80 
51Cr 2.77E+01 4.3 3.10E+05 0.54 5.71E+04 0.39 6.64E+04 0.63 
52Mn 5.59E+00 326 1.48E+07 25.72 2.90E+06 20.00 2.73E+06 26.04 
54Mn 3.12E+02 114 2.81E+07 48.96 8.82E+06 60.80 3.36E+06 32.04 
56Mn 1.08E-01 250 2.14E+06 3.73 6.73E+05 4.64 4.64E+05 4.42 
52Fe 3.42E-01 122.4 2.00E+05 0.35 2.57E+04 0.18 4.58E+04 0.44 
59Fe 4.45E+01 147 7.57E+02 0.00 1.61E+03 0.01 4.47E+01 0.00 
56Co 7.72E+01 350 8.64E+05 1.51 4.64E+04 0.32 3.05E+05 2.90 
57Co 2.72E+02 17.5 1.52E+03 0.00 – – 7.57E+02 0.01 
123I 5.50E-01 46.44 2.34E+03 0.00 – – 5.37E+03 0.05 

131Cs 9.69E+00 16.56 5.97E+02 0.00 – – 2.25E+03 0.02 
141Ce 3.25E+01 15.4 6.84E+03 0.01 7.40E+02 0.01 2.10E+03 0.02 
147Nd 1.10E+01 29.1 2.20E+06 3.83 1.36E+06 9.36 1.38E+05 1.31 

Total 5.74E+07 – 1.45E+07 – 1.05E+07 – 
 

Table 4: Remnant dose rates at 1 m from the Sm2Co17 magnet and the contribution of each isotope 

Nuclide 
t1/2 Г As 

Exempt activity
concentration

D Fraction 

(day) (fSv h–1 Bq–1) (Bq g–1)±(%) (Bq g–1) (fSv h–1g–1) (%) 
42K 5.17E-01 3.64E+01 4.90E+02 ± 20.7 1.00E+02 1.78E+04 0.00 
43K 9.25E-01 1.60E+02 1.52E+02 ± 14.3 1.00E+01 2.43E+04 0.00 

46Sc 8.38E+01 2.83E+02 2.20E+03 ± 2.7 1.00E+01 6.24E+05 0.13 
47Sc 3.40E+00 1.85E+01 1.51E+03 ± 3.4 1.00E+02 2.78E+04 0.01 
48Sc 1.80E+00 4.55E+02 4.61E+02 ± 9.6 1.00E+01 2.10E+05 0.04 
48V 1.60E+01 3.97E+02 7.89E+03 ± 0.1 1.00E+01 3.13E+06 0.63 
51Cr 2.77E+01 4.30E+00 2.41E+04 ± 3.3 1.00E+03 1.04E+05 0.02 
52Mn 5.59E+00 3.26E+02 1.15E+04 ± 2.6 1.00E+01 3.77E+06 0.76 
54Mn 3.12E+02 1.14E+02 9.28E+04 ± 2.6 1.00E+01 1.06E+07 2.14 
56Mn 1.08E-01 2.50E+02 1.17E+04 ± 3.5 1.00E+01 2.93E+06 0.59 
52Fe 3.42E-01 1.22E+02 2.52E+02 ± 14.3 1.00E+01 3.07E+04 0.01 
59Fe 4.45E+01 1.47E+02 4.06E+03 ± 0.6 1.00E+01 5.95E+05 0.12 
56Co 7.72E+01 3.50E+02 3.16E+02 ± 2.7 1.00E+01 1.11E+05 1.69 
57Co 2.72E+02 1.75E+01 2.39E+04 ± 0.3 1.00E+02 4.18E+05 2.72 
58Co 7.09E+01 1.31E+02 7.71E+05 ± 0.1 1.00E+01 1.01E+08 93.92 
60Co 1.93E+03 3.05E+02 3.57E+06 ± 0.8 1.00E+01 1.08E+09 0.30 

147Pm 9.49E+02 6.08E-04 5.10E+03 ± 1.1 1.00E+04 3.10E+00 0.00 
147Nd 1.10E+01 2.91E+01 3.16E+02 ± 0.2 1.00E+02 9.22E+03 0.00 
152Eu 4.93E+03 1.78E+02 4.03E+02 ± 3.7 1.00E+01 7.19E+04 0.01 
153Sm 1.95E+00 1.67E+01 3.74E+05 ± 0.6 1.00E+02 6.24E+06 1.26 
Total      4.19E+10  

 



SIMULATION AND MEASUREMENTS OF INDUCED RADIOACTIVITY IN PERMANENT MAGNET 

SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 157 

The saturated activity of radioactive nuclides in Sm2Co17 magnet and the remnant dose rates was 
calculated and listed in Table 4. In this calculation Cu target was used. The kinds of the radioactive 
nuclides are different with the ones in Nd2Fe14B magnet. 58Co is very important as 93.9% of the total 
remnant dose rate is contributed by it. It is mainly generated by photonuclear reaction 59Co(γ,n)58Co. 

Figure 2: Time dependence of the remnant dose rates for two kinds of magnets 

      

As the kinds of the radioactive nuclides and their half lives are different for Sm2Co17 and Nd2Fe14B 
magnet, the remnant dose rate also shows different time dependence. Figure 2 shows respectively the 
remnant dose rates at 1m as a function of cooling time for the two kinds of magnets. 

Generally the remnant dose rates decrease slowly for the two kinds of magnets. It is because 
most of the big contributors belong to long half life radioisotopes. The remnant dose rate in Sm2Co17 
magnet is about 1 order higher than Nd2Fe14B at first, but after 10 000 hours (416 days) the difference is 
much smaller. For Nd2Fe14B, up to 30 hours cooling time, 56Mn is the dominant isotope; 52M and 48V 
dominate in the following 1 month and finally 54Mn is dominant at longer cooling time. As for Sm2Co17, 
the fraction of short half life time isotopes is very small, so the remnant dose rate decrease follows 
the decay of 58Co. 

Figure 3: Spatial distribution of the calculated  
production rates of three different radioactive nuclides 

 

%
/1

.E
13

el
ec

tr
o

n
 



SIMULATION AND MEASUREMENTS OF INDUCED RADIOACTIVITY IN PERMANENT MAGNET 

158 SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 

Spatial distribution of the induced activity 

As has mentioned before, the spatial distribution of the induced activity was investigated by dividing 
the magnet sample into 23 pieces along x axis. In this simulation, Cu target and Nd2Fe14B magnet were 
used. These 23 pieces were numbered from top to bottom and the amounts of the residual nuclei were 
recorded respectively in different pieces. Figure 3 shows the spatial distributions of the production 
rates of three different radioactive nuclides in Cu target and Ta target cases. 

54Mn and 147Nd are highly produced isotopes. 7Be is investigated because it is generated from B, 
which is supposed to be very important in the demagnetisation of Nd2Fe14B magnet [12]. The second 
axis shows the magnetic field decrease of Nd2Fe14B magnet. The distribution of demagnetisation is 
flatter in Ta target case, the distribution of produced isotope in Ta target is also not as sharp as in 
Cu target case. 

Experiments 

The experiment setup accorded with the geometry used in the simulation as shown in Figure 1. Cu 
target and Nd2Fe14B magnet was used. The magnet sample was divided into 23 pieces as was 
mentioned earlier. These samples were irradiated at the 2.5 GeV electron linac of Pohang Light Source 
for 236 minutes. During irradiation the total number of electrons was 2.109E+14. After irradiation the 
specific activities of the samples were measured at different cooling times. 

Gamma spectrometry 

The gamma spectrometry measurements were performed with a coaxial P-type High-purity 
Germanium (HPGe) detector by Canberra (relative efficiency 20%). The activities of the irradiated 
samples were measured at different cooling times. As the shape of the magnet sample is not standard, 
the efficiencies at different distances were calculated with Monte Carlo codes MCNP5. This calculation 
was validated by comparison with measurement for the efficiencies of some point sources. The 
difference between the calculation and measurement result is below 30%. 

Results and comparison  

Table 5 gives the activities of several isotopes when the irradiation was finished in the magnet sample 
which number is 12. It is the one at the beam centre position. The results are compared between 
measurement and calculation. In calculation the produced rate was evaluated with FLUKA and the 
activity was calculated considering the decay during irradiation. The errors represent statistical 
uncertainties only. 

Table 5: Induced activities in Nd2Fe14B sample (number 12 at beam centre position) 

Nuclide
t1/2 A-exp Error A-fluka Error

Exp/fluka 
(day) (Bq) (%) (Bq) (%) 

7Be 5.30E+01 5.88E+01 7.35 1.96E+01 4.00 3.00 
43K 9.25E-01 4.86E+02 1.83 6.87E+02 5.90 0.71 

46Sc 8.38E+01 1.39E+02 2.44 1.19E+02 2.30 1.14 
47Sc 3.40E+00 2.00E+03 1.41 1.53E+03 4.30 1.31 
48Sc 1.80E+00 5.39E+02 8.49 6.92E+02 9.30 0.78 
48V 1.60E+01 2.02E+03 0.83 3.04E+03 2.00 0.66 

51Cr 2.77E+01 6.01E+03 0.75 6.07E+03 0.80 0.99 
52Mn 5.59E+00 5.64E+03 0.83 1.87E+04 0.70 0.32 
54Mn 3.12E+02 1.78E+03 0.58 1.67E+03 0.30 1.07 
56Mn 1.08E-01 1.45E+05 4.00 9.26E+04 0.50 1.57 
52Fe 3.42E-01 1.20E+04 1.31 9.31E+03 4.80 1.28 
56Co 7.72E+01 3.80E+01 8.42 8.70E+01 3.40 0.44 

141Ce 3.25E+01 5.00E+01 5.21 2.86E+01 2.90 1.75 
147Nd 1.10E+01 6.76E+03 0.41 1.32E+04 0.30 0.51 
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The calculated and measured activities agree with each other with a factor of 2 for most of the 
isotopes. The light nuclide 7Be was underestimated by FLUKA most probably due to the fact that 
multi-fragmentation processes are not implemented in the code [13]. 

The spatial distribution of the induced activities of three different radioactive isotopes when the 
irradiation was finished was shown in Figure 4. The calculation results also agree with the experiment 
results in the other magnet samples. 

Figure 4: Spatial distribution of the induced activities of three different radioactive isotopes 
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Conclusions 

The induced radioactivity in permanent magnet used for insertion device of synchrotron radiation 
light source was investigated with both Monte Carlo simulation and experiment. The saturated specific 
activities of the radioactive isotopes in different targets cases were calculated FLUKA code and 
compared with their exempt activity concentrations. The saturated activity is higher in Cu target case 
for most of the nuclides probably because high energy (higher than 10 MeV) photon fluence is higher. 

The remnant dose rates at 1 m from the magnets were also calculated and compared under 
different target conditions. In Cu target case the remnant dose rate is relatively high. The time 
dependence of the remnant dose rates was also derived and compared for two different kinds of 
magnet (Nd2Fe14B, Sm2Co17). The remnant dose rates decrease slowly due to the big contribution of the 
long half life isotopes such as 54Mn in Nd2Fe14B and 58Co in Sm2Co17. 

In experiment the irradiation was performed with Nd2Fe14B magnet and Cu target. The gamma 
spectrometry measurements were carried out with a coaxial P-type High-Purity Germanium (HPGe) 
detector. The induced activities of sample number 12 at beam centre position agreed with calculated 
values in a factor of 2 except 7Be. 

In the comparison of the spatial distribution of induced activities between measurement and 
calculation, good agreement was found. It followed the property of spatial distribution of the 
demagnetisation. This result would give us some information about demagnetisation phenomenon. 
More work is needed to find out the relationship between induced activity and demagnetisation. 
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Abstract 

We performed a shielding experiment with high-energy neutrons produced from a tungsten target 
bombarded with 500-MeV protons and penetrated through a concrete shield in the 0 degree direction. 
Using an activation method, we observed many radioactive products induced by neutrons with 
energies ranging from thermal to 500 MeV and obtained their production yields from various target 
elements at depths of 0 to 4 m from the surface of the concrete shield. 
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Introduction 

In high-energy proton accelerator facilities, high-energy neutrons are secondarily produced upon 
bombardment with a proton beam. Such neutrons have high penetrability, and induce activation of 
the surrounding materials. The spectra of the neutrons and activation of the materials are generally 
estimated using Monte-Carlo simulation codes. It is very important to confirm experimentally their 
confidence from the benchmark. 

However, only few experiments for the benchmark have been performed so far. In particular, there 
are no experimental data pertaining to the conditions of “high energy neutron”, “0 degree direction”, 
and “thick concrete shield.” We therefore constructed a high-energy neutron-beam course at KEK 
Neutron Science Laboratory (KENS) at the High Energy Accelerator Research Organisation (KEK) [1,2]. 
The course has seven irradiation slots inside a 4-m thick concrete shield. High-energy neutrons were 
guided to the shield through a collimator of 2.19-m length from a tungsten-target assembly which 
completely stopped 500-MeV primary protons. 

Using this course, we have been accumulating experimental data for following: i) the spectrum 
and attenuation characteristics of the neutrons in the concrete shield; ii) the activation products 
induced by high-energy neutron irradiation in the well-known system at KENS. With regard to the 
first point, an activation method is most suitable for detecting neutrons in the limited spaces in the 
concrete. Therefore, we have measured the yields of the radioactive products from various targets and 
observed the attenuation profiles of the neutrons. The yields obtained from the various nuclear 
reactions with different Q-values can indirectly provide information on the energy spectra of the 
neutrons and their intensities. With regard to the second point, we measured many yields of the 
spallation products from various targets induced by high-energy neutrons. Following this, charge 
distributions and mass yield curves were elucidated from the yields. In this paper, we introduce a part 
of our experimental data [1-7], including the preliminary data, obtained using the high-energy 
neutron-beam course at KENS. 

Experimental procedure 

The 500-MeV neutron irradiation facility of KENS 

The high-energy neutron-beam course of KENS was designed for this shielding experiment. Figure 1 
shows the cross-sectional views of the KENS high-energy neutron-beam course and the arrangement 
of the shielding experiment. Secondary neutrons were produced by bombarding with 500-MeV 
protons on four tungsten blokes placed in the tungsten-target assembly. Since the total thickness of 
the tungsten blocks was 11.68 cm, the primary protons were completely stopped in the tungsten 
blocks. The produced secondary neutrons were passed through a 10-cm stainless-steel block placed 
downstream in the target assembly, and collimated with an iron beam guide to lead in zero-degree 
direction. The collimated beam finally reached to a beam exit of 20 cm width × 15 cm height located in 
a distance of 250 cm from the target assembly and irradiated on an ordinary concrete of 4 m thickness 
which borders on the beam exit. The concrete has eight irradiation positions referred to as “slot 1” to 
“slot 8”. They are positioned along the neutron beam direction in the concrete shield. The slots 1, 2, 3, 
4, 5, 6, 7, and 8 were located on 0, 40, 80, 130, 185, 250, 320, and 400 cm depth from the surface of the 
concrete shield, respectively. The more details of this course were described in [1,2]. 

Irradiation 

The targets of Na2CO3, MgO, Al, Si, KCl, K2CO3, CaCO3, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, In, Au, Au 
covered with Cd, and Bi were irradiated at slots 1, 2, 3, 4, 5, 6, 7, and/or 8. The targets were individually 
sealed in polyethylene bags. Plastic capsules containing the targets were fixed at the bottom of the 
shield plugs and inserted into the 8 slots, and set on the beam axis. Nine irradiations were carried out. 
The irradiation duration was typically one week. The average current of the primary protons was 
typically 6-7 μA. The fluctuation of the primary proton current was monitored during the irradiation. 
The beam fluctuation was corrected for radioactive decays if necessary. 
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Figure 1: Cross-sectional views of the KENS high-energy neutron  
beam course and the arrangement of the shielding experiment 
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Measurements of the radioactive products 

Spallation products from 197Au 

After irradiation, γ-ray spectrometry was performed with HP Ge detector systems. The radioactivities 
of 196Au, 194Au, 192Au, 188Pt, 189Ir, 185Os, 183Re, 181Re, and 175Hf were determined non-destructively. On the 
other hand, 173Lu, 171Lu, 169Yb, and 167Tm could not be detected directly because of their low activity and 
high activity of 198Au and neighbour spallation products. Therefore, they were measured after 
radiochemical group-separation of rare-earth elements. The radioactivity measurements of target set 
in the backward from slot 5 were more difficult than that set at front side due to their attenuation. For 
the targets of slots 5 to 7, low background γ-ray counting was performed with an anti-Compton and/or 
X-γ coincidence system which HP Ge detector coupled with 3 NaI scintillation counters. All of the 
yields were cumulative for the respective β+-decay and/or electron-capture chains. The details of the 
samples for the targets of slots 1 to 5 and the chemical procedure were described in [5]. Since the 
details of the samples and data analysis for the targets of slots 5 to 7 are preliminary, they have not 
published yet. 

Chlorine-36 

After irradiation, chlorine was chemically separated from each irradiated target and finally 
precipitated as AgCl. The amount of the 36Cl was determined by accelerator mass spectrometry (AMS) 
in the Micro Analysis Laboratory, Tandem Accelerator (MALT) at the Research Centre for Nuclear 
Science and Technology, the University of Tokyo. The details were described in [6]. 
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Other products 

After irradiation, γ-ray spectrometry was non-destructively performed with HP-Ge detectors to 
determine the radioactivities of the products from the various targets. The yields of 22,24Na from Cl 
were obtained by subtracting the yields in K2CO3 from those in KCl. In order to detect 198Au from Au 
and Au covered with Cd, the irradiated gold foils were also simultaneously exposed to an imaging 
plate (IP). The exposed IP was scanned with a bio-imaging analyser. The details of the activity 
determination with the IP were described in [3]. The yields induced by epithermal neutrons were 
measured from the Au targets covered with Cd. We could obtain the yields induced by thermal 
neutrons by subtracting the yields in the Cd-covered Au from those in the non-covered Au.  

Results and discussion 

Many yields were collected in this work. The unit of the yield is atom–1μC–1, which indicates the 
production probability per target atom and per μC of the primary protons. We explain the measured 
yields in following two separate sections. 

Attenuation profiles of the neutrons obtained by the activation method 

In the activation method, the detectable energy of the neutrons depends on the reaction threshold 
energy. Using the energy dependence, we can indirectly derive information on the spectrum profile, 
intensity, and attenuation of the neutrons from the product yields in the various reactions. 
Accordingly, at the slots 1-8, we measured the yields of the following products: 

(1) 13 spallation products (196Au, 194Au, 192Au, 188Pt, 189Ir, 185Os, 183Re, 181Re, 175Hf, 173Lu, 171Lu, 169Yb, 
and 167Tm) from a 197Au target;  

(2) 202 – 206Bi in 209Bi(n, xn) reactions;  

(3) 198Au from a 197Au target and a 197Au target covered with Cd; 

(4) 115mIn from 115In; 

(5) 36Cl from natCl, natK, and natCa targets; 

(6) 24Na and 22Na from 23Na, natMg, 27Al, natSi, natCl, natK, and natCa targets. 

The effective energies of the yields are estimated at to be 8-500 MeV for (1), 10-100 MeV for (2), 
thermal and epithermal reactions for (3), and 1-10 MeV for (4), and thermal to several 100 MeV for (5) 
and (6). In particular, the threshold energy in the Au spallation products covers the widest energy 
range among the measured targets in this work. The threshold energy of 197Au(n,2n)196Au is 8.1 MeV, 
which is the lowest among the (1) products. The effective neutron energy for this reaction is estimated 
at around 10 MeV. On the other hand, the threshold energy of 197Au(n,10p21n)167Tm is 202.9 MeV, 
which is the highest among the measured reactions. The effective neutron energy for this reaction is 
estimated to be in the range of 350 to 500 MeV [5]. As the results, the effective energies of the 13 Au 
spallation products are in the range of 10 to 500 MeV. Furthermore, whole neutron energies were 
completely covered using all the productions of (1) to (6). 

In Figure 2, the measured yields of (a) the spallation products from 197Au, (b) the products of the 
209Bi(n,xn) reactions, (c) 198Au from 197Au, 36Cl from Cl, K, and Ca, and 115mIn from 115In, and (d) 24Na and 
22Na were plotted as a function of the depth from the surface of the concrete shield. The open and the 
closed symbols joined by solid lines represent the reported [1,5,6] and preliminary experimental yields, 
respectively. All the yields are exponentially attenuated in the concrete shield and their slopes appear 
similar regardless of the reactions.  
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Figure 2: Measured attenuation profiles of the various yields of (a) the  
spallation products from 197Au, (b) products of 209Bi(n, xn) reactions, (c) 198Au  

from 197Au, and 36Cl from Cl, K, and Ca, and (d) 24Na and 22Na from various targets 
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In order to compare the details of the relative yield variations, the ratios of the yields at each slot 
to those at slot 2 are plotted in Figure 3. The open symbols denote the experimental values published 
in [1,5,6], while the closed symbols denote the preliminary values. The solid lines indicate the average 
for the Au spallation products. This figure shows the relative change in the energy spectra of the 
neutrons passing through the concrete shield. The ratios are almost constant except in the low-energy 
reactions such as 35Cl(n,γ)36Cl, 197Au(n,γ)198Au, 197Au(n,2n)196Au, and 115In(n,n’)115mIn where the threshold 
energy is lower than approximately 10 MeV. The ratios of the yields of the low-energy reactions are  
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Figure 3: Ratios of the yields at slots 1, 3, 4, 5, 6, and 7 to those at slot 2 

10-5

10-4

10-3

10-2

10-1

100

101

102

103

A
u-

19
8 

fr
om

 A
u

A
u-

19
6 

fr
om

 A
u

A
u-

19
4 

fr
om

 A
u

A
u-

19
2 

fr
om

 A
u

Pt
-1

88
 fr

om
 A

u
Ir

-1
89

 f
ro

m
 A

u
O

s-
18

5 
fr

om
 A

u
R

e-
18

3 
fr

om
 A

u
R

e-
18

1 
fr

om
 A

u
H

f-
17

5 
fr

om
 A

u
L

u-
17

3 
fr

om
 A

u
L

u-
17

1 
fr

om
 A

u
Y

b-
16

9 
fr

om
 A

u
T

m
-1

67
 f

ro
m

 A
u

C
l-

36
 f

ro
m

 C
l

C
l-

36
 f

ro
m

 K
C

l-
36

 f
ro

m
 C

a

slot 1/slot 2

slot 7/slot 2

slot 6/slot 2

slot 5/slot 2

slot 4/slot 2

slot 3/slot 2

slot 2/slot 2

B
i-

20
6 

fr
om

 B
i

B
i-

20
5 

fr
om

 B
i

B
i-

20
4 

fr
om

 B
i

B
i-

20
3 

fr
om

 B
i

B
i-

20
2 

fr
om

 B
i

N
a-

24
 f

ro
m

 A
l

In
-1

15
m

 f
ro

m
 I

n

Y
ie

ld
 r

at
io

s 
(s

lo
t x

/s
lo

t 2
)

 

slightly higher than the others at slots deeper than slot 3. Therefore, without changing the profile of 
the neutron spectrum in the range of 10 to 500 MeV, the intensity is exponentially attenuated with an 
increase in the depth of the concrete, although there was a small build-up of low-energy neutrons at 
depths below 40 cm. 

Production yields of radioisotopes from various targets 

The yields obtained from the Au target are also available for the benchmark of the residual products 
from heavy targets. All the yields are cumulative for the respective β+-decay and/or electron-capture 
chains. Since the measured nuclides are closed to stable isotopes, the yields can be approximately 
regarded as mass yields according to the spallation characteristics. In Figure 4, the yields from Au 
target are plotted as a function of the product mass number. The open symbols denote the 
experimental values published in [5], while the closed symbols denote the preliminary experimental 
values. The solid lines drawn through the points are provided as a visual guide. On the semi-log graph, 
it is evident that each mass yield curve decreases steeply in an arc with a decrease in the product 
mass number. 

For the benchmark of the residual products from medium targets, we measured the yields of the 
spallation products from the 45Sc, natTi, natV, natCr, 55Mn, natFe, 59Co, natNi, natCu, and natZn targets at 
slot 2. Although the charge distribution characteristics were unclear for the neutron-induced 
spallation, we attempted to fit the spallation yields to an empirical five-parameter formula derived by 
Rudstam [9] that was successfully applied to photospallation reactions [8]. Rudstam’s formula (CDMD 
formula) for charge distribution (CD) and mass yield distribution (MD) is: 

                 σPR2/3exp[PA-R | Z-SA+TA2 | 3/2] 
 Y(Z, A) = ────────────────────── 
               1.79{exp(PAt)-1} 

where Y(Z, A) indicates the independent yield of a nuclide (Z, A) obtained from the target (Zt, At) and P, 
σ, R, S, and T are free parameters. The parameter P defines the slope of the MD; σ, the total inelastic 
cross-section; R, the width of the CD; and S and T, the location of the CD through the most probable 
charge Zp = SA-TA2. Figure 5 shows the CD of the spallation products from the 45Sc, natTi, natV, natCr, 
55Mn, natFe, 59Co, natNi, natCu, and natZn targets. The open squares indicate independent yields (I); 
reverse triangles, cumulative ones for β+ and/or electron-capture decay (C+); and triangles, cumulative 
ones for β– decay (C-). The solid lines indicate the CD obtained by the fitting, and the dashed and 
dotted lines represent the cumulative yields for C+ and C- estimated using the CDMD formula,  
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Figure 4: Mass yields of the spallation products from 197Au 
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Figure 5: Charge distributions of the spallation products from the  
45Sc, natTi, natV, natCr, 55Mn, natFe, 59Co, natNi, natCu, and natZn targets 
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respectively. As shown in the figure, the results of these fittings are very good for all the products and 
targets. Therefore, it was confirmed that the CDMD formula was useful for the yields of the neutron 
spallation residues obtained at KENS. 

Mass yield curves were calculated using the CDMD parameters. Figure 6 shows the MD for the 
45Sc, natTi, natV, natCr, 55Mn, natFe, 59Co, natNi, natCu, and natZn targets. The solid lines represent the 
calculated mass yields. The squares indicate the experimental mass yields compensated with 
estimated yields of unmeasured products. We were able to obtain the MD for a wide range of product 
mass number.  
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Figure 6: Mass yields from 45Sc, natTi, natV, natCr, 55Mn, natFe, 59Co, natNi, natCu, and natZn targets 
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Furthermore, we have been measuring the yields of the spallation products from other targets 
such as 89Y. Systematic measurements of fixed products, such as 7Be, 10Be, 24Na, and 22Na, from 
various targets are also useful for benchmark. The yields will be reported in the near future, some of 
them have already been published in [7]. 

Conclusion 

Applying an activation method, we successfully investigated the spectrum profile, intensity, and 
attenuation of the neutrons in the concrete shield at KENS. The profile of the neutron spectrum 
ranging from 10 to 500 MeV was kept and the intensity was exponentially attenuated with an increase 
in the depth of the concrete, although there was a small build-up of low-energy neutrons at depths 
below 40 cm. Furthermore, the CDMD formula was demonstrated to be suitable for the neutron 
spallation at KENS. Using this formula, the charge distributions of the yields and mass yield curves of 
medium targets were obtained. Furthermore, mass yield curves in an Au spallation are available to 
the benchmark the residual products of heavy targets. In addition to the data, we will provide the 
further data in the near future. 
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Megapie: Residue yields and radioactivity  
predictions with different models in MCNPX 

J-C. David, A. Boudard, S. Lemaire, S. Leray, S. Panebianco 
CEA Saclay, DSM/DAPNIA, France 

Abstract 

During the last years, numerous experiments dedicated to spallation reactions have been performed 
and coupled to the development of codes. Among these studies, a lot of efforts have been devoted to 
the validation of the intra-nuclear cascade (INC) model, INCL4 [1], developed in a collaboration 
between Saclay and the University of Liège, combined with the evaporation-fission model, Abla [2] 
from GSI. These models have been implemented into the transport code MCNPX2.5.0 [3], so that we 
can easily compare them to the other models already included (Bertini [4] and Isabel [5] for INC part, 
Dresner [6] for the de-excitation step, and also the CEM2k [7] stand alone combination). In this paper, 
we will study the residue production in a real spallation target, the Megapie target [8] that will be 
irradiated next July at PSI. The differences between the models predictions for masses and activity 
rates will be shown and discussed. 
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Introduction 

Spallation reactions, and their by-products, appear as a useful tool for basic research, technological 
applications and even mankind purposes. Some of the nuclei produced in these reactions are exotic, 
neutron rich for example. Thus numerous facilities, referred as Radioactive Ion Beam (RIB), already 
built (Spiral - GANIL), planned (Spiral2-GANIL, Fair-GSI) or studied (Eurisol, RIA) are based on these 
reactions. Another important feature is the large amount of emitted neutrons during the process 
(20-25 neutrons per proton for the reaction p(1 GeV)+Pb, for instance). These neutrons can be used to 
drive subcritical reactors, so called Accelerator Driven System (ADS), which could be helpful for 
nuclear waste transmutation. Some projects already exist such as Myrrha or SAD. These neutrons can 
also directly irradiate materials as it is done in material testing reactors, but with a larger spectrum. 
The American Spallation Neutron Source (SNS) which started this year is one of the existing examples.  

Spallation reactions consist of an energetic light particle impinging a nucleus. Particle can be a 
nucleon or a light ion (d, t, 3He, α) with a kinetic energy ranging from 100-200 MeV.A to about 
2.5 GeV.A. Some models are able to give unexpected rather good results even below 100 MeV [9]. Due 
to the large range of energy considered we cannot rely on data as it is done for low energy neutrons 
(below 20 or 150 MeV), and models are needed. Those models consider a reaction often divided into 
two steps: a first and fast one, the IntraNuclear Cascade (INC), followed by the second slower, the 
de-excitation (evaporation and/or fission). A third one is sometimes proposed in between, the 
pre-equilibrium stage. 

We can find numerous models for the INC (Bertini, Isabel, INCL4, CEM, FLUKA (peanut) [10]…) 
and for the de-excitation as well (Dresner (with RAL [11] or ORNL [12] for fission), GEM [13], Abla, 
FLUKA …). In the past years several of these models have been improved thanks to the new data 
obtained for light particle production (mainly neutrons, but also light charged particles) and for 
residue production (through inverse kinematics (GSI) or γ-spectrometry). Data mentioned here are 
devoted to thin targets, where models can be easily tested. Existing data on thick targets are scarce 
and principally focused on neutron production. To reproduce them we first have to develop models 
that produce the correct level and nature of emitted particles, with their spectra. They must also 
describe the reaction for incident particle in a wide energy range, because of secondary particle 
emission, with lower energies than the primary projectile and inducing also spallation reactions. 

At CEA-Saclay, our spallation group is involved, on the experimental side, with measurements at 
Saturne [14] (particle) and GSI (residue within FRS [15] and now Spaladin [16]), but also, on the 
modelling side, with INCL4, and finally in the implementation of INCL4 and Abla in the transport codes 
LAHET3.16 [17] and MCNPX2.5.0. Comparisons of models to data have been done within different 
frameworks (Hindas [18], Eurisol [19]…). We are now interested in doing some predictions for real 
spallation targets and especially Megapie. We will present in the following comparisons of different 
codes or code combinations available in MCNPX to experimental data (thin and thick targets). Then 
we will explain how we can obtain, with the use of CINDER’90 combined with MCNPX, the masses of 
the residues and activities associated for a given irradiation time and at several steps after shutdown. 
Finally, we will show the results obtained with different models in MCNPX for the Megapie target. 

Models/data comparisons 

The use of tools can only be efficient if one knows how good they are for a given purpose. 

Comparison of models to data for thin target (test of the physics of the model for given projectile, 
energy and target) and for thick targets (real targets, test of all possible incident particles with a wide 
energy range) is a tremendous task. So we will show, in the following, few results obtained with the 
different models included in MCNPX and will compare them to experimental data. 

Thin targets 

Data shown or discussed below are taken from [20] for neutrons, [21] for the light charged particles 
and [15], [22] for the residues. 
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Neutron 

It should be mentioned that Bertini is always used with the pre-equilibrium process, as recommended 
by the authors of LAHET3.16. 

Neutron energy spectrum is easily reproduced by the different models. Their agreement with 
experimental data is quite good (Figure 1), even if some improvements remain to be done. 

Figure 1: Neutron spectra for the reaction p(800 MeV)+Pb –  
five model combinations available in MCNPX2.5.0 

Here “RAL” means Dresner combined with RAL fission model 
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Light charged particle 

Figures discussed below can be seen in the B. Rapp, et al. report “Benchmarking of the modelling tools 
within the EURISOL DS project”, task 4 of this SATIF-8 meeting. 

Proton spectra are not so well reproduced as for neutrons, but results are still good. 

The situation is different for α spectra. Whatever the model used the result is in strong 
disagreement with experimental data. If we focussed our attention on INCL4-Abla, the shortcomings 
are due to the fact INCL4 does not emit α (or any other lcp with A > 1), so it misses the high energy 
part of the energy spectrum. In addition Abla, for the evaporation stage, do not consider the emission 
of d, t or 3He and parameters or ingredients, used to model the evaporation process, are sometimes 
too simple (coulomb barriers and capture cross-sections, for instance). New improved versions of 
INCL4 and Abla solving these problems are studied and available, but not yet implemented in 
transport codes. 

Residue 

INCL4-Abla (or Isabel-Abla) reproduces well the mass and charge distributions, except for the residues 
produced after a long evaporation process. Bertini-Dresner reaches the same level of agreement 
except for the fission part (Figure 2) which is in bad agreement with experimental data. 

INCL4-Abla is able to reproduce quite well excitation functions (Figure 3), which is not always the 
case for Bertini-Dresner. 
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Figure 2: Mass distribution for p+Pb at 1 GeV.A 

 

Figure 3: Excitation functions for the reaction p(70 MeV→2.6 GeV )+Pb,  
INCL4_Abla is red and Bertini_Dresner blue 

 

Figure 4: Comparisons of neutron spectra between SATURNE data (black points),  
INCL4_Abla model (red line) and Bertini_Dresner model (blue line) for p(1.6 GeV)+Pb 
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Thick targets 

Data are scarce compared to thin targets and mainly dedicated to neutron spectra. 

References used below are [23] for the neutrons and [24] for the residues. 

Neutron 

As for thin targets, the neutron spectra are equally well reproduced by the models. As a result the 
choice of the model is not crucial for such observables. 

Residue 

Very few data exist for residue production in thick target. Here we show Xe isotopic distributions 
obtained at CERN with an UCx target. Discrepancies appear between the models predictions. 
INCL4-Abla and Isabel-Abla give rather good results. 

Figure 5: Production yields of Xe isotopes from ISOLDE UC_x targets. 
Three models are compared to the data. 
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MCNPX-CINDER’90 

For each spallation targets, there are two different steps: irradiation and cooling time. In order to 
calculate nuclei production one needs to produce the nuclei and let them decay, since most of them 
are radioactive. The production is due to the spallation reaction, but also to neutron reactions at low 
energies. Then, to get the nuclei produced at a given time (during irradiation and after) we use for 
spallation residue production the multi-particle transport code MCNPX2.5.0 combined with the 
material evolution programme CINDER’90 [25]. It will compute the nuclei produced by low energy 
neutrons (spectrum given by MCNPX) and take into account the radioactive decays. 

Megapie 

The Megapie project, at PSI (Switzerland) within the SINQ facility, aims at demonstrating the 
feasibility of a liquid Lead-Bismuth spallation target [8]. The beam will be a 575 MeV and 1.4 mA 
proton beam (~0.8 MW). A detailed view is shown below (Figure 6). 

A comprehensive work has already been performed within the X9 group for the R&D of Megapie [26]. 
Proton and neutron fluxes, power deposition, radiation damage and isotope production have been 
calculated with several code systems. For all of these observables no significant differences are found, 
except for isotope production. Since for this benchmark MCNPX was only used with the default option 
for the high energy part, that is Bertini for the INC stage and Dresner for the de-excitation stage, we 
decided to compare this default option to the other better and/or still improved combination models, 
which are INCL4-Abla, Isabel-Abla and CEM2k. 
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Activities in four different places 

Activities obtained by the different codes are compared in four different places made of four different 
materials. These materials are 316L (Stainless steel), T91 (mainly Iron), AlMg3 and Pb-Bi target. 316L is 
in the central rod (yellow in Figure 6). T91 is around the Pb-Bi target from the bottom to the top. AlMg3 
is between the heavy water (green) and the light water (blue). 

Figure 6: Megapie geometry used for MCNPX 

Proton beam comes from the bottom. The liquid Pb-Bi target (grey) is  
surrounded by heavy water (green). The upper part is dedicated to the cooling. 

 

316L 

The models give the same results within around 15%. 

Figure 7: On the left, activities are plotted for above-mentioned models. Total and main contributors 
are shown. On the right a table gives the ratio (%) to INCL4_Abla for main contributors. 

     

1s 1m 1y 2y 3y 10y 100y

15 15 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!
Mn56 6 6 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

12 12 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

15 15 15 15 15 #DIV/0! #DIV/0!
Cr51 6 6 6 6 6 #DIV/0! #DIV/0!

12 12 12 12 12 #DIV/0! #DIV/0!

15 15 15 15 15 15 15
Fe55 7 7 7 7 7 7 7

16 16 16 16 16 16 16

15 15 15 15 15 15 15
Co60 6 6 6 6 6 6 6

12 12 12 12 12 12 12

15 15 15 15 15 15 15
Ni63 6 6 6 6 6 6 6

12 12 12 12 12 12 12  

INCL4-Abla 
Isabel-Abla 
CEM2k 
Bertini-Dresner 

Isabel_Abla 
Bertini–Dresner 
CEM2k 

Total 

51Cr 

56Mn 

63Ni 

60Co 

 

55Fe 



MEGAPIE: RESIDUE YIELDS AND RADIOACTIVITY PREDICTIONS WITH DIFFERENT MODELS IN MCNPX 

SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 177 

T91 

All results agree within 15%, except for the activity coming from 3H where Isabel and INCL4 give the 
same value, while Bertini and CEM2k are respectively 4 times and 16 times higher. This isotope comes 
from either the spallation reaction or from low energy neutron reaction. In fact this result is not 
surprising since neither INCL4, Isabel nor Abla emits tritium when Bertini-Dresner and CEM2k do it. 
Since we saw that these models produce approximately the same neutron flux (Figure 1), the low 
energy neutron interactions cannot explain the production of 3H. The implementation of tritium 
emission by INCL4 and Abla is in progress, and we know that the production of tritium by CEM2k is 
too high as it can be seen on the Figure 5 of the B. Rapp, et al. report, task 4 of this SATIF-8 meeting. 

Figure 8: See Figure 7 for explanations 

     

1s 1m 1y 2y 3y 10y 100y

-12 -12 -12 -12 -12 -12 -12
H 3 366 366 366 366 366 366 366

1578 1578 1578 1578 1578 1578 1578

15 15 15 15 15 #DIV/0! #DIV/0!
Cr51 6 6 6 6 6 #DIV/0! #DIV/0!

12 12 12 12 12 #DIV/0! #DIV/0!

15 15 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!
Mn56 6 6 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

12 12 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

14 14 14 14 14 14 14
Fe55 7 7 7 7 7 7 7

14 14 14 14 14 14 14

15 15 15 15 15 15 15
Ni63 6 6 6 6 6 6 6

11 11 11 11 11 11 11  

AlMg3 

The conclusions are similar to the previous ones for T91, except that here the material is far from the 
beam. As a consequence, only the low energy neutrons play a role for the tritium production. That 
explains the little difference observed (36%). 

Figure 9: See Figure 7 for explanations 

 

     

1s 1m 1y 2y 3y 10y 100y

-5 -5 -5 -5 -5 -5 -5
H 3 4 4 4 4 4 4 4

36 36 36 36 36 36 36

13 -11 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!
Al28 6 5 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

11 32 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

13 13 13 13 13 #DIV/0! #DIV/0!
Cr51 6 6 6 6 6 #DIV/0! #DIV/0!

11 11 11 11 11 #DIV/0! #DIV/0!

13 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!
Mn56 6 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

11 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

13 13 13 13 13 13 13
Fe55 6 6 6 6 6 6 6

11 11 11 11 11 11 11

14 14 14 14 14 14 14
Ni63 6 6 6 6 6 6 6

11 11 11 11 11 11 11

13 13 13 13 13 13 #DIV/0!
Zn65 6 6 6 6 6 6 #DIV/0!

11 11 11 11 11 11 #DIV/0!  

INCL4-Abla 
Isabel-Abla 
CEM2k 
Bertini-Dresner 

INCL4-Abla 
Isabel-Abla 
CEM2k 
Bertini-Dresner

Isabel_Abla 
Bertini–Dresner 
CEM2k 

Isabel_Abla 
Bertini–Dresner 
CEM2k 

Total 

51Cr 

 

55Fe 

 

63Ni 

56Mn 

3H 

Total 

51Cr 

56Mn 

28Al 

63Ni 

 

3H 

55Fe 

65Zn 



MEGAPIE: RESIDUE YIELDS AND RADIOACTIVITY PREDICTIONS WITH DIFFERENT MODELS IN MCNPX 

178 SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 

Pb-Bi target 

The situation is a bit more complicated in the target. All models agree within 30% or even less, except 
for tritium, 207Bi and 210Bi. The 3H case has been explained previously. For 207Bi the difference is not so 
important since only CEM2k show a discrepancy around 60%. To explain it, one should first know 
from which channel this isotope is produce, 206Pb is a candidate, and secondly, look at the behaviour 
of these models on experimental isotopic distributions for element close to the target. Concerning 
210Bi differences begin to appear only after 1 year. This isotope can be produced directly by spallation, 
but also by the radioactive decay of 210Pb, and INCL4 produces more 210Pb than all other models.  

Figure 10: See Figure 7 for explanations 

   

1s 1m 1y 2y 3y 10y 100y

-6 -6 -6 -6 -6 -6 -6
H3 268 268 268 268 268 268 268

557 557 557 557 557 557 557

28 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!
Pb207 8 3785189 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

29 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

-4 -4 -4 -4 -4 -4 -4
Bi207 16 16 16 16 16 16 16

59 59 59 59 59 59 59

15 15 -92 -92 -92 -92 -92
Bi210 7 7 -92 -92 -92 -92 -92

11 11 -89 -89 -89 -89 -89

15 15 15 15 15 -36 -92
Po210 7 7 7 7 7 -40 -92

12 11 11 11 11 -36 -89  

Volatiles 

We plot below H and Xe masses and activities ratio to INCL4_Abla for the three others models: 
Isabel_Abla, CEM2k and Bertini_Dresner. 

Figure 11: H (left) and Xe (right) activity and mass (bi-colour points)  
ratio to INCL4_Abla for Isabel_Abla, CEM2k and Bertini_Dresner model 
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For hydrogen, mass is mainly due to proton and activity to tritium, so we observe the same 
differences or similarities between the models as the ones seen before concerning tritium. 

For xenon, coming from the fission process, the results are within a factor two. If mass and activity 
have different ratios, the reason has to be found in the isotopic distributions. Thus Zanini, et al. [27] 
showed the same behaviour for Bertini_Dresner compared to INCL4_Abla, since the former predicts 

INCL4-Abla 
Isabel-Abla 
CEM2k 
Bertini-Dresner 

Isabel_Abla 
Bertini–Dresner 
CEM2k 

Total 

210Bi 

210Po 

207Pb 

3H 

 

207Bi 
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bigger mass than the latter. Nevertheless, one have to mention that in this paper results are obtained 
with a 1.4 GeV proton beam while the Megapie beam is a 0.575 GeV proton beam, so, if it gives us a 
explanation, energies and materials considered must be as close as possible and one have to use it 
carefully. For example, if we change the material, UCx instead of Pb-Bi, with a 1.4 GeV proton beam, 
the ratio of Isabel_Abla obtained here (Figure 11) is not easy to explain when looking at Figure 5. 

Conclusion 

This study aimed at comparing models available in the transport code MCNPX2.5.0: default option 
Bertini-Dresner and three other models, some still under development, INCL4-Abla, Isabel-Abla and 
CEM2k. Comparisons have been performed for the Megapie project that is a liquid lead-bismuth 
spallation target. 

The results obtained on activities, with four different materials, but also on masses for volatiles 
elements in the target, show some discrepancies. Different reasons may explain these results. Fission 
process modelling can explain the differences for volatile like Xe (Figure 11). For tritium production, 
some models have to improve the evaporation predictions. Finally, the INC models may give a 
different level of isotope production for nuclei close to the spallation target (210Bi). 
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Abstract 

Extensive simulations with the FLUKA Monte Carlo code were performed using a complex model of the 
ATLAS detector, consisting of more than 800 regions, to estimate the production of radioactive waste and 
the evolution of its radiological characteristics. The source of particles was created with an offline 
generator of p-p collisions. Specific biasing techniques in the transport of low-energy neutrons and the 
latest heavy-fragment evaporation model were adopted. A virtual isotropic source of neutrons was 
also used to estimate the region volumes by scoring the neutron track-length inside each region. 
FLUKA allows scoring the nuclide production-rate per p-p interaction. The activity of each nuclide after a 
predefined irradiation cycle was normalised online to reference values taken from the European or 
Swiss legislations, to obtain an absolute estimate of the radiological hazard. The impact of changing 
the waiting time on the zoning was investigated. The activation of the detector was also calculated with 
the general analytical activation formula from the fluxes of high-energy hadrons and low-energy neutrons 
obtained from simulations with the GCALOR code. The results compare well with the FLUKA predictions. 
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Introduction 

The installation of the CERN Large Hadron Collider (LHC) is under completion in a circular tunnel 
27 km in circumference, previously housing the Large Electron Positron (LEP) collider. The tunnel, 
placed at a depth varying between 50 and 175 m, straddles the Swiss/French border on the outskirts of 
Geneva. LHC is designed to collide two counter rotating beams of protons or heavy ions. Proton-proton 
collisions are foreseen at an energy of 7 TeV per beam with a planned start-up in 2007. Each proton 
beam with full intensity consists of 2808 bunches, each bunch containing 1.15 × 1011 protons at the 
start of a nominal fill. The total energy stored in the nominal beam at top energy is 334 MJ. This 
enormous amount of energy will partly be deposited at the beam dumps at the end of each physics 
period, partly be dissipated in collimators and a certain fraction will convert into secondary particles 
following collisions at the centre of the experimental apparatus. Interaction of the primary and 
secondary particles with any material will generate induced radioactivity. 

The LHC machine and the experiments are classified as Nuclear Basic Installation (Installation 
Nucléaire de Base, INB) in France. The French legislation requires that INB installations provide – among 
other things – a radioactive waste study before starting operation. A compulsory part of the study is 
the identification of areas where radioactive waste may be produced from areas where only the 
production of conventional waste is expected. In case of the LHC experiments this translates into the 
identification of a boundary dividing the experimental cavern into two zones – a radioactive waste 
zone and a conventional waste zone. This paper describes the calculations performed in order to 
determine the zoning of the ATLAS experiment. 

ATLAS (A Toroidal LHC ApparatuS), the biggest of the LHC experiments, is installed in an 
underground cavern. ATLAS is 42 m long, 11 m in radius and weighs approximately 7 000 tonnes 
(Figure 1). It is one of the two high-luminosity, general-purpose LHC detectors (together with CMS). 
Beams of protons will collide at its centre with a centre of mass energy of 14 TeV and a design 
luminosity of 1034 cm–2 s–1. The collisions will create a harsh radiation environment that will cause 
activation of material, some (and eventually all) of which will become radioactive waste. The 
activation of the ATLAS detector was calculated with the aim to determine the boundary between the 
radioactive waste zone and the conventional waste zone. Three different calculation methods were 
employed. Two approaches relied on extensive simulations with the FLUKA Monte Carlo code, the 
third method was based on the analytical activation formula and prior knowledge of particle fluxes 
obtained from GCALOR simulations. This paper describes the three methods (referred to as FLUKA A, 
FLUKA B and GCALOR), their respective results and the degree of agreement between them. 

Zoning classification criteria 

French legislation does not provide unconditional clearance levels (i.e. threshold values below which a 
material can be considered as non-radioactive) for specific activity (activity per unit mass) in materials 
to be released into the public domain. Release of material is only allowed after a detailed theoretical 
study supported by experimental measurements. The aim of such a study is to establish a “zoning” 
(zonage) of the facility (accelerator tunnel, experimental areas, etc.), i.e. a classification of areas where 
material may or may not have been activated. To demonstrate that a given component or material is 
“non-radioactive”, i.e. “conventional”, one has to prove that beam losses around the ring, or any other 
activation mechanism, can only produce “insignificant” amounts of radioactivity. For the zonage study 
of the LHC machine and experiments an operational limit was adopted for each radionuclide, equal to 
1/10 of the exemption values as given by the European Directive (EU) of 13 May 1996 [1], following the 
same approach adopted for the decommissioning of LEP [2]. For most radionuclides found in 
accelerator components the EU exemption limit is 10 Bq/g (exceptions are, e.g. tritium and 7Be, for 
which the values are 106 Bq/g and 103 Bq/g, respectively). For radionuclides for which a value was not 
provided by the EU directive, the Swiss exemption limits (which essentially correspond to 1/10 of the 
EU values) [3] were adopted. 

A major constraint imposed by the French legislation is that material or equipment classified as 
“radioactive” in the zoning study cannot be declassified as “conventional” after a measurement, no 
matter how accurate the latter is in showing no traces of induced radioactivity. Material can be 
“declassified” only by revising the zoning of its area of origin. If the zoning study is too pessimistic, 
one may end up with storing as radioactive a large amount of material, which is actually posing  
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Figure 1: Cut away view of the ATLAS detector 

 

absolutely no radiological risk if released. On the other hand, one cannot be too optimistic either, 
since if too many anomalies (écarts in French) are detected (i.e. material classified as conventional in 
the zoning study but found to be radioactive by measurement) the French authorities can intervene 
and stop operation. The zoning study has therefore to be as realistic as possible. 

Calculation method FLUKA A 

Methods A and B were both based on the use of the FLUKA Monte Carlo code [4,5]. Aspects common to 
the two methods were the geometry, the source and the physical settings of the simulations. A complex 
model of the ATLAS detector consisting of more than 800 regions was used. The source of particles 
was created with an offline generator of p-p collisions. The electromagnetic component of the 
radiation field was disregarded as its contribution to induced radioactivity is minor as compared to 
that generated by the hadronic component. Low energy neutrons were included in the calculations all 
the way down to thermal energy. A new evaporation model was used and heavy fragment evaporation 
was requested. 

Method A consists of estimating the production rate of radioisotopes per region and per p-p 
collision with the RESNUCLEI option of FLUKA, followed by an offline treatment of the results for the 
build-up and the decay of radioactivity and the normalisation of the results to the radionuclide-specific 
exemption limits. In order to calculate the specific activity per region, the region volumes had to be 
calculated. A special Monte Carlo technique was developed for this purpose. All regions were assigned 
as vacuum and were enclosed in a virtual spherical isotropic source of neutrons. The track-length of 
these neutrons inside a region is proportional to its volume. 
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With this FLUKA method, the number of regions that can be investigated in one round of 
simulations is limited. The method was applied to 157 out of the 810 regions constituting the ATLAS 
geometry. The selection of the regions to be investigated was mainly governed by the need to gain 
rapidly a first insight into the level of activation of the different detector structures. Using this method, 
the results of the FLUKA simulations give the number of radioactive isotopes per region normalised to 
one p-p collision event. Scaling the results by the number of events corresponding to the length and 
intensity of the irradiation was used to account for the build-up of activity. The build-up of activity 
during irradiation and the decrease during the beam-off time was treated analytically by solving the 
Bateman equations to the third generation of decay products. This type of post-processing is less 
complete than the online treatment (method B, which treats the whole decay chain) but provides 
equivalent results for target elements lighter than lead. In addition, it has the advantage that the 
irradiation and cooling time conditions can be changed offline without repeating the FLUKA simulations. 

Many of the regions of the ATLAS geometry are quite large and may correspond in reality to 
detector modules with finer structures. Scoring per region can only provide the average value of 
activity in the whole volume without any information on the distribution within the region. This has 
the unfavorable effect that hot spots in “cold” regions cannot be detected by this method. On the 
other hand, scoring in large regions offers the advantage of better statistics.  

Calculation method FLUKA B 

From the physics point of view the greatest difference between methods A and B lies in the accuracy 
with which the build-up and decay of radioactivity are treated. An online treatment with the exact 
analytical solution of the Bateman equations was recently implemented in FLUKA [6]. This treatment 
provides a more accurate approach to the production and time evolution of residual nuclei because it 
considers all possible successive decays down to the last stable decay product (while method A stops 
at the third generation). In addition, it allows FLUKA to simulate complex irradiation conditions 
consisting of several periods of irradiation and intermittent cooling times. Furthermore, it records the 
exact position where every nuclide was produced and therefore provides the user with the induced 
radioactivity distribution. Method B exploited these new features of FLUKA. 

Normalisation of the results with the exemption limits was also implemented in an online 
weighting routine. The results for individual radioisotopes (specific activity, mass and atomic number) 
are lost in the simulation process and the quantity provided by the FLUKA calculation reduces to:  


i i

i

LE

A
 

where i is the produced radioisotope, Ai is its specific activity and LEi is its exemption limit. For 
simplicity in the following we shall call this quantity sumi(Ai/LEi). The analysis of these results is 
easier but the complementary information on the production of individual radioisotopes retained by 
method A is extremely valuable. 

Scoring was requested on a region-independent RZ geometrical mesh encompassing the whole 
detector. The individual bins had 5 cm in Z, 5 cm in R and extended over the full azimuthal angle. The 
detector being almost symmetric around its axis, a precise spatial distribution of activity can be 
obtained and, at the same time, bins are large enough to provide good statistics. 

Calculation method GCALOR 

The third method uses an entirely independent approach from the two described above. The specific 
activity was calculated with the general analytical activation formula: 

( ) ( ) ( )tT,BuildUpdEEEnA ii ×ϕσ=   

where i is the index of the produced radionuclide, Ai is its specific activity, n is the number of target 
nuclei per gram, σi is the production cross-section of radionuclide i, ϕ is the particle flux and BuildUp(T,t) 
is the function responsible for the activity build-up, which depends on irradiation time T and cooling 
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time t. In the simplest case when the decay chain includes only one nuclide, the function is calculated 
as BuildUp(T,t)= tT ii e)e( λ−λ−−1 , where λi is the decay constant of radionuclide i. For longer decay chains 
the build-up function is calculated analytically by solving the Bateman equations to the third generation 
of decay products. All radionuclides with half-life exceeding one hour and having three or less 
radioactive progeny were explicitly treated. The contribution of all other short-lived activation products 
through decay chains was accounted for by appropriately increasing the production cross-sections for 
the explicitly treated nuclides (i.e. use was made of the cumulative cross-sections). This is a rather 
reasonable simplification taking into account that with a few exceptions most of the known 
radionuclides with half-life exceeding one hour have three or less radioactive progenies. 

The fluxes of high-energy hadrons and low-energy neutrons on a fine spatial mesh were 
obtained from simulations with the GCALOR code in the GEANT geometry implementation of the 
ATLAS detector [7]. The cross-sections for proton induced activation were calculated with the 
Silberberg-Tsao [8,9] and the Rudstam formulas [10]. The proton cross-sections were also used for 
pions and neutrons with energy exceeding 20 MeV. Cross-sections for neutrons with energy below 
20 MeV originated from various evaluated nuclear data libraries ENDFB-6.8, JEFF-2.2, etc. 

The activation was calculated for an extensive list of materials, assuming each time a single 
material for all detector components. For each material, the maps of sumi(Ai/LEi) were plotted over the 
detector volume, highlighting the 10–1 isoline. Taking into account the material composition of the 
detector components and the 10–1 isoline for each of the materials, it is possible to reconstruct which 
of the components will be activated to more than 1/10 of the exemption limit. 

Results 

With method A it was possible to identify some regions that qualified as radioactive waste zone and 
others that would only contain conventional waste. Knowing the position of those regions and which 
part of the detector they represent it was possible to estimate roughly which detector components 
should fall inside or outside the radioactive waste zone. For example, the calculations showed that the 
large muon spectrometer systems, which form the outermost detector layer, will fall outside the zone 
while at least some of the calorimeter subcomponents will be inside. The calculations confirmed that 
regions such as the collimator and the shielding pieces close to the beam pipe were highly activated. 

Based on the results of method A, the boundary defining the zoning was expected to lie within 
the calorimeter. The ATLAS calorimeter consists of the inner liquid argon calorimeter, which is enclosed 
in a cryostat, and the outer tile calorimeter. The two systems are distinct from the point of view of 
assembling and dismantling. While it was certain that most of the liquid argon calorimeter qualifies for 
the radioactive waste zone, it was not clear whether the tile calorimeter will also have to be included, 
or whether the boundary could lie between the two systems. Another point of interest was the End 
Cap Toroid as it was unclear whether it should be included in the radioactive waste zone or not. 

More precise information on the position of the zoning boundary could be provided by method B, 
which offered the possibility of performing calculations on a geometrical mesh covering the whole 
detector, rather than to a limited and somewhat arbitrary selection of regions. Calculations were 
performed assuming 10 years of LHC operation and examining different cooling times (10 days, 100 days 
and 2 years). An ATLAS operational year consists of 120 days of continuous running at nominal 
luminosity of 1034 cm–2 s–1 and 245 days with no running. Since comparatively short-lived radionuclides 
are not relevant for the present study, a continuous operation over the entire year at scaled down 
luminosity (i.e. about 1/3 of the nominal one) was assumed. All results are based on this assumption. 
Figure 2 shows the results after 100 days of cooling time. The plotted quantity is the sumi(Ai/LEi). Areas 
for which sumi(Ai/LEi) < 0.1 lie outside the radioactive waste zone. To the best possible approximation, 
the areas above 0.1 should be included inside this zone. Some exceptions to this rule can be made, 
provided that they are well understood and justified. To account for this, results were plotted to show 
also the layers where sumi(Ai/LEi) is between 0.1-0.3 and 0.3-1.0. 

The evolution of the sumi(Ai/LEi) with cooling time is shown in Figures 3-5. The plots are zoomed 
on the central part of the detector (0-7 m in Z, 0-4 m in R), which includes the liquid argon and the tile 
calorimeters. Already after 10 days of cooling (Figure 3), most of the tile calorimeters would qualify for 
placement outside the radioactive waste zone. However, its inner layers should fall inside the zone,  
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Figure 2: Residual radioactivity in ATLAS for 10 year operation followed by 100 days of cooling time 

Values are the weighted sum of the specific activity normalised to the radionuclide-specific exemption limits, sumi(Ai/LEi) 

 

Figure 3: Plot of sumi(Ai/LEi) for the central part of the ATLAS detector  
(0-7 m in Z, 0-4 m in R), 10 year operation followed by 10 days of cooling time 
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Figure 4: Plot of sumi(Ai/LEi) for the central part of the ATLAS detector  
(0-7 m in Z, 0-4 m in R), 10 year operation followed by 100 days of cooling time 

 

Figure 5: Plot of sumi(Ai/LEi) for the central part of the ATLAS detector  
(0-7 m in Z, 0-4 m in R), 10 year operation followed by 2 years of cooling time 
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which might imply that the whole tile calorimeter (which consists of 64 wedges) would have to be 
included since it cannot easily be split along R. After 100 days of cooling (Figure 4) the situation 
remains the same from the zoning point of view, although it is visible that the specific activity in the 
tile calorimeter decreased and most of the areas with sumi(Ai/LEi)∈[0.3, 1.0] after 10 days of cooling 
belong now to the layer where sumi(Ai/LEi)∈[0.1, 0.3]. After 2 years of cooling (Figure 5) the activity in 
the tile calorimeter has decayed enough so that the entire structure would qualify for placement in 
the conventional waste zone.  

Extensive calculations with the GCALOR method produced large amount of results. For each of 
the 21 materials studied, the high-energy hadron and low-energy neutron activations were calculated 
and the sum of the two were plotted in form of maps showing the sumi(Ai/LEi). This was repeated for 
several different assumptions of irradiation and cooling times, and for different cross-section sets. 
Four examples are shown in Figures 6-9, corresponding to calculations for Al, Ni, Co and stainless 
steel (69% Fe, 18% Cr, 11% Ni, 1.8% Mn and 0.2% Co), after 10 years of irradiation, followed by 100 days 
of cooling, based on cross-sections calculated with the Silberberg-Tsao formula for high-energy 
hadrons and library data for neutrons. 

If the whole detector were made of aluminium, the 10–1 isoline of sumi(Ai/LEi), marking the 
radioactive waste zone, would reach a maximum radius of less than 3 metres at a distance of 3-4 m 
from the interaction point (and about 1 m beyond 3-4 in Z). This location corresponds to the peak 
visible in the FLUKA calculations between the barrel and the extended barrel parts of the tile 
calorimeter. If the detector were made of nickel, the zone would be larger, extending 4 metres at the 
location of this peak and including another broad peak, almost 5 metres in radius stretching between 
6 and 13 metres from the interaction point. The second peak cuts through the End Cap Toroid. If the 
detector were made of cobalt, practically the whole cavern would fall within the radioactive waste 
zone. This is due to the low-energy neutron activation, particularly the reaction 59Co(n, γ)60Co. For 
most of the other materials (Fe, Cu, Pb, Au, Re, W, Sn, Nb, Mn, Cr, Ti, Si, C and Be) the zoning boundary 
lies below that of nickel. Only alloys with more than 0.1% cobalt, 1% antimony, 10% zinc and 1% silver 
have zoning boundaries larger than nickel. 

After determining that no such alloys are used in ATLAS (the cobalt content in stainless steel was 
a particular concern), it was found that nickel represents the worst case for a cooling time of 100 days, 
and iron for a cooling time of 2 years (in fact, a large fraction of the detectors and the shielding is 
made of iron). The results for nickel at 100 days and iron at 2 years are in good agreement with the 
FLUKA simulations. 

Conclusions 

The results of the present calculations served as a basis for the decision on the zoning of the ATLAS 
experiment. Other aspects influencing the decision were the expected irradiation conditions and cooling 
times that the detector will experience, the likelihood and time horizon in which a component might 
become waste, the physical boundaries of the components, and the need to prevent overestimation of 
the radioactive waste zone while ensuring that to the current best knowledge it includes all areas 
where radioactive waste may be produced.  

Most ATLAS detector components will only become waste at the time of decommissioning of the 
LHC. For this reason, the FLUKA calculations were based on a simplified running scenario consisting 
of 10 years of homogeneous irradiation, which corresponds to 10 years of LHC operation at a luminosity 
1034 cm–2 s–1 for 120 days per year. Other operation scenarios were explored by the GCALOR method 
but it was found that the duration of the irradiation did not exert a strong influence on the zoning. 
The length of the cooling time, however, makes a large difference on the zoning. For example, the tile 
calorimeter would fall outside of the radioactive waste zone if the cooling time would be 2 years, but if 
the cooling time would be 100 days it would either have to be included inside the zone as one piece, or 
the zone will cut through it, which would imply cutting the component at the time of its dismantling, 
in order to separate the radioactive material from the conventional one. Two years of waiting is not 
unreasonable, especially for massive components, considering that the dismantling of the detectors will 
not start immediately after the LHC ends operation and that it will take a considerable amount of time. 
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Figure 6: Isolines of sumi(Ai/LEi) calculated with GCALOR and the Silberberg-Tsao  
cross-sections for aluminium, 10 year operation followed by 100 days of cooling time 

 

Figure 7: Isolines of sumi(Ai/LEi) calculated with GCALOR and the Silberberg-Tsao  
cross-sections for nickel, 10 year operation followed by 100 days of cooling time 
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Figure 8: Isolines of sumi(Ai/LEi) calculated with GCALOR and the Silberberg-Tsao  
cross-sections for cobalt, 10 year operation followed by 100 days of cooling time 

 

Figure 9: Isolines of sumi(Ai/LEi) calculated with GCALOR and the Silberberg-Tsao  
cross-sections for stainless steel, 10 year operation followed by 100 days of cooling time 
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Malfunctioning and irreparable pieces that will be replaced during maintenance operations might 
become waste prior to the final decommissioning. Within the first 1 to 3 years of operation, LHC will 
most likely operate at luminosity lower than the nominal one and the calculations assuming 10 years 
of operation at nominal luminosity do present an overestimation for these cases. On the other hand, a 
faster handling of equipment can be expected during the active LHC lifetime than during its 
decommissioning. It is therefore reasonable to assume shorter cooling times. Based on the LEP 
experience, the cooling time of 100 days was selected.  

For these reasons, the zoning of the ATLAS detector assumed 100 days of cooling in general but 
allowed for 2 years of cooling for large structures that will require heavy machinery (e.g. crane) for 
their removal. Initially, the zoning was based on the assumption that it should follow physical 
boundaries of the components. Later, another zoning was proposed, which cuts through the middle of 
some components, thus reducing the volume of radioactive waste by about 25%. The reasoning 
behind this effort is that it would allow deciding at the time of the decommissioning to either cut the 
component along the zoning boundary or dispose of the whole piece according to the rules that apply 
to waste originating from the radioactive waste zone, depending on what would be preferable at that 
time. Taking all of the above into considerations, the zoning of the ATLAS detector was drawn as 
shown in Figure 10. The proposed zoning will be submitted for evaluation to the French authorities. 

Figure 10: Radiological zoning of the ATLAS detector 
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Abstract 

Neutron energy spectra at 0 degree produced from stopping-length thick graphite, aluminium, iron and 
lead targets bombarded by 250 MeV and 350 MeV protons were measured at the neutron TOF course 
at RCNP of Osaka University. The neutron energy spectra were obtained by using the time-of-flight 
technique in the energy range from 10 MeV to incident proton energy. To compare the experimental 
results, Monte Carlo calculations by the PHITS and MCNPX codes using the JENDL-HE and the LA150 
evaluated nuclear data files were performed. It was found that these calculated results at 0-degree 
generally underestimated the experimental results for all targets in the energy range above 20 MeV. 
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Introduction 

In the shielding design of high-energy (over 100 MeV) proton accelerator facilities, it is important to 
estimate the energy spectra of the secondary particles, especially neutrons, produced by beam losses 
in thick materials of beam line apparatus and the beam dump as source terms. Various Monte Carlo 
transport calculation codes (PHITS [1], MCNPX [2] and MARS [3]) have been widely employed for 
high-energy particle transport calculation. The PHITS code is a multiple-purpose particle and heavy 
ion transport Monte Carlo code system based on the NMTC/JAM code [4]. The MCNPX code is widely 
used for the design because the code has various kinds of estimators and variance reduction techniques. 
These calculations can use the high-energy evaluated nuclear data, such as the LA150 library [5] and 
the JENDL-HE file [6]. The accuracy of these calculated results has been verified by the benchmark 
experimental data. 

For over 100 MeV proton incidence, these calculation codes tend to well reproduce thick target 
neutron yield (TTY) at large emission angles [7,8], while these fail to reproduce over 20 MeV neutron 
yields at 0 degree for 210 MeV proton incidence at RIKEN [7]. No other experimental TTY at 0 degree 
are available. The present codes have not been thoroughly checked on TTY at 0-degree. Therefore, we 
have measured TTY for over 10 MeV neutrons from thick graphite, aluminium, iron and lead targets at 
0 degree bombarded by 250 and 350 MeV protons at the TOF course of the RCNP (Research Centre of 
Nuclear Physics) ring cyclotron of Osaka University. In this paper, the measurements and the calculated 
results of the PHITS and MCNPX codes using the LA150 library and the JENDL-HE file are reported. 

Experiment 

The experiments were carried out at the neutron TOF course of the RCNP ring cyclotron of Osaka 
University. A schematic view of the experimental arrangement is illustrated in Figure 1. The repetition 
period of the incident proton beam from the cyclotron was extended to about 800 ns by using a beam 
chopper to avoid contamination from lower energy neutrons. The chopper trigger signal was used as 
the stop signal for the TOF measurement. The characteristics of the targets used in this work are 
summarised in Table 1. The thick target, which is held by an acrylic support for insulation in order to 
measure the proton beam current, was set in a vacuum chamber. The targets were covered with 
aluminium foil to absorb secondary electrons emitting from the targets. 

Figure 1: Illustration of experimental set-up at RCNP 
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The neutrons produced at 0-degree direction were transported to the TOF course through the 
150-cm thick iron collimator of a 12-cm high and 10-cm wide opening, while charged particles were 
rejected by a vertical bending magnet equipped in the collimator. The neutron TOF measurements 
were performed using an NE213 organic liquid scintillator (12.7-cm diameter by 12.7-cm long) coupled 
to a photomultiplier. The distances from the beam-incident surface of the target to the surface of the 
detector are summarised in Figure 1. The long path measurements were carried out to get good time 
resolution in higher energy region. The beam current were kept in 0.2 nA for the short path and 5 nA 
for the long path in the 250 MeV measurement and 0.5-0.6 nA and 17-20 nA in the 350 MeV 
measurement, respectively. The current of the proton beam was monitored with a current integrator 
coupled to the targets. 

Table 1: Target characteristics and stopping range in the target 

Material Density (g/cm3) 
Size at  

250 MeV (cm) 
Stopping range
at 250 MeV (cm) 

Size at 
350 MeV (cm) 

Stopping range 
at 350 MeV (cm) 

Graphite 1.76 6.0 × 6.0 × 27.5 25.0 6.0 × 6.0 × 46.0 41.2 
Al 2.72 φ6.0 × 20.0 18.0 φ6.0 × 34.5 31.3 
Fe 9.12 φ6.5 × 7.5 6.93 φ6.5 × 13.5 12.0 
Pb 11.3 6.0 × 6.0 × 7.5 6.76 6.0 × 6.0 × 12.5 11.6 

 

Figure 2: Measured raw data 

 Left: neutron-gamma discrimination Right: TOF spectra for 350 MeV proton 

Neutrons 

Gamma-rays 

+ i

Raw data

After neutron-gamma 
discrimination. 

 

The detector is sensitive to neutrons and gamma rays. The neutron-gamma discrimination was 
performed by a pulse shape analysis as follows: the charge delivered by the photomultiplier is 
measured by ADC (Lecroy FERA 4300B) during two different time intervals, a total one (300 ns long) 
and a delayed one (300 ns long delayed by 60 ns) giving two charge values (Qt) and (Qs), respectively.  
A two-dimensional plot of Qt vs. Qs allows the separation of neutrons and gamma rays, which is shown 
in Figure 2 (left). 

The neutron TOF spectrum was measured using TDC (Lecroy TFC 4303). The start signal of the 
TDC was delivered from the photomultiplier and the chopper trigger signal was used as the stop 
signal. Figure 2 (right) presents the TOF spectra for the iron target at the incident proton energy of 
350 MeV. The flash gamma-rays emitted from target nuclei appear as a peak. The flash gamma-ray 
peak was taken as the reference of the time difference between the flash gamma-ray peak and 
individual neutron events. As shown in flash gamma-ray peak of Figure 2 (right) after neutron-gamma 
discrimination, gamma-ray rejection was not complete, and the uncertainties of the gamma-ray 
rejection were estimated as 5%. 
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Data analysis 

The TOF spectra of neutrons were converted to the neutron energy spectra. In the TOF distribution 
analysis, neutron events above the 241Am-Be (4.2 MeVee) bias were summed up and neutron TOF 
distributions in wide energy range above 10 MeV were obtained. Neutron detection efficiencies were 
obtained from calculation results of the CECIL code [9]. In the neutron-gamma ray discrimination, the 
pulse shapes from high-energy neutron events in which recoil protons escape the detector are close to 
those from gamma-ray events, and these events were eliminated from the neutron events. 
Corresponding to the elimination of high energy neutrons, the recoil proton events escaped from the 
detector were also excluded in the CECIL calculation. The results of CECIL without escaping-proton 
are shown in Figure 3 [10]. The results without escaping-proton agree with the measurements within 
15% in the energy region between 10 and 206.8 MeV for 4.2 MeVee bias. In this work, the CECIL results 
without escaping-proton were employed to calculate the efficiency of a NE213 neutron detector. 

Figure 3: Neutron detection efficiency of NE213 scintillator for Am-Be 

The results of CECIL without escaping-proton are used 

 

 

Figure 4: Vertical cross-sectional view used in the PHITS  
calculation for investigating scattered neutrons by materials 
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On the way of the flight path, the neutrons traverse the beam window and air. The effect of 
high-energy neutrons scattered by surrounding materials was investigated by using the Monte Carlo 
particle transport code, PHITS with the Intra-Nuclear Cascade (INC) model based on the Bertini 
model [11]. Vertical cross-sectional view in PHITS calculation is shown in Figure 4. Neutron yield for 
250 MeV proton incidence on a thick graphite at 11.4 m was calculated. Calculated results with and 
without the material and air are shown in Figure 5. It clearly appears that neutrons crossing the 
detector are almost negligible in the neutron energy above 10 MeV. The uncertainty of scattered high-
energy neutrons is set to be within 3%.  
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Figure 5: Calculated results with and without materials and air at 11.4 m 

 

 

Figure 6: Energy resolution of the graphite with 27.5 cm thickness  
for 250 MeV proton (left) and 46 cm thickness for 350 MeV proton (right) 

 

Uncertainties on the TTY determination are due to statistical and systematic errors. The 
statistical uncertainties at the neutron spectra determination varied from 0.5 to 5%. The systematic 
error comes mainly from gamma ray rejection, neutron detection efficiency and high-energy neutrons 
scattered by materials and air, which were determined to 3 and 15%, respectively. The neutron energy 
resolution depends on the time and the geometrical component and is given by: 
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with γ the Lorentz factor, σt/t the time resolution, σl/l the geometrical component. The time component 
estimated from FWHM of the flash gamma-ray peak was 1.2 ns. The geometrical component comes 
from the target thickness and from the size of the sensitive area of the detector. The energy resolution 
for graphite target is plotted as a function of the neutron energy in Figure 6. The TOF method with long 
path allows neutron energy measurement with a good resolution better than 2%. 
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Figure 7 displays measured TTY obtained for a thick aluminium target at 250 MeV. Data obtained 
with the short path measurement (squares) and the long one (filled circles) are shown. It can be seen 
that in the overlap regions, i.e. between 100 and 250 MeV, both results show good agreement within 
the error bars. Although neutron energy spectra in the energy range from 10 MeV to maximum energy 
were obtained using short path results, better energy resolution results of the long path 
measurements were employed for the energy range above 100 MeV. 

Figure 7: Experimental results at short path and long path for iron at 250 MeV proton 

 

Monte Carlo calculation 

The neutron production process mainly consists of two mechanisms. First, the nucleus is excited by 
the projectile and emits particles with high-energies, and afterwards it de-excites via evaporation of 
light particles with low energies. The model combination of Bertini/GEM implemented in PHITS and 
Bertini+LA150 in MCNPX were employed for the comparison with the measured results. For the 
MCNPX calculation, LA150 were used for neutron and proton transport under 150 MeV. In JENDL-HE 
files developed recently, the cross-sections for neutron and proton induced reactions up to 3 GeV are 
included for 132 nuclides in total, except for lead. In this paper, PHITS calculations with only JENDL-HE 
files were also done in the energy range up to incident proton energy. 

In order to minimise the computing time, only the target is taken into account in the calculation 
geometry. All calculated neutron fluxes were not changed in the solid angle of 1-degrees. Therefore, in 
all calculations, the neutron detector was set at 8 m from the surface of the target in void region, 
equal to solid angles of 0.46-degrees. 

Comparison with measured and calculated results 

The measured and the calculated neutron energy spectra from thick targets for 250 and 350 MeV 
proton incidences are shown in Figure 8. The measured data for 210 MeV incidence on the full-stop 
length thick iron target at RIKEN [7] are also indicated in this figure. The main difference between the 
two experiments is caused the different energy resolution due to flight path. The energy resolution at 
200 MeV is 12 MeV at RIKEN, while good energy resolution of 4 MeV at RCNP. These experimental 
results give good agreement each other for the energy below 200 MeV. 

Calculated results of PHITS with Bertini/GEM and MCNPX with LA150+Bertini underestimate the 
experimental results in the neutron energy range from 30 MeV to incident energy. The underestimation 
of the calculations is also found in the experiment at RIKEN [7]. 
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Figure 8: Measured and calculated neutron energy spectra  
at 0-degree for 250 and 350 MeV proton incidence 
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Those may result from the underestimation of neutron-production DDX (double differential 
cross-sections) at small angles and the strong self-shielding in target nucleus. On the other hand, the 
calculated result with JENDL-HE file gives good agreement with experimental results below 100 MeV 
on graphite and below 150 MeV on aluminium and iron. 

Maximum neutron energies of calculated results for a graphite target are different each other in 
PHITS with Bertini/GEM and MCNPX with LA150+Bertini in spite of using same physics of Bertini. This 
is mainly due to the different parameters used in their Bertini code, i.e. mean free path, Fermi 
distribution, Pauli blocking and so on. The Calculated result of MCNPX gives good agreement with the 
measured result around incident energy, though, maximum neutron energy of PHITS calculation is 
larger than measured data. Validation is necessary for Bertini of PHITS. 

The high energy close to the incident energy corresponds to quasielastic NN collisions in thick 
target is not appeared in all results. Actually, in thick targets, most of the protons interact near the 
surface and lead to the emission of high-energy, forward-peaked neutrons. The further multiple 
reactions of the forward peaked neutron through penetration consequently may decrease the peaked 
neutron flux. 

Figure 9: Neutron yields integrated above 20 MeV at 0-degree for  
250 MeV (left) and 350 MeV (right) proton incidence as a function of the mass 

        

Figure 10: Neutron yields integrated above 20 MeV at 0-degree for graphite (left)  
and iron (right) proton incidence as a function of incident proton energy 
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Figure 9 shows the neutron yields integrated at 0-degree above 20 MeV by 250 and 350 MeV 
protons as a function of the target mass, respectively. Neutron yields versus incident energy for the 
graphite and the iron targets are also shown in Figure 10. Neutrons above 20 MeV are corresponding 
roughly to cascade neutrons. All calculated results underestimate the experimental data, especially 
for graphite and aluminium at 350 MeV. While, for aluminium and iron at 250 MeV, calculated results 
with JENDL-HE file agree with measured results within the error bar. 

The difficulty of the consideration with thick targets is that several effects are combined. For 
instance, the detected neutrons have been produced by different spallation reactions at different 
energies, and covered different distances through the target. Therefore, it is important to get the thin 
target neutron yields to understand the exact reason of the discrepancy. 

Summary 

Neutron energy spectra produced in the forward direction from thick graphite, aluminium, iron and 
lead targets bombarded by 250 and 350 MeV protons were measured by the TOF method at RCNP of 
Osaka University. The experimental data were compared with the calculated results of the PHITS and 
MCNPX codes. All calculations give lower neutron energy spectra than the experimental ones for all 
targets above 20 MeV and must be improved for neutron production at 0-degree. These measured data 
will be useful as benchmark data for investigating the accuracy of the Monte Carlo simulation and for 
the shielding design of accelerator facilities. 
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Introduction 

During the last years a number of innovative applications have emerged in several fields of science 
and technology, requiring the utilization of intense proton beams with energies ranging in the 
hundreds of MeV up to a few GeV impinging on targets of heavy materials (lead, bismuth, mercury, 
tungsten, etc.). These applications and related projects are related to the transmutation of nuclear 
waste using accelerator-driven systems (ADS), energy production (EA), production of radioactive ion 
beams (EURISOL), the operation of intense spallation neutron sources (SNS), among others. 

Common to these applications is the need to perform calculations of the unprecedented high 
doses and fluxes of particles generated by spallation in the nuclear reactions induced by proton and 
neutrons in the target. The simulation of the cascade of particles generated inside the target and the 
propagation of particles through the surrounding structural and shielding materials is of relevance for 
different purposes, mainly for radiation protection and shielding, for nuclear safety, for radiation 
damage induced in the materials and for thermal-hydraulic computations. 

Considering the energy range of interest (hundreds of MeV up to a few GeV) and the type of 
physics (hadronic), the Monte Carlo simulation of the particle transport inside the target and through 
the surrounding materials must be done using the experimental cross-section data available in the 
libraries available complemented by the predictions of theoretical models. Therefore, some variability 
of the results can be expected using different models and algorithms, if different computer programs 
are used. 

The calculations and simulations of the energy deposition in the targets and particle fluxes and 
doses can be performed using the available tools representative of the state-of-the-art in 
computational radiation physics and radiation transport using Monte Carlo tools (FLUKA, MCNPX, 
MARS, Japanese codes) and must, whenever available, be compared with experimental data sets. 

In the sequence, a two-component benchmark is proposed: one of the components is related to 
the operation of ADS systems, with a proton beam if energies in the 350-800 MeV impinging on a thick 
target, with different materials being considered, the other is related to the operation of multi-MW 
targets such as the one of EURISOL, with proton energies in the GeV range. 

The purpose of the benchmarks hereafter proposed is to compare the predictions from different 
codes used to compute the reference problems and to assess the uncertainties associated to the 
utilisation of different codes. 
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Specification of the multi-MW target benchmarks 

Proton energy 

• 350 MeV, 5 mA (MYRRHA-ADS) 

• 600 MeV, 2.5 mA (XT-ADS, currently considered under the FP6 EUROTRANS project) 

• 800 MeV, 20 mA (EFIT, for the industrial transmuter to be deployed in the “long term”) 

• 1 000 MeV (EURISOL-related studies and other applications) 

• 2 000 MeV (EURISOL-related studies and other applications) 

Geometry 

• Cylindrical 

 

Energy (MeV) R (cm) Z (cm) Target materials 
350 5 15 Lead-bismuth 
600 10 35 Lead-bismuth (liquid), lead, tungsten, mercury 
800 15 60 Lead-bismuth (liquid), lead, tungsten, mercury 

1 000 and 2 000 8 
50 
85 

Mercury, lead-bismuth (liquid), lead, tungsten 

 

Beam profile (spatial distribution) 

• Gaussian 

• Elliptical (to be defined) 

Type of computations 

• Energy deposition (Kw/mA/cm3) in the target 

• Neutron and proton fluxes (mesh tally of the cylinder) versus energy 

• Neutron and proton fluxes versus energy across the external cylindrical surface 

• Neutron and proton fluxes versus energy across the top and bottom surface of the cylinder 

• Neutron yield (n/p) 

• dpa (displacement per atom per mA) vs. R in the target 

• dpa (displacement per atom per mA) vs. Z in the target 

• Hydrogen and helium production (appm per mA) 

• Spallation product vector (mass distribution/yield of the spallation products) 

Computer codes used 

• FLUKA 

• MARS 

• MCNPX 

• Japanese Monte Carlo codes 
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Abstract 

Neutron energy spectra were measured behind the lateral shield of the CERF (CERN-EU High Energy 
Reference Field) facility at CERN with a 120 GeV/c positive hadron beam (a mixture of mainly protons 
and pions) on a cylindrical copper target (7-cm diameter by 50-cm long). NE213 organic liquid 
scintillator (12.7-cm diameter by 12.7-cm long) was located at various longitudinal positions behind 
shields of 80- and 160-cm thick concrete and 40-cm thick iron. Neutron energy spectra in the energy 
range between 32 MeV and 380 MeV were obtained by unfolding the measured pulse height spectra 
with the detector response functions which have been experimentally verified in the neutron energy 
range up to 380 MeV in separate experiments. Since the source term and experimental geometry in 
this experiment are well characterised and simple, and results are given in the form of energy spectra, 
these experimental results are very useful as benchmark data to check the accuracies of simulation codes.  

                                                 
* Present address: Fermilab, MS220, P.O. Box 500, Batavia, IL 60510, USA. 
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1 Introduction 

Estimates of high-energy neutron production and transmission through shielding are very important 
at high-energy electron and hadron accelerator facilities because high-energy neutrons have high 
penetrability through shielding and contribute significantly to external dose. Modern Monte Carlo 
codes provide reliable predictions of radiation fluences in accelerator facilities even for complicated 
facility structures. However, accuracies for the production and transmission of secondary neutrons 
generated by high energy beams, especially above 1 GeV, are not well known because of lack of 
experimental data. 

This paper reports the shielding experiment at CERN carried out in August 2004. Several recent 
shielding experiments in accelerator facilities with high-energy neutrons are summarised in Table 1, 
and their characteristics are compared with those of this work. Distinctive features of this work are 
highest particle energy (120 GeV/c) and the variety of measured angles (13-133 degrees). Also, various 
thicknesses of typical shielding materials (concrete and iron) are used, and results are given as 
neutron-energy spectra outside the shield. The CERF facility has a simple structure of beam line and 
shielding, and the source term is clearly defined. The data constitute a useful benchmark to verify the 
accuracy of radiation transport codes. 

2 CERF facility 

This experiment was performed at the 120 GeV/c hadron beam line facility CERF at CERN, which was 
developed to provide a neutron calibration field outside the shield [10]. 

2.1 Shielding structure and material 

This facility has a comparatively simple structure of beam line and shielding, and the source term is 
clearly defined. Figure1 shows the beam line of the CERF facility with 80- or 160-cm thick concrete for 
side shields and 80-cm thick concrete and 40-cm thick iron for roof shield. Densities of shielding 
materials and composition of the concrete shield are given in Tables 2 and 3, respectively. The iron 
roof consists of two kinds of iron materials of 20-cm thickness as shown in Figure 1. 

2.2 Beam line and target 

The beam line is inclined horizontally at approximately 2.1 degrees as shown in Figure 1. A copper 
target (50-cm thick, 7-cm diameter) was placed at two different locations, A or B, as shown in Figure 1. 
An activation experiment was performed simultaneously: small irradiation samples were placed 
behind the target and water bottles were placed on both sides of the target. The effect on the shielding 
experiment of interactions in these irradiation samples is negligible.  

2.3 Particle, profile, structure and intensity of beam 

A positively charged hadron beam consisting of a mixture of protons (34.8%), pions (60.7%) and kaons 
(4.5%) with momentum of 120 GeV/c impacted on the target. This beam is secondarily generated in a 
thin target by an accelerated proton beam, and only positive particles of the above momentum are 
transported to the CERF beam line. The beam profile was measured with a wire chamber, and has an 
approximately Gaussian distribution (σv = 9.16 mm, σh = 11.2 mm) with tails removed by a rectangular 
collimator. An alignment of the target was confirmed by putting a Polaroid film on the front surface of 
the copper target whenever the target location was changed. 

Beam intensity can be changed by changing the width of the collimator located upstream of the 
beam transport line. This does not generate background neutrons for the CERF experiment. The cycle 
length is 16.8 seconds with a spill length of 4.8 seconds, and beam particles come uniformly in the spill. 
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2.4 PIC beam monitor 

The number of incident beam particles was measured by a PIC (precision ionisation chamber) beam 
monitor. The beam intensity per PIC-count was calibrated to be about 2.3 × 104 beam particles. The 
uncertainty in the calibration factor is 0.4% [11]. The PIC monitor is located upstream of the target 
location B on the beam line. 

3 Measurement of neutron energy spectra 

3.1 Detector set-up 

Neutron measurements were carried out using an NE213 organic liquid scintillator (12.7-cm diameter 
by 12.7-cm long) with an R4144 photomultiplier tube (Hamamatsu Photonics). Two NE102A plastic 
scintillators (veto counters) of rectangular shape and 5-mm thickness were used to reject charged 
particles from the beam line. A larger (30-cm by 30-cm) veto counter (L-Veto) was located upstream of 
the NE213 detector mainly to reject muon background, and a smaller (15-cm by 15-cm) veto counter 
(S-veto) was placed in front of the NE213 counter to reject charged particles (from the beam line) that 
penetrate the shielding wall or roof.  

Figure 2 shows photos of the detectors set up for neutron energy spectra measurements behind 
the (a) iron shield roof and (b) concrete shield at 90 degrees from the copper target. The distances 
between the NE213 detector and shield surface were 3-cm and 7.5-cm for concrete and iron shield 
cases, respectively, as shown in Figure1. Figure 3 shows a sketch of the detectors set up behind the 
concrete shield with the interactions of neutron and charged particles. 

3.2 Electronic measurement circuit 

The electronic measurement circuit is shown in Figure 4. Two high voltage power supplies (ORTEC 556) 
were used for three PMTs (photomultipliers). One of them was used for the NE213 and S-veto counter, 
supplying -1 650 V. The other one supplied -1 500 V to the L-veto counter. 

The anode signal from the NE213 detector was divided in two by a signal divider and fed to CFD1 
(Constant fraction discriminator #1) and an ADC (Analogue to Digital Converter) through delay and 
attenuator modules. CFD1 rejected pulses lower than the threshold for the NE213 detector. Charged 
particle events (especially muons) from upstream, detected by the large veto counter (L-veto), were 
rejected in a coincidence module (Coin1). The next coincidence module (Coin2) rejected the events 
that occurred during the computer busy supplied by a GG (gate and delay generator). The signals to 
ADCs from the NE213 were total or slow components which were generated by gating in the total or the 
slow (decay) region of the signal pulse as shown in Figure 5. The signals from the small veto counter 
(S-veto) were fed to the ADC to get the total pulse height of charged particle events from the shield. 

The ADC gate opens when the NE213-detector events do not coincide with the L-veto counter 
event or computer busy. The ADC accepts the NE213 pulses (total and slow component) and the S-veto 
pulses. The ADC data were recorded to the computer in event-by-event mode using the Kakuken 
On-line Data Acquisition System (KODAQ) [12]. 

The numbers of events from CFD1, Coin1 and Coin2 were counted by 3 scalers as shown in Figure 4. 
Scaler-1 counted the number of events of the NE213 detector whose pulses were above the threshold 
in CFD1. Scaler-2 counted the number of events after rejecting the L-veto events, and Scaler-3 counted 
the events remaining after rejecting the L-veto events and those occurring during computer busy. The 
number of events taken and recorded in the computer is equivalent to that on Scaler-3. 

Muon events detected by the L-Veto counter were not recorded because they occurred too 
frequently and increased computer busy. Therefore, the L-veto events were only recorded during the 
initial stage of this experiment (in order to determine appropriate threshold for muon elimination). 
After setting the L-Veto threshold in CFD2, measurements were carried out with the INHIBIT-1 signal 
from CFD2 connected to Coin1 to reject the L-veto events automatically, as shown in Figure4. 
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3.3 Measurement location 

One detector set was used for this experiment, and was located at different positions behind the 
shield (as shown in Figure 1) in order to measure neutron energy spectra behind different materials, 
thicknesses and angles from the target. The detector locations and their approximate angles with 
respect to the beam line (relative to the beam interaction points on the front surfaces of targets A and 
B) are given in Table 4. When the copper target was located at position B, measurements were carried 
out behind the 160-cm side concrete (B1-B3), 80-cm side concrete (B4, B5), and above the 40-cm iron 
roof (I1-I3). For target location A, measurements were carried out behind 80-cm thick concrete (A1-A3). 

For the side concrete positions (A1-A3, B1-B5), the detector was located at the same height as the 
beam line, as shown in Figure 2(b). Above the iron roof (I1, I2, I3), the detector was located just above 
the beam line as shown in Figures 1 and 2(a). The detector location at I2′ above the 40-cm thick iron 
roof was off-axis at a transverse distance of 100-cm from the I2 location as shown in the upper part of 
Figure 1. 

3.4 Neutron background measurement 

Charged-particle and photon events detected by the NE213 detector can be rejected in offline analysis 
as described in Sections 4.1 and 4.2. However, neutrons originating from beam losses in neighbouring 
beam lines, which might be included in the measured data, also need to be eliminated. The neutron 
background measurements at each detector position were carried out with no beam in H6 (our beam 
line), thus only accounting for contributions from neighbouring beam lines (H4 and H8). For 
normalisation purposes, the number of beam spills was counted both for normal and background 
measurements. The beam intensities at the targets in the neighbouring beam lines (H4 and H8) were 
observed to confirm the background stability during both the normal and background measurements. 

4 Data analysis 

Event-by-event data recorded in the measurement contains the following three values in each event: 

• NE213 total pulse height (Total); 

• NE213 slow component (Slow); 

• S-veto total pulse height (S-veto). 

These data were sorted to one or two-dimensional distributions for various types of analysis. 

4.1 Charged particle discrimination 

Event-by-event data were sorted to two-dimensional distributions (2-D plots) of S-veto or L-veto 
versus Total, and one-dimensional distributions for the two veto counters as shown in Figure 6. 

Figure 6(a) shows events, recorded during the initial stage of the experiment for tune up the 
circuit, in which there is a coincidence between the L-veto counter and the NE213 detector. The muon 
component can be seen above roughly channel 180, and these events should be rejected. Using this 
information, the threshold of CFD2 in Figure 4 was determined during the experiment, and used to 
make the INHIBIT-1 signals for CFD1. 

In Figure 6(b), events due to charged particles that penetrated the shielding can be seen above 
roughly channel 150 in the S-veto pulse height distribution. These charged-particle events were 
recorded in all the measurements, and they were rejected in the analysis. 

4.2 N-γ separation 

Figure 7 shows a 2-D plot of the Total versus Slow components of the NE213 signals along with a 
magnified view of the low channel region. Since the slow component was obtained by integrating the 
decay part of the detector signal pulse as shown in Figure 5, electron events generated from γ-rays 
appear in lower channels and are clearly separated from protons, deuterons and alpha events 
generated by neutrons. Background muons coming from directions which were not covered by the 
two veto counters also contribute to the electron component and can be rejected in this process. 
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The neutron events were selected by eliminating the electron and muon events from the 2-D plot 
in Figure 7. In this process, escaping-protons (which go out through the detector wall) are also 
eliminated because the pulse shape of the signal of the escaping-protons is close to that of electrons 
and therefore the escaping-proton events overlap in the electron events [13], as shown in Figure 7. 
This does not affect final results because the escaping-proton component is not included in the 
response functions [14] used in this unfolding analysis, either. 

4.3 Light output calibration 

A light output calibration is generally performed to convert the ADC channel into a light unit in MeVee 
(MeV electron equivalent) using the reference light outputs. The 60Co light output corresponding to 
1.15 MeVee is determined to be the channel having 0.303 times the counts of the Compton edge due to 
1.17 and 1.33 MeV γ-ray from 60Co. The 241Am-Be light output corresponding to 4.2 MeVee is determined 
to be the channel having 0.664 times the counts of the Compton edge due to 4.43 MeV γ-ray from 
241Am-Be. A 0-point (0 MeVee), which is independent of the supplied high voltage or gain, can be 
measured by putting a 50Ω terminator on the ADC. More details about calibration are described in 
Ref. [15]. 

4.4 Normalisation 

Three scalers were placed in the measurement circuit as shown in Figure 4. The total number of 
events detected by the NE213 scintillator for each run was recorded by Scaler-1. The number of event 
triggers was recorded by Scaler-2, and does not include those events that are coincident with the 
L-Veto counter (mostly muon event). The number of events recorded in the computer was measured 
by Scaler-3. Not included are events that occurred during computer busy. Computer live ratio, that is 
the ratio of the number of recorded events to the number of triggered events, is used to correct for 
counting loss due to computer-busy. The number of incident beam particles was obtained using the 
calibration factor of 2.3 × 104 beam particles per PIC beam monitor count. After scaling by the 
“Computer live ratio”, the corrected number of incident beam particles for the corresponding recorded 
event data was obtained. 

In the background runs, PIC beam monitor counts were not available (there was no beam on the 
target). In order to get normalisation factors for background runs, the “expected” number of the incident 
beam particles for the background run was estimated using a ratio of the number of beam particle to 
the number of spills during the normal and background measurements. This worked properly since 
stabilities could be confirmed for the beam intensities at the targets in the neighbouring beam lines 
(H4 and H8) from SPS log data during both for normal and background measurements in each location. 
The neutron-background subtraction process will be described in Section 4.7. 

More details about normalisation process with numerical data tables for each run are described 
in Ref. [15]. 

4.5 Probability of pulse pile-up 

This section describes the possibility of pulse pile-up in the NE213 scintillator during the measurements, 
which decreases detector efficiency. The following two possibilities are discussed here to clarify the 
pile-up issues: 

• chance coincidence from high intensity, especially due to of muon background; 

• coincidence due to multiple secondary-particle productions by the high energy beam. 

More details about pulse pile up analysis process with numerical data tables for each run are 
described in Ref. [15]. 

4.5.1 Coincidence from high beam intensity 

From the trigger ratio (the ratio of the number of triggers to the total number of NE213 detector events), 
the fraction of muon events can be roughly estimated since the events that coincide with the L-Veto 
counter were vetoed in the trigger circuit. For example, 62% of detected events were rejected in the 
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circuit in I3 measurement, as reflected in the trigger ratio of 0.38. This run had the highest count rate 
(11 764 count/sec). The count rates are already corrected with the beam spill period of 4.8 seconds 
during the 16.8 sec cycle as described in Section 2.3. Muons come from upstream uniformly during the 
beam spill. 

From Ref. [16], the probability of escaping from pile-up P(0) is expressed as follows when the 
interactions occur uniformly in time: 

 P(0) = exp(- n τ) (1) 

where n is the interaction rate in the detector and τ is the resolution time (100 nsec). 

The resolution time is ~100 nsec, which is the ADC gate width for the total pulse-height of the 
NE213 as shown in Figure 5. Using Equation (1), the count rate is described as: 

 m = n exp(- n τ) (2) 

where m is the count rate in the detector (11 764 count). 

When m = 11 764, n = 11 778 is given from Equation (2). Therefore, P(0) = 0.9988 from Equation (1). 
That means the pile up probability is 0.12%. We conclude that this chance coincidence is negligible. 

4.5.2 Multiple secondary-particle production 

Even one interaction of a high energy beam particle on the target produces hundreds of secondary 
particles from the target simultaneously. This multiplicity is independent of the beam intensity. The 
pile-up possibility is very high inside the tunnel, especially in the forward direction. Here, the pile-up 
possibility outside the shield in the lateral direction is verified for the case of this experiment. 

There are two possible cases that reduce detection efficiency due to pile-up: 

1) If a neutron is detected with a proton simultaneously as shown in the sketch of Figure 3, one 
piled-up pulse is recorded, but this event would be rejected in the analysis due to the proton’s 
interaction with the S-veto counter. 

Interaction: 1 neutron, 1 proton → recoded event: 1 → analysed event: 0 

2) If two neutrons are detected, one piled-up pulse is recorded. 

Interaction: 2 neutrons → recoded event: 1 → analysed event: 1 

Both (1) and (2) can be clarified using 2-D plots of the total vs. the slow component of the 
NE213 detector, as shown in Figure 8. This distribution shows all the recorded event data, including 
charged particles which would be eliminated later by the S-veto threshold (see Section 4.1). 

In this experiment, pulse pile up occurs if more than two pulses come during the gate opening as 
shown in Figure 9, even if pulses are not piled up physically such as (b) in Figure 9. In this case, 
although both total and slow components increase their integrations, the slow component increases a 
lot more because the peak part of the following pulse is also involved. As shown in Figure 8, therefore, 
pile-up events appear in the higher channel region of the slow-component in the 2-D plot [8]. 
Figure 10 shows a total pulse-height distribution of pile-up events for the location B5 (Run26), which is 
the most forward (smallest angle) position from the target, compared with raw data. It can be seen 
that the pile-up event component is negligible, and all other measurements have less amount of the 
component than that of location B5. 

4.6 Response function matrix 

The numerical data of the response matrix which was made from the response functions of the NE213 
scintillator which have been measured in the neutron energy range up to 390 MeV at the RCNP 
cyclotron facility at Osaka University [14]. The matrix contains 19 light output groups for 18 neutron 
energy groups from 12 to 380 MeV. The uncertainty of the response function is 15%. 

However, in the shielding experiment, since some of neutrons come from the side direction 
especially for location B4 and B5, detector response in the shielding experiment might be slightly 
different from the measured response functions by parallel neutron beam from front surface. 
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4.7 Neutron background subtraction 

The normalisations for normal and background measurements were already described in Section 4.4. 
The light-output distributions bunched in light energy group of the response matrix after background 
subtractions were used in the unfolding. Actually, the background subtractions and group bunching 
process mentioned above were carried out at the same time during the unfolding process described in 
the next section. Figures of the light-output distributions for normal and background of each run are 
described in Ref. [15]. 

The neutron background originated from the beam line adjacent to ours (outside our beam line’s 
shielding), and it depended on the neighbouring beam intensity and on our detector location. More 
background contribution at location A (where the concrete side shielding is thinner) and at location I 
above the roof than was observed at locations B1-B3. Although no background measurements were 
performed at B1 and B3, the background at these locations, like that at B2, is considered to be negligible 
due to the thick shielding. 

4.8 Unfolding 

Neutron energy spectra were obtained by the unfolding method using the FORIST code [17]. A window 
function makes the unfolded neutron spectra smoother without the fluctuations which are caused by 
uncertainties in the light calibration, response function and the measured pulse-height distribution. 
In this work, in order to avoid fluctuation, and also in order not to lose the original spectral shape, a 
30% window was given for most of the neutron energy groups. 

4.9 Uncertainty 

The statistics of the measured light output distribution (normal and background) and the uncertainty 
due to the unfolding process are already taken into account in the errors of the flux of each energy bin 
of the neutron energy spectra obtained by the FORIST code. In addition, an error in the absolute value 
of the response function (15%) was added in vector for all fluxes in each energy bin. 

Neutron attenuation due to any interactions in the veto counter was assumed to be negligible in 
the analysis, but further investigation by simulation should be needed to prove it. 

5 Results and discussions 

The measured neutron energy spectra obtained by the unfolding method are shown in Figure 11 for 
40-cm thick iron, 80- and 160-cm thick concrete. Although the unfolded neutron spectra were 
obtained from 12-380 MeV, the spectra below 30 MeV have a large uncertainty since the maximum 
light outputs of the response functions below 30 MeV are too close to their threshold. Therefore, only 
the unfolded neutron energy spectra above 32 MeV were employed as final results. Also, since the 
maximum neutron energy of the response matrix is 380 MeV, the experimental data above this energy 
could not be obtained. Bumps in the fluxes around the maximum energy can be seen in the spectra at 
forward angles below 50 degrees since neutrons with energy higher than 380 MeV are not negligible 
and contribute to the results of the maximum energy group in the unfolding process. For the results in 
the other lateral locations, neutron fluxes above 380 MeV are negligible, and no significant bump can 
be seen. Improved neutron spectra are expected to be obtained when extended response functions 
with wider neutron energy range are available in the future. 

In terms of the absolute neutron flux, further investigation of detector response simulation is 
needed, especially above 100-MeV neutron energy, since the resulted neutron flux strongly depends 
on the measured response functions which were normalised by simulation results. Moreover, detector 
response might slightly change due to side injection and it should be also investigated in the future 
experiment and simulation. 

6 Summary 

High energy neutron measurements were performed at various locations behind lateral shields of 
concrete and iron using a 120 GeV/c hadron beam at the CERF facility at CERN, and energy spectra in 
the energy range from 32 to 380 MeV were obtained by an unfolding method. 
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The CERF facility has a simple structure of beam line and shielding, and the source term is clearly 
defined. This experiment explored different angles, shielding materials and thicknesses. The radiation 
field at CERF has been measured over many years with different instruments and this experiment 
provides a valuable extension towards spectral measurements of high energy neutrons. 

The used spectrometer, the NE213, is an instrument which has been widely used for numerous 
measurements, it is well-tested and understood. However, in such a high energy beam facility, there 
were many difficulties of the measurements such as significant muon background and the pile-up of 
events within the same particles shower, and also difficulties of unfolding analysis with measured 
response functions which is hardly available above 20 MeV. 

This experiment provides valuable data in order to benchmark Monte Carlo transport codes and 
evaluate their accuracy in this aspect. A first benchmark study is discussed in Ref [18]. 
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Table 1: Recent shielding experiments at high energy accelerator facilities 

Facility TIARA ISIS HIMAC AGS FFTB KENS CERF 
Institution JAERI RAL NIRS BNL SLAC KEK CERN 
Country Japan UK Japan USA USA Japan Switzerland 
Year of experiment 1992-1996 1998 1998-2000 2001 2001-2002 2003 2004 
Reference [1,2.3] [4,5] [6] [7] [8] [9] This work 

Accelerator 
Proton Synchrotron Heavy ion Alternating Electron Synchrotron Super Proton

Cyclotron (spallation Synchrotron Gradient Linac (spallation Synchrotron 
 source)  synchrotron  source) (SPS) 

Particle p+ p+ 12C6+ p+ e– p+ p+, π+ 
Energy 45, 68 MeV 800 MeV 400 MeV/n 2.83, 24 GeV 28.7 GeV 500 MeV 120 GeV/c 

Target 
Thin 7Li       
Thick  Ta Graphite Ag Al W Cu 

Beam angle to the shield 0° 90° 0° 90° 90° 0° 13-133° 
Shield 
(cm) 

Concrete 25-200 20-120 50-250 50-500 274-396 40-400 80, 160 
Iron 10-130 10-60 10-130 25-330   40 
Polyethylene 30-183       

Detector NE213 5"φ x 5"  5"φ x 5"  5"φ x 5"  5"φ x 5" 

Bonner sphere 
He-3 Indium   6Li glass   

counter activation   counter   
Self-TOF   Self-TOF     

Activation foil 
 

Bi, C, Al Bi 
Bi, Co, Au  Bi, Al,  

 Al, In  In, Au  

Energy 
spectra 
(MeV) 

NE213 5-68  20-800  6-800  32-380 

Bonner sphere 
(thermal)-

70 
(thermal)-

400 
  

(thermal)-
400 

  

Self-TOF   100-600     
Bi-activation   20-1000     

Activation reaction rate  Yes  Yes  Yes  

JAERI: Japan Atomic Energy Research Institute, Japan, RAL: Rutherford Appleton Laboratory, UK, NIRS: National Institute of 
Radiological Sciences, Japan, BNL: Brookhaven National Laboratory, USA, SLAC: Stanford Linear Accelerator Center, USA, 
KEK: Kou Enerugi Kasokuki Kenkyu Kikou (High Energy Accelerator Research Organisation), Japan, CERN: European 
Organisation for Nuclear Research, Switzerland. 

Table 2: Densities of materials 

Material Density [g/cm3] 
Copper target 8.96 

Iron roof (upper) 7.65 
Iron roof (lower) 7.20 

Concrete shield (see Table 2) 2.40 
 

Table 3: Typical composition of the concrete shielding at CERN (2.40 g/cm3) 

  [wt.%] [atom/cm3]   [wt.%] [atom/cm3] 
H 00.561 8.04E+23 Si 16.175 8.32E+23 
C 04.377 5.27E+23 S 00.414 1.87E+22 
O 48.204 4.35E+24 K 00.833 3.08E+22 
Na 00.446 2.80E+22 Ca 23.929 8.63E+23 
Mg 01.512 8.99E+22 Ti 00.173 5.22E+21 
Al 02.113 1.13E+23 Fe 01.263 3.27E+22 
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Table 4: Detector locations and angles with respect to the beam  
line and target front surface in the respective target positions 

Side concrete Iron roof 
  80-cm thick 160-cm thick 40-cm thick 

Target A 
Location A3 A2 A1        

Angle 40° 90° 133°        

Target B 
Location B5  B4 B3 B2 B1 I3 I2 I2' I1 

Angle 13°  26° 50° 90° 110° 35° 90° 90° 130° 
 

Figure 1: Geometry of the CERF facility and detector locations.  
Beam comes from Q to P in the beam line in the figure. 
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Figure 2: Detectors set up (a) above the iron roof and (b) at the side concrete 

The stainless steel plate below the NE213 detector in figure (a) has a hole  
(15-cm diameter) in the centre, and no neutron attenuation occurs 

 (a) (b) 
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Figure 3: Sketch of the detectors set-up with the interactions of neutron and charged particles 
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Figure 4: Electronic measurement circuit 

PMT: photo multiplier, HV: High voltage power supply, CFD: constant fraction discriminator (ORTEC935), COIN: coincidence, 
GG: gate and delay generator, DIV: signal divider, INV: inverter, DLY: delay, ATT: attenuator, ADC: analogue to digital 
converter (LeCroy2249W). In the beginning of the experiment, L-veto event was recorded with ADC connection without 
INHIBIT-1 connection. 
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Figure 5: The signals from the NE213 to ADC which were gated  
in the total pulse height and the slow (decay) component regions 
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Figure 6: Two-dimensional distributions of veto-counters versus NE213 total pulse height  
(light output) and one-dimensional distributions of veto-counters for (a) L-veto and (b) S-veto 

 (a) (b) 

 

Figure 7: Two dimensional distributions of slow component versus total pulse height  
of NE213 detector signal for (a) whole region and (b) magnified low channel region 

 (a) (b) 
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Figure 8: Pile-up event selection from the two-dimensional distributions  
of slow component versus total pulse height of NE213 detector signal 

 

Figure 9: Sketch of pile-up pulses during the ADC gates 
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Figure 10: Total pulse-height distributions for the raw data and pile-up  
events selected from two-dimensional distribution shown in Figure 8 
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Figure 11: Experimental neutron energy spectra behind (a) 40-cm thick iron,  
(b) 80-cm thick concrete and (c) 160-cm thick concrete 
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Calculation of high-energy neutron spectra with different Monte Carlo transport  
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Abstract 

Energy spectra of neutrons behind shielding of the CERN-EU High Energy Reference Field (CERF) 
facility were calculated with the FLUKA, MARS and PHITS codes for different measurement locations. 
At CERF a 120 GeV/c mixed hadron beam interacts with a copper target creating a stray radiation 
field which is then attenuated by a lateral shield of either 80 cm or 160 cm thick concrete or 40 cm 
thick iron. The measurement locations cover an angular range with respect to the beam axis between 
13 and 110 degrees. Results for the energy range between several tens to several hundreds of MeV are 
compared to each other and to measurements performed with a NE213 liquid scintillator detector. For 
many locations the measured neutron fluence is within the results obtained with the different codes, 
with the experimental uncertainties covering all three calculated neutron spectra. Comparing the 
predictions of the three codes to each other it is observed that FLUKA and PHITS predict similar fluences, 
while the energy spectra calculated with MARS are slightly lower. In order to investigate differences, 
simulations were also performed for a simplified cylindrical geometry. Results demonstrate that they 
can be partially explained by differences in the high-energy hadron production in the copper target. 
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Introduction 

The radiation environment outside lateral, thick shielding at high-energy hadron accelerators is 
characterised by a large variety of particle types and energies. This so-called mixed radiation field 
typically consists of neutrons, protons, charged pions and photons with energies ranging from those 
of thermal neutrons to several tens of GeV. Often, neutrons dominate and determine the shower 
development through the shield. Moreover, they cause most of the dose to personnel behind the 
shield, with neutrons of high energies (E > 20 MeV) contributing a significant fraction. 

Modern particle interaction and transport codes are capable of calculating mixed radiation fields 
for arbitrary configurations. Uncertainties in predictions of neutron energy spectra typically increase 
with energy and have to be assessed based on results of benchmark measurements. Unfortunately, 
also the complexity of neutron measurements and their inherent uncertainties increase with energy 
explaining the lack of experimental data for neutron energy spectra above several tens of MeV. 

The CERN-EU High Energy Reference Field (CERF) facility [1] has been used for many years to 
investigate the performance of radiation detectors to mixed fields. It is well-characterised and suitable 
for benchmark studies of high-energy neutron spectra outside hadron accelerator shielding. This fact 
motivated measurements with a NE213 liquid scintillator detector during the operation of CERF in the 
year 2004. [2] The NE213 detector is especially suited to detect high-energy neutrons and has been 
previously used in similar studies at electron accelerators or hadron accelerators of lower energy than 
accessible with CERF. 

While the measurements are discussed elsewhere [2] this paper focuses on the simulations of the 
experiment with the FLUKA [3,4], MARS [5,6] and PHITS codes [7] and on the comparison of the 
calculated and measured high-energy neutron spectra. The aim of the study is to evaluate code 
predictions for energies above 20 MeV with a direct spectral measurement. Preliminary results 
obtained with the MARS code were published in Ref. [8] and are superseded by slightly higher fluence 
spectra presented in this work. 

The benchmark measurements 

At the CERF facility a beam of positively charged hadrons (60.7% π+, 34.8% p, 4.5% K+) with a momentum 
of 120 GeV/c is intercepted by a cylindrical copper target, 7 cm in diameter and 50 cm in length [1].  
In the lateral direction, the target is surrounded by concrete (80 cm and 160 cm thicknesses) and by 
iron shielding (40 cm thickness). Beam intensities are monitored and well-known to within less than 
one per cent [9]. The facility allows for measurements both inside and outside of the shielding. The 
total length of the lateral shield of almost 10 m gives access to a wide range of angles with regard to 
the target and beam direction, between 130 degrees (upstream of the front face of the target) and  
13 degrees (downstream of the target).  

The neutron measurements were carried out with a NE213 organic liquid scintillator of a cylindrical 
shape (12.7 cm diameter and 12.7 cm length) [2]. Two 5 mm thick NE102A plastic scintillators of 
rectangular shape were used to reject background signal from charged particles. One of them was placed 
between the shield surface and the NE213 scintillator to detect charged particles accompanying the 
neutron cascade in the shield and a second one was placed upstream of the NE213 detector to detect 
muons originating from pion decays upstream in the beamline. A sophisticated data-reduction and 
analysis procedure comprising the “unfolding” of the pulse-height spectra with previously measured 
detector response functions then yielded neutron energy spectra between 32 MeV and 380 MeV. 

Data were taken at a total of 12 different measurement locations, five of them behind 80 cm thick 
concrete shielding, three behind 160 cm thick concrete and four behind 40 cm thick iron shielding. 
Table 1 summarises locations, respective shielding thicknesses and angles with regard to the target 
front face and beam direction. Further details of the measurements are discussed in Ref. [2]. Figure 1 
shows a sketch of the facility indicating the two target positions as well as the measurement locations.  
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Table 1: Summary of the measurement locations 

The table lists shielding materials, thicknesses as well as indices and angles of the locations. 
Angles refer to the beam direction with the origin of the co-ordinate frame at the target front face.  

Measurement location I2' denotes a location at 90° to the beam direction but laterally displaced by 1 m from the beam axis. 

Material Concrete Iron 
Thickness 80 cm 160 cm 40 cm 

Location  
and angle 

A1 133° B1 110° I1 130° 
A2 090° B2 90° I2 90° 
A3 040° B3 50° I2′ 90° 
B4 026° – – I3 35° 
B5 013° – – – – 

 

Figure 1: Layout of the CERF facility and measurement locations 

The upper figure represents a horizontal section indicating the detector positions behind the 80 cm and 160 cm thick  
concrete shields; the lower figure is a vertical section displaying the detector positions on top of the 40 cm thick iron shield. 

 

Details of the Monte Carlo calculations 

The experimental set-up was simulated with the latest versions of FLUKA [3,4] (Version 2005), MARS [5,6] 
(Version 15, update February 2006) and PHITS [7] (Version 1.97). All calculations use identical 
geometries, including dimensions of shielding items, their relative position, material compositions 
and beam characteristics. 

The geometry of the CERF facility is rather simple; it consists of the above mentioned copper 
target placed inside a shielding enclosure. The lateral shielding consists of concrete of 80 cm and 
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160 cm thicknesses, beyond which the “concrete-measurement positions” are located. Part of the roof 
shield is made of iron-bars with a total thickness of 40 cm and allows for measurements behind iron 
shielding. Thus, the “iron-measurement positions” were in fact situated on top of the beamline shield 
with the NE213 detector facing downward. It should be noted that the beam axis, and therefore the 
axis of the copper target, is not parallel to the side walls of the shielding enclosure but points towards 
the latter under an angle of about 2.2 degrees (see Figure 1). Furthermore, the different angles of the 
measurement locations in case of the 80 cm concrete shield (see Table 1) were partially achieved by 
moving the target to a different position inside the shielding rather than by moving the position of the 
NE213 detector. All mentioned details were taken into account in the simulations. 

Tables 2 and 3 summarise densities used for the different components as well as the elemental 
composition of the concrete shielding. The iron shield and the copper target were assumed to be pure 
materials as trace elements are not known and are anyway of minor importance for this study.  

Table 2: Densities of copper target and shielding materials used in the simulations 

Component Density (g/cm3) 
Copper target 8.96 

Iron roof shield (lower 20 cm) 7.65 
Iron roof shield (upper 20 cm) 7.20 

Concrete shield 2.40 
 

The simulations considered the actual beam composition (as given above) and the measured, 
Gaussian shape of the beam. The exact beam shape, however, was found to have negligible influence 
on the energy spectra outside the shielding (proven by simulations assuming pencil-beam). 

Neutron energy spectra were calculated by scoring track-length of all neutrons reaching the 
detector volumes and normalising them to one beam particle. The detector volumes were simulated 
as air volumes (without detector enclosure) having the same size as the one of the NE213 scintillator 
(12.7 cm diameter and 12.7 cm length). So far, only preliminary simulations were performed to calculate 
the charged particle background subtraction with the NE102A scintillators which could induce a bias 
in the measurements and which is difficult to remove from the data without simulations (see below). 

Table 3: Elemental composition of concrete assumed in the simulations (given in per cent by weight) 

Element Weight fraction (%) Element Weight fraction (%) 
H 00.561 Si 16.175 
C 04.377 S 00.414 
O 48.204 K 00.833 
Na 00.446 Ca 23.929 
Mg 01.512 Ti 00.173 
Al 02.113 Fe 01.263 

 

Similarly, all neutrons entering the detector volumes were scored with the same relative weight, 
irrespective of their direction of incidence, which might cause an uncertainty due variations in the 
angular response of the NE213 detector. Further code-specific details are given below. 

FLUKA 

All produced hadron types were considered in the particle cascade and transport. Since photons, 
electrons, positrons and muons were not of interest in this study the electromagnetic shower was 
disabled in the simulations. In order to accelerate the convergence of the fluence results in the 
detector positions, the hadron transport through the shielding was biased by subdividing the concrete 
shielding into layers of 20 cm thickness (7 cm in case of iron) and by applying particle splitting at the 
layer-boundaries according to the inverse of the particle attenuation. Neutrons were transported 
down to thermal energies, while other hadrons were followed until captured or ranged out. Beam 
particles of different types (see CERF beam composition given above) were sampled during the 
calculation in a user-written source routine. Results constitute averages over a total number of 
56 Mio beam particles. 
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MARS 

The incident beam was assumed to consist of protons (34.8%) and positively charged pions only (65.2%). 
Kaons were considered to be equivalent to pions in this calculation. Secondary neutrons, protons, 
pions and muons were taking into account in the simulations with a lower energy cut-off of 1 MeV. 
Neutrons with energies below 14.5 MeV were transported using the MCNP-option in the MARS15 code. 
No variance reduction techniques were used. 

PHITS 

As in case of MARS, the calculation considered the production and transport of neutrons, protons, 
pions, kaons and muons down to a cut-off energy of 1 MeV. In general, high-energy interactions were 
simulated using the JAM-model option above 3.5 GeV for nucleons and 2.5 GeV for mesons, respectively, 
and with the Bertini model at lower energies. Neutrons and protons with energies below 150 MeV 
were transported using the LA150 cross-section data library. Evaporation processes were described 
with the GEM model. 

Results are averages over the cascades of 1.2 Mio. beam particles, 34.8% protons and 65.2% 
positively charged pions, respectively. In order to accelerate the convergence of the results, cell 
importance biasing was applied for the transport through the shield.  

Comparison of calculated and measured neutron energy spectra 

Neutron energy spectra calculated with the three different codes are compared to the measured 
spectra in Figures 2-4. Note that differential fluence spectra dφ = dE were multiplied by the energy E in 
order to conserve that, in a logarithmic energy scale, areas under the histograms correspond to 
number of neutrons (so-called “lethargy”-representation). Displayed error bars indicate systematic 
and statistical uncertainties in case of experimental data and statistical uncertainties in case of 
calculations. Calculated spectra are given as histograms overlaid by data points with error bars at the 
corresponding geometrical bin averages. All spectra are normalised to one beam particle and 
multiplied by a factor of 106 to allow displaying them in a convenient scale. 

By comparing the results of the different transport codes to each other it can be observed that all 
codes predict similar energy spectra (often within less than 20%) in backward direction and at 
90 degrees, while at forward angles (detector positions A3, B4 and B5 for the 80 cm and B3 for 160 cm 
the concrete shield) the spectra calculated with MARS are generally lower, although less than a factor 
of two. The reason for the different fluence results obtained with MARS and FLUKA can be traced back 
to differences in the description of the particle shower in the copper target (see following section).  
In order to quantify the differences in the predictions of the codes the neutron fluence spectra were 
integrated with two different lower-energy cut-offs of 19.6 MeV and 100 MeV, respectively. The ratios 
between the values obtained for FLUKA and PHITS as well as for FLUKA and MARS are given in Table 4. 
As can be seen FLUKA and PHITS agree within 20% for all locations behind the concrete shield, except 
at backward angle (A1 and B1) where the ratio reaches 1.3 at high energy. The ratios for FLUKA and 
MARS increase with decreasing angle up to a value of 1.6 for location B5 and high energies. 

The code predictions reproduce the measured spectra within their uncertainties up to about 
100 MeV and tend in general to be higher above that energy. The flattening of the measured fluence 
observed for the 2-3 highest energy bins is an artefact of the unfolding due to the upper limit of 
380 MeV of the detector response matrix and a non-negligible contribution of neutrons of higher 
energy. Generally, the agreement is better for the 80 cm (e.g. positions A2 and A3) than for the 160 cm 
thick concrete shield (e.g. positions B2 and B3). A systematic dependence of the agreement on the 
angle cannot be observed (see Figure 2). The experimental data for the iron shield carry larger 
uncertainties. This can be attributed to a significant muon background originating upstream in the 
beamline and a neutron background from the neighbour beamline with a magnitude completely 
uncorrelated with this benchmark experiment. Both had to be subtracted from the total signal 
introducing a non-negligible error. Despite this fact, calculated and measured spectra still agree below 
100 MeV within the experimental error. In addition, differences in code predictions are larger behind 
the iron shield with a maximum ratio of the integral fluences of FLUKA and PHITS of 1.5 at high 
energy and location I1 (see Table 4). 
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Figure 2: High-energy neutron spectra at the detector positions  
behind the 80 cm thick concrete shield (see also Figure 1 and Table 1) 

Measured energy spectra (labelled “Exp”) are compared to results obtained with the different Monte Carlo codes.  
All spectra are normalised to one beam particle and multiplied by 106 to allow for a convenient scale. 

 

The reasons for the overestimation of the measured fluence at high energy (>100 MeV) by the 
different codes is still under investigation. Both, a deficiency in the models and a bias in the 
experimental data cannot be excluded at this point. Two candidates for the latter were identified, the 
first being differences in the irradiation geometries of the detector response measurements and of 
this experiment. In particular, the energy response matrix based on vertical homogeneous incidence 
of neutrons on the detector front face might not be fully representative for the rather inhomogeneous 
irradiation conditions at CERF comprising a wide range of directions of incidence, including those on 
the side-surface of the detector. This effect has been studied with a simplified, cylindrical geometry 
from which it was concluded (see following section) that it should be negligible at 90° angle. As the 
degree of overestimation at high energy is rather independent on the angle it is unlikely to be due to 
the actual angular distribution of neutrons. It could have been unambiguously addressed with 
measurements performed at larger distance from the shield which would have selected only those 
neutrons emitted perpendicular to the shield. 
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A second bias might be present in the data at high energy due to the rejection of neutrons 
accompanied by charged particles or of neutrons causing themselves a veto signal when passing 
through the NE102A scintillators. In order to rule out this bias a simulation is required which includes 
the NE213 detector as well as the NE102A scintillators and an event-by-event analysis of the simulated 
data based on the applied threshold of the scintillator. This analysis has not been performed so far; 
thus, final conclusions concerning the overestimation by the models at high energy cannot be drawn 
at this point. 

Figure 3: As in Figure 2, here for the detector positions behind the 160 cm thick concrete shield 

 

Figure 4: As in Figure 2, here for the detector positions behind the 40 cm thick iron shield.  
Note that position I2' is at 90 with regard to the beam direction but displaced laterally by 1 m. 
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Table 4: Ratios of integrated neutron fluence spectra obtained with FLUKA  
and PHITS and with FLUKA and MARS at the different measurement locations 

The values are given for two different lower cut-offs in energy of 19.6 MeV and 100 MeV, respectively 

 FLUKA/PHITS FLUKA/MARS 
Location E > 19.6 MeV E > 100 MeV E > 19.6 MeV E > 100 MeV 

A1 1.21 1.29 0.96 1.14 
A2 1.06 1.11 0.89 1.06 
A3 1.05 0.98 1.17 1.23 
B4 1.07 1.02 1.37 1.49 
B5 1.00 0.94 1.43 1.53 
B1 1.18 1.24 0.93 1.16 
B2 1.09 1.19 0.97 1.23 
B3 0.93 0.90 1.14 1.25 
I1 1.33 1.46 1.07 1.33 
I2 1.03 1.29 0.89 1.14 
I3 1.07 1.14 1.33 1.52 
I2′ 1.21 1.42 1.03 1.32 

 

Additional calculations with a cylindrical geometry 

The differences between the results obtained with MARS and FLUKA were subject to additional 
calculations. For this purpose the problem was simplified by a cylindrical geometry consisting of the 
copper target surrounded by an 80 cm thick concrete shield. The inner surface of the shield was 
defined at a radius of 1 m which corresponds roughly to the distance between the beam axis and 
lateral shield wall at the CERF facility. A schematic view of the FLUKA geometry is shown in Figure 5. 

Figure 5: Schematic view of the simplified, cylindrical geometry.  
The beam is hitting the copper target from the left side. 

 

Using this set-up, cascades induced by a 120 GeV/c beam of either protons or positively charged 
pions were simulated and neutron energy spectra scored at five different detector locations, labelled 
in the following with B1-B5, the index decreasing with angle. These positions were chosen to 
correspond approximately to the detector locations A1-A3, B4 and B5 in the CERF set-up. According to 
the cylindrical symmetry, the detector volumes were defined as concentric rings of 1 m length and 
20 cm thickness. Apart from the geometry, all parameters of the simulations were kept identical to 
those for the CERF set-up. In addition, simulations were performed in which the concrete shield was 
replaced by vacuum. This modification allowed the calculation of the energy spectra as emitted from 
the copper target. 

Results for the cylindrical geometry and proton beam are presented in Figures 6 and 7. As already 
mentioned, separate calculations were also performed for pion beam but found to lead to equivalent 
conclusions. The figures show, next to each other, the neutron energy spectra as emitted from the 
copper target (left graphs) and the spectra after attenuation through the concrete shield (right graphs).  
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As before, spectra are normalised per one beam particle and scaled with a factor of 106 for a more 
convenient representation. In addition, Table 5 gives ratios of integrated fluence spectra as obtained 
with FLUKA and MARS for three different lower energy cut-offs of 1 MeV, 19.6 MeV and 100 MeV, 
respectively. Here, values are also given for pion beam. 

Regarding the source spectra the following observations can be made: Below an energy of about 
50 MeV the fluence predicted by MARS is higher by almost a factor of two than the one obtained with 
FLUKA. This is also reflected by the ratios of integrated fluence, especially those for the lowest energy 
cut-off of 1 MeV, although partially compensated by the opposite behaviour at high energies. Here, the 
situation reverses; MARS predicts the spectra to drop faster with energy (and thus the fluence to be 
lower) than FLUKA. This observation holds for all energies which would be visible on a logarithmic 
fluence scale (not shown here). It is most pronounced in forward direction (B5) where FLUKA-spectra 
are up to a factor of 1.4 higher than those calculated with MARS. Both features cause the peak in the 
spectra at about 100 MeV to be less pronounced in the MARS than in the FLUKA results.  

Figure 6: Neutron energy spectra at scoring positions B1-B3 in the cylindrical geometry 

Results of MARS and FLUKA are compared to each other. The left panels show the spectra  
emitted from the copper target, i.e. without shield, the right panels the spectra behind the shielding  

at the corresponding positions. Note the different energy scales used for both types of graphs. 
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Figure 7: As in Figure 6, here for the most forward scoring positions B4 and B5 

 

Table 5: Ratios of integrated neutron fluence spectra obtained with  
FLUKA and MARS for scoring locations B1-B5 in the simplified geometry 

The values are given for three different lower cut-offs in energy of 1 MeV, 19.6 MeV and 100 MeV,  
respectively, as well as for the scenario without and with shield and both types of beam particles. 

 Without shield With shield 
 Proton Pion+ Proton Pion+ 
 E > 1 MeV 

B1 0.73 0.71 1.02 0.98 
B2 0.74 0.72 1.06 1.04 
B3 0.80 0.79 1.21 1.23 
B4 0.91 0.90 1.46 1.53 
B5 1.04 1.03 1.26 1.40 

  E > 19.6 MeV 
B1 0.80 0.77 1.02 0.97 
B2 0.82 0.80 1.06 1.04 
B3 0.95 0.95 1.20 1.22 
B4 1.10 1.09 1.45 1.52 
B5 1.21 1.24 1.26 1.37 

  E > 100 MeV 
B1 1.09 1.06 1.39 1.31 
B2 1.06 1.05 1.34 1.33 
B3 1.09 1.10 1.33 1.36 
B4 1.25 1.26 1.59 1.67 
B5 1.34 1.38 1.39 1.50 
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Figure 8: Ratio of the energy spectra above 20 MeV including only those neutrons entering directly 
from the shield vs. all neutrons entering the detector regions (left panel) and ratio of current  

scoring vs. fluence scoring at the boundary between shielding and detector (right panel) 

Fluctuations in the data points reflect statistical uncertainties. However,  
corresponding error bars were omitted for clarity of the presentation. 

 

Low-energy neutrons are attenuated by the shield such that differences in the predictions of the 
source spectra in this energy region are not visible behind the shield. On the other hand, the spectra 
behind the shield clearly reflect the differences between the source spectra at higher energies. FLUKA 
predicts increasingly higher fluences than MARS as the angle with the beam axis decreases (see detector 
positions B3-B5). This ratio of the fluences above 100 MeV reaches a maximum of about 1.6 for detector 
location B4. It can thus be concluded that results behind the shield, as also obtained for the CERF set-up, 
depend significantly on the quality and features of the particle production in the target material (here 
copper). Benchmark measurements of high-energy neutron spectra behind shielding can only provide 
a combined verification of particle production in the target material and their attenuation through the 
shielding. Considerable differences exist, especially at lower energies, between MARS and FLUKA 
predictions for the source spectra and these should be addressed by future measurements. 

Finally, in order to address the importance of variations in the angular response of the NE213 
detector, the cylindrical geometry was used to investigate with FLUKA the directions of incidence of 
the neutrons on the detector regions. For this reason all regions outside of the shield but in between 
the five detectors were assigned the FLUKA pseudo-material “black hole” causing any particle to be 
deleted as soon it enters the respective areas. Thus, only neutrons entering the detector volumes 
directly from the shield are scored. The ratio of the energy spectra obtained with this slightly modified 
setting and the original material setting provides an estimate for the contribution from particles 
entering the detectors laterally. Results for the five detectors are shown in the left graph of Figure 8. 
As expected, this ratio is close to unity for detector B2, located at approximately 90° to the target and 
decreases with angle and with increasing energy. It indicates, for example for the most forward 
detector B5, that high energy particles reach the detector with a direction corresponding approximately 
to the direct path between target and detector. Any bias introduced by a different irradiation geometry 
during the NE213 response measurements (see discussion above) can therefore be expected to be 
more significant the higher the energy of the neutron is.  

Neutrons entering the detector directly from the shield exhibit also a certain angular distribution 
which might affect the response characteristics. The right graph in Figure 8 compares current scoring 
with fluence scoring at boundaries between shield and detectors. While fluence scoring weights the 
neutron with the inverse cosine of the angle between the neutron direction and the normal of the 
surface, current scoring does not consider the angle of incidence. For energies below about 50 MeV the 
ratio between current and fluence is comparable for all detector positions indicating similar angular 
distributions of neutrons at the boundary which are most likely isotropic due to neutron scattering in 
the shield. As the energy increases the ratio approaches unity for the detector B2 located at 90° angle 
demonstrating that high-energy neutrons enter this detector predominantly perpendicular to its front 
face. Any angular dependence of the detector response matrix should be of minor importance at this 
location. For the other detectors ratios reach asymptotic values related to the angle of the detector 
position with regard to the beam direction. 
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Summary and conclusions 

High-energy neutron spectra measured with a NE213 organic liquid scintillator in the stray radiation 
field outside of the shielding of the CERF facility were compared to results of detailed simulations 
with the FLUKA, MARS and PHITS codes. The benchmark comprised concrete shielding of 80 cm and 
160 cm thicknesses as well as iron shielding of 40 cm thickness and different measurement positions 
along the shield. 

Results obtained with the different codes in the energy range (32-380 MeV) of the experimental 
data show agreement within about 20% for backward and 90 degree angles. The measurements for  
the concrete shield confirm the calculated spectra, often within the experimental uncertainties.  
A systematic deviation between data and model predictions is not observed. Final conclusions can 
only be drawn after a detailed simulation of the measurement conditions, including the charged 
particle rejection in the Veto counters, and an event-by-event analysis of data. The experimental results 
for the iron shield carry further uncertainties due to a significant background at the measurement 
positions. Differences between code results and data at high energy are more pronounced for the iron 
than the concrete shield. 

Furthermore, predictions of MARS and FLUKA for high-energy neutron spectra were studied in 
more detail with a simplified, cylindrical geometry. The simulations revealed differences by up to a 
factor of two between the neutron fluences emitted from the target, with MARS predicting a higher 
fluence below about 50 MeV and a lower fluence at higher energies than FLUKA. Spectra behind the 
shield reflect the latter and confirm the results for the CERF set-up. This study clearly shows the need 
for experimental verification of the particle spectra around the loss point and a more detailed 
simulation of the set-up of the present experiment. In addition, the simulations based on the 
cylindrical geometry showed that possible variations in the angular response of the NE213 detector 
cannot account for differences observed between measured and calculated spectra at high energy. 
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Inter-comparison of medium-energy neutron attenuation in iron and concrete (6) 
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Abstract 

From results presented at SATIF7, revised problems to be calculated were prepared by the Japanese 
Working Group and sent to the participants of this action. Slab thickness of concrete was extended to 
12 m from 6 m to obtain the attenuation length for equilibrium spectrum. The source neutrons were 
the same as those at SATIF7. 

This paper presents a comparison of the neutron attenuation length of iron and concrete sent from 
eight groups to the organiser by the end of April, including results presented at previous SATIF 
meetings and future themes resulting from this inter-comparison. 
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Introduction 

Neutron attenuation at a high energy above a few GeVs is not supposed to depend on the energy. Its 
energy dependence below this energy, especially below 1 GeV, is not been well understood. It is 
desired to obtain common agreements concerning the behavior of neutrons inside various materials. 
This is necessary in order to agree on definitions of the attenuation length, which is very important 
for shielding calculations involving high-energy accelerators. As one attempt, it was proposed by 
Japanese participants of SATIF2 to compare the attenuation of medium-energy neutrons inside iron 
and concrete shields between various computer codes and data, and was cited as a suitable SATIF 
action. From the results for neutrons below 400 MeV presented at SATIF3 [1], it has become clear that 
neutrons above 20 MeV are important for understanding that the attenuation length and the geometry, 
planar or spherical, do not affect the results very much. The attenuation length of neutrons above 
20 MeV was compared with the planer geometry included for secondary neutrons produced by 
medium-energy protons at SATIF4 [2]. Though the attenuation lengths were different, all of the results 
showed the same tendency for an attenuation length to increase along with an increase in the neutron 
energy up to 10 GeV [2-4]. In the case of iron, the attenuation length seemed to reach an almost constant 
value above 10 GeV [5]. On the other hand, the attenuation length of concrete showed a tendency to 
increase with an increase of neutron energy up to 100 GeV. The neutron spectrum in the 300-500 cm 
region in concrete is supposed not to reach equilibrium for high energy neutrons above GeV [5]. 

Considering these results, revised problems to be calculated were prepared by the Japanese 
Working Group and sent to the participants of this action. The length of the concrete slab was 
extended to 12 m from 6 m. Source neutrons were the same as those used at SATIF-6. 

The results from eight groups were sent to the organiser by the end of April. This paper presents 
a comparison of the neutron attenuation lengths of iron and concrete, including the results presented 
at previous meetings and the future themes resulting from this inter-comparison. 

Problems for an inter-comparison (6) 

Considering the results presented at SATIF7 [5], the following revised problems were proposed to be 
calculated by various codes with their own databases. 

Attenuation calculation 

Source neutron energy 

a) Source neutrons are uniformly distributed within the following energy regions: 

 (1) 40- 50 MeV (2) 90-100 MeV  (3) 180-200 MeV  (4) 375-400 MeV  

 (5) 1 GeV (6) 1.5 GeV  (7) 3 GeV  (8) 5 GeV 

 (9) 10 GeV  (10) 50 GeV (11) 100 GeV 

b) Secondary neutrons to 90 degrees from Fe target (5 cm diameter) (Figure 1): 

 (1) 200 MeV (5cm thick) (2) 500 MeV (25 cm thick) 

 (3) 1 GeV (60cm thick) (4) 3 GeV (60 cm thick) 

 (5) 5 GeV (60cm thick) 

c) Secondary neutrons in various directions from a Hg target with a Pb moderator (120 cm 
diameter and 120 cm length) shown in Figure 2 with 3 GeV protons. 

d) Secondary neutrons toward 90 degrees from a Hg target shown with 24 GeV protons (Figure 2). 

Geometry 

Plane 6 m thick for iron and 12 m thick for concrete with normal-incident parallel beams. 
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Shielding material 

Iron and concrete were selected as typical shielding materials. The densities of the two materials and 
the composition of concrete are also given (Table 1). 

a) iron (density 7.87 g cm–3); 

b) concrete (density 2.27 g cm–3) [Type 02-a, ANL-5800, 660(1963)]. 

Figure 1: Secondary neutron at 90° from an iron target bombarded by protons (FLUKA calculations) 
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Figure 2: Secondary neutron spectrum from a Hg target bombarded  
by 3 GeV protons (by MCNPX) and 24 GeV protons (by NMTC/JAM) 
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Energy group and fluence to the dose-equivalent conversion factor 

The energy group in Table 2 is presented as the standard one; it is required that the neutron spectra 
be presented in this energy group, if possible. 

In dose calculations, it is recommended to use the neutron flux-to-dose equivalent conversion 
factor (Table 3), so as to avoid any ambiguity due to the conversion factor used. The values given in 
Table 3 are conversion factors to the neutron energy corresponding to that given in Table 2. 

Table 1: Composition of concrete 

Element 
Atomic number 

density (1024/cm3) 
Weight  

per cent 
Element 

Atomic number 
density (1024/cm3) 

Weight  
per cent 

H 1.3851E–2 01.02 Si 1.6621E–2 34.21 
C 1.1542E–4 01.00 K 4.6205E–4 01.32 
O 4.5921E–2 53.85 Ca 1.5025E–3 04.41 

Mg 1.2388E–4 00.22 Fe 3.4510E–4 01.41 
Al 1.7409E–3 03.44    

 

Table 2: Upper energy of 66 neutron energy groups (MeV) 

1.00E+5 9.00E+4 8.00E+4 7.00E+4 6.00E+4 5.00E+4 4.00E+4 3.00E+4 2.00E+4 
1.80E+4 1.60E+4 1.40E+4 1.20E+4 1.00E+4 9.00E+3 8.00E+3 7.00E+3 6.00E+3 
5.00E+3 4.50E+3 4.00E+3 3.50E+3 3.00E+3 2.50E+3 2.00E+3 1.90E+3 1.80E+3 
1.70E+3 1.60E+3 1.50E+3 1.40E+3 1.30E+3 1.20E+3 1.10E+3 1.00E+3 9.00E+2 
8.00E+2 7.00E+2 6.00E+2 5.00E+2 4.00E+2 3.75E+2 3.50E+2 3.25E+2 3.00E+2 
2.75E+2 2.50E+2 2.25E+2 2.00E+2 1.80E+2 1.60E+2 1.40E+2 1.20E+2 1.10E+2 
1.00E+2 9.00E+1 8.00E+1 7.00E+1 6.50E+1 6.00E+1 5.50E+1 5.00E+1 4.50E+1 
4.00E+1 3.50E+1 3.00E+1 2.75E+1 2.50E+1 2.25E+1 2.00E+1   

 

Table 3: Neutron flux-to-dose conversion factor [(Sv/hr)/(n/sec/cm2)] 

ICRP51 (1987) [6], Maximum Dose Equivalent Table 23 

1.98E−5 1.96E−5 1.93E−5 1.93E−5 1.90E−5 1.85E−5 1.78E−5 1.58E−5 1.40E−5 
1.35E−5 1.30E−5 1.24E−5 1.17E−5 1.09E−5 1.05E−5 1.00E−5 9.55E−6 9.01E−6 
8.42E−6 8.11E−6 7.77E−6 7.41E−6 7.02E−6 6.72E−6 6.32E−6 6.22E−6 6.11E−6 
5.98E−6 5.84E−6 5.69E−6 5.52E−6 5.34E−6 5.14E−6 4.94E−6 4.72E−6 4.47E−6 
4.18E−6 3.78E−6 3.26E−6 2.72E−6 2.25E−6 2.20E−6 2.15E−6 2.10E−6 2.05E−6 
1.99E−6 1.93E−6 1.86E−6 1.82E−6 1.79E−6 1.77E−6 1.74E−6 1.72E−6 1.70E−6 
1.68E−6 1.67E-6 1.65E−6 1.64E−6 1.63E−6 1.62E−6 1.61E−6 1.60E−6 1.59E−6 
1.58E−6 1.57E−6 1.56E−6 1.55E−6 1.54E−6 1.53E−6 1.52E−6   

 

Quantities to be calculated 

The following quantities must be calculated for inter-comparisons: 

A. Dose equivalent due to neutrons above 20MeV at 50, 100, 150, 200, 250, 300, 350, 400, 450 and 
500 cm for ion and at 100, 200, 300, 400, 500, 600, 700, 800, 900, 1 000 and 1 100 cm for concrete. 

B. Neutron spectrum in n cm–2MeV−1 per source neutron at 100, 200, 300, 400 and 500 cm for ion 
and at 100, 200, 300, 400 500, 600, 700, 800, 900, 1 000 and 1 100 cm for concrete. 

Summary of contributors 

Eight groups sent their results to Hideo Hirayama at KEK before the end of April. Table 4 lists the 
participants, the names of the computer codes used and the names of databases used in the computer 
codes. Table 4 includes the most Monte Carlo hadron transport codes used for shielding calculations  
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and one discrete-ordinate transport codes, ROZ-6.6. This fact constitutes a very important progress for 
this inter-comparison to understand the attenuation tendency for the deep penetration problem and 
for comparisons of programs used for shielding calculations of high energy neutrons. 

Table 4: Summary of contributors 

Name of participants 
and organisation 

Name of  
computer code 

Name of database used 
in the computer code 

N. Matsuda and H. Nakashima 
(JAEA) 

PHITS [7] Library data in PHITS 

N. Nakao (KEK,SLAC) MARS15 [8,9,10] Library data in MARS15(04) 

S. Roesler (CERN) FLUKA [11,12] Library data in FLUKA 

Y. Uwamino (Riken) HETC-3STEP [13] Library data in HETC 

T. Koi and D. Wright (SLAC) Geant4 v8.0 [14,15] Library data in Geanat4 v8.0 

B.Gaveau, G. Maurel, J. Maillard, 
J. Silva and J. Parisi (CNRS/IN2P3) 

GEANT 321 [16] Library data in GEANT 321 

Y. Romanets, I.F. Gonçalves,  
and P. Vaz (ITN) 

MCNPX [17] Library data in MCNPX 

Andrei M. Voloschenko (Keldysh 
Institute of Applied Mathematics) 

ROZ-6.6 [18,19,20,21] SADCO-2.4 

 

Figure 3: Comparison of the neutron attenuation length of iron 
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Results and discussions 

Attenuation length for mono-energy neutron 

The attenuation length (λ; g cm–2) for each case was obtained by a least-squares fitting at the region 
where the dose decreased exponentially. This region was from 3 to 6 m for iron and from 6 to 12 for 
concrete if results were presented in this region and if doses in this region were presented. 
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The neutron attenuation lengths of iron are shown in Figure 3 in which the results of ANISN and 
HETC-3STEP presented at SATIF-6 are also plotted. The attenuation lengths for iron are scattered 
within about 50 g cm–2 for the energy region above 0.4 GeV and have the tendency to reach an almost 
constant value except PHITS results above 5 GeV and GEANT-321 ones above 1 GeV. The difference of 
50 g cm–2 for attenuation length means that there are large differences of dose deep inside iron. Dose 
distributions for 1 GeV neutrons in Figure 4 clearly show this fact. The difference becomes about three 
digits at 4 m. Figure 5 shows the neutron spectrum at 4 m to show the differences in spectrum.  

The neutron attenuation lengths of concrete are shown in Figure 6 in which the results of ANISN 
presented at SATIF-6 are also plotted. In the case of concrete, the differences between the attenuation 
lengths between each code are relatively small at low-energy region and increase with the increase of 
neutron energy and have the tendency to reach an almost constant value for 12 m slab. The differences 
are about 30 g cm–2 at 1 GeV and about 50 g cm–2 at 100 GeV, respectively. Dose distributions for 1 GeV 
neutrons are shown in Figure 7 and the neutron spectra at 4 m are shown in Figure 8. 

Figure 4: Dose distribution inside iron for 1 GeV neutrons 
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Figure 5: Neutron spectra at 4 m inside iron for 1 GeV neutrons 
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Figure 6: Comparison of the neutron attenuation length of concrete 
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Figure7: Dose distribution inside concrete for 1 GeV neutrons 
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Figure 8: Neutron spectra at 4 m inside concrete for 1 GeV neutrons 
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Attenuation length for secondary neutron 

The attenuation lengths of iron and concrete for secondary neutrons from a Hg target with 3 GeV 
protons are shown as a function of the emission angle in Figures 9 and 10, respectively, together with 
the experimental results at ISIS [7] and LANSCE [8] for 800 MeV protons. In the case of iron, all results 
show similar weak dependence on the emission angle but their values are largely scattered between 
each other. Dose distributions for 0-15 degrees and energy spectra at 4 m are shown in Figure 11 and 
Figure 12, respectively. 

In the case of concrete, all results show stronger dependence on the emission angle than in the 
case of iron and a different dependence between the code used. Dose distributions for 0-15 degrees 
and energy spectra at 4 m are shown in Figure 13 and Figure 14, respectively. 

Figure 9: Comparison of the neutron attenuation length of iron  
for secondary neutrons from a Hg target with 3 GeV protons 

0

50

100

150

200

0 50 100 150

HETC-3STEP(3GeV,SATIF-6)
GEANT-4(3GeV)
ANISN(3GeV,SATIF-6)
ROZ-6.6(3GeV)
PHITS(3GeV)
MARS(3GeV)
FLUKA(3GeV)
GEANT-321(3GeV)
ISIS Exp.(800MeV)
LANSCE Exp.(800MeV)A

tt
en

u
at

io
n

 L
en

g
th

 o
f 

Ir
o

n
 (

g
 c

m
-2

)

Emission Angle (degree)  

Figure 10: Comparison of the neutron attenuation length of concrete  
for secondary neutrons from an Hg target with 3 GeV protons 
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Figure 11: Dose distribution inside iron from secondary neutrons  
emitted 0 to 15 degrees from a Hg target with 3 GeV protons  
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Figure 12: Neutron spectra inside iron from secondary neutrons  
emitted 0 to 15 degrees from a Hg target with 3 GeV protons  
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Figure 13: Dose distribution inside concrete from secondary neutrons  
emitted 0 to 15 degrees from a Hg target with 3 GeV protons 
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Figure 14: Neutron spectra inside concrete from secondary neutrons  
emitted 0 to 15 degrees from a Hg target with 3 GeV protons 
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The attenuation lengths of iron and concrete for secondary neutrons emitted 90 degrees from an 
iron target from high-energy protons and from a Hg target from 24 GeV protons are shown in 
Figures 15 and 16, respectively. In these figures, the experimental results at ISIS [22] and LANSCE [23] 
for 800 MeV protons are also plotted for comparison. All results show similar tendency to reach an 
almost constant value above 1 GeV protons. Dose distributions inside iron and concrete for secondary 
neutrons from 1 GeV protons are shown in Figure 15 and Figure 16, respectively. Energy spectra at 4m 
inside iron and concrete for secondary neutrons from 1 GeV neutrons are shown in Figure 17 and 
Figure 18, respectively. 

Figure 15: Comparison of the neutron attenuation length of iron for secondary  
neutrons emitted to 90 degrees from Fe and Hg (24 GeV) targets with protons 
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Figure 16: Comparison of the attenuation length of the concrete for secondary  
neutrons emitted to 90 degrees from Fe and Hg (24 GeV) targets with protons 
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Figure 17: Dose distribution inside iron from secondary neutrons  
emitted to 90 degrees from an iron target with 1 GeV protons 
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Figure 18: Dose distribution inside concrete from secondary neutrons  
emitted to 90 degrees from an iron target with 1 GeV protons 
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Figure 19: Neutron spectra inside iron for secondary neutrons  
emitted to 90 degrees from an iron target with 1 GeV protons 
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Figure 20: Neutron spectra at 4 m inside concrete for secondary neutrons  
emitted to 90 degrees from an iron target with 1 GeV protons 
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Summary 

From the comparisons given above, the following results are summarised: 

a) In general, the attenuation lengths calculated with various codes for mono-energy neutrons 
increases with the increase of neutron energy and this tendency becomes moderate above 
several GeV both for iron and concrete but the values of the attenuation length are largely 
different from each other. 

b) The difference of dose increases with an increase of depth both for iron and concrete. 

c) The attenuation lengths for secondary neutrons from a Hg target with 3 GeV protons show a 
slight dependence on the emission angle for the results of all codes but the values of the 
attenuation length are different from each other. 

d) The attenuation length for secondary neutrons emitted to 90 degrees from an iron or Hg target 
with high energy protons reach almost a constant value above 1 GeV. 

Future themes 

It is necessary to discuss and perform the following activities as the next step: 

a) Study the reason for the large difference in the attenuation length between codes. 

b) Select suitable experiments to compare for understanding the attenuation length of secondary 
neutrons from high-energy protons. The results of AGS shielding experiments presented by  
H. Nakashima, et al. will be suitable for this purpose. 

c) Dose equivalents are largely different between codes for the simple problems used in this 
inter-comparison. Good benchmark experiments are desired to check models used in each 
code system. 
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Benchmarking of the modelling tools within the EURISOL DS project 
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CEA Saclay, Gif-sur-Yvette, France 

Abstract 

The European Community decided to support the design study and R&D for a next generation ISOL 
radioactive ion beam facility in Europe named EURISOL. The envisaged increase of beam intensities, 
by several orders of magnitude compared to actual facilities, means a drastic increase of the 
radioactive inventory and corresponding radioprotection related issues. Benchmark calculations with 
the MCNPX and FLUKA codes on neutron, charged particle and residual nuclei production within the 
pre-defined EURISOL parameters (e.g. incident particle-energy, targets, structure materials, etc.), have 
been done. The extensive comparison of different model predictions with data allowed us to recommend 
the best physics model parameters within the above particle transport codes. The importance of these 
benchmarks is illustrated by sensitivity simulations using realistic target geometries. 
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Introduction 

The validation of the physics models implemented in the MCNPX [1] and FLUKA [2] codes, which will 
be the main Monte Carlo tools used for the EURISOL Design Study (DS) [3], is very important in order to 
ensure the reliability of the results obtained for the RIB production target optimisation, radioprotection 
and safety, and beam intensity calculations. 

The neutron production by spallation reactions in different materials has to be well reproduced 
by simulation codes for both radioprotection purposes and the EURISOL primary target optimisation. 
It is also an important ingredient for the beam intensity calculations in the double stage production 
targets. Scattered primary protons and secondary proton production will contribute to the energy 
deposition and radiation level around the targets and accelerator structures. Equally, it is important to 
take into account with a good precision the production of other light charged particles as deuterons, 
tritons, and helium particles being the important contributors to the gas production and damage rates 
in the target window or other structure materials.  

The results obtained from the simulation of double differential cross-sections of neutron and 
light charged particle production for various target materials as a function of incident proton energy 
are reported in this paper. Model calculations are compared with existing experimental data. The 
importance of these benchmarks is illustrated by sensitivity simulations using realistic target geometries. 

Benchmark calculations 

The beam energy foreseen for the proton driver of EURISOL is about 1 GeV, consequently data around 
this energy have been selected for the benchmarks. Two major observables were examined, namely 
neutron and light charged particle production. 

Both MCNPX [1] (Version 2.5.f) and FLUKA [2] (Version 2005.6) have been used for benchmark.  
The physics models used by FLUKA are fixed and cannot be changed by the user. In this case, a 
pre-equilibrium cascade model called PEANUT is coupled to an implementation of the RAL fission 
evaporation code, both with predefined input parameters [2]. 

The code MCNPX allows the user to choose between different intra-nuclear cascade and 
fission-evaporation model combinations among ISABEL, BERTINI and INCL4 for cascade and DRESNER 
(associated with RAL or ORNL fission models) and ABLA for de-excitation. The last possibility with 
MCNPX is to use the package CEM2k (cascade and de-excitation). For both ISABEL and BERTINI models, 
pre-equilibrium has been used. For microscopic cross-section predictions the code MCNPX has been 
used without the particle transport [1]. 

Neutron double differential cross-sections (thin targets) 

Among a large number of combinations of incident proton energy, material and angles we could study, 
we have chosen to make calculations for 6 materials, namely Be, C, Fe, W, Pb, and U at the energy of 
800 MeV for five angles (2.5°, 30°, 60°, 120° and 150°). The data are taken from [4] using the EXFOR 
database [5]. 

Figures 1 and 2 show the neutron double differential cross-section for light target nucleus as Be 
and heavy target nucleus as U correspondingly. Both FLUKA and MCNPX reproduce well the shape and 
magnitude of the double differential cross-section spectra. Two distinct contributions are visible in 
the spectra: the evaporation neutrons between 1 and ~20 MeV are emitted isotropically, and cascade 
neutrons, being more forward peaked, with energies above ~20 MeV. We note that the results obtained 
are more accurate for heavy nuclei than for light nuclei, where some important discrepancies appear 
at low neutron energy, say, below 10 MeV. For MCNPX, five models combinations have been used: 
INCL4-ABLA, ISABEL-ABLA, BERTINI-RAL, ISABEL-RAL, and CEM2k as explicitly shown in Figures 1-2. 
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Figure 1: Neutron double differential cross-section  
in the case of the reaction Be(p,xn) at Ep = 800 MeV 

The experimental data are represented in black, and the results of different model predictions in red 

 

Figure 2: Same as Figure 1 but for the reaction U(p,xn) at Ep = 800 MeV 
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Figure 3: Ratio between simulation and data for the Be(p,xn) reaction (left)  
and the U(p,xn) reaction (right) for the emission angle of 30° 

Note that the thickness of the lines is larger than the resulting error from data and simulation 

 

For a more quantitative comparison we have also plotted the ratio between model predictions 
and data (an example is given in Figure 3 for the emission angle of 30°). Taking into account the 
combined statistical and systematic error on data and simulation, the agreement is within a factor  
of 2 up to 600 MeV, except for the CEM2k model used within MCNPX. Above 600 MeV, and for forward 
angles in particular, around the quasi-elastic and quasi-inelastic peaks, the agreement is not so good 
whatever the code and models are used. We expect that this disagreement is less important for 
realistic target simulations, where the neutron energy and angular distributions will be influenced by 
the multiple scattering with the increasing target thickness. 

Light charged particle production 

Figure 4 shows the proton double differential production cross-section obtained for thin carbon and 
niobium targets. Data are taken from [6]. Results obtained by simulation are rather good for FLUKA 
and MCNPX used with ISABEL, INCL4 and CEM2k models. On the other hand, some important 
discrepancies are seen at forward angles and high secondary proton energies. 

In the case of production of helium (Figure 5) also huge differences between models have be seen: 
except for CEM2k there is no 4He particles emitted above ~50 MeV at all, and the shape of the 
distribution is not reproduced correctly. It has to be stressed separately that only CEM2k is able to 
emit high energy alphas, while the other intranuclear cascade models (like ISABEL, INCL4, Bertini 
inside MCNPX and PEANUT inside FLUKA) are unable to emit energetic composites (clusters).Data are 
taken from [7]. 

Various data on tritium production cross-sections have been compiled [8-11] for the natural lead 
target, and are compared (see Figure 5) to the results given by MCNPX code using model combinations 
only which result in non zero triton emission. The ISABEL-ABLA and INCL4-ABLA models combination 
are then excluded, and only CEM2k, BERTINI-RAL and ISABEL-RAL can be used for this particular 
observable. The first and the second model combinations seem to overestimate the data, with only 
ISABEL-RAL showing the saturation visible in the data occurring around 1-2 GeV incident proton energy. 

Residue production 

Comparison of fission yields from thick targets between MCNPX models and ISOLDE data [12] has also 
been performed. ISOLDE experiment at CERN collected data of yields and release of noble-gas isotopes 
from UCx/graphite and ThCx/graphite targets. Proton beams of 1.0 and 1.4 GeV were used. Figure 6 
presents the in-target production yield of Krypton isotopes for CEM2k, INCL4-ABLA, ISABEL-ABLA and  
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Figure 4: Double differential cross-section for proton production from 392 MeV  
incident protons interacting with carbon (left) and niobium (right) targets 

 

Figure 5: (Left) Helium double differential cross-section production in the case  
of the reaction Ag(p,4He) at Ep = 300 MeV (left); (right) tritium production  

cross-section in a thin lead target as a function of proton incident energy. 
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Figure 6: Mass distribution of krypton isotopes given by  
different models within MCNPX and compared to ISOLDE data 

 

ISABEL-RAL models with 1.4 GeV protons impinged on the uranium carbide target. Note that in these 
simulations all secondary reactions, including low energy neutrons, are taken into account. In brief, 
we can see that only the combinations using ABLA fission-evaporation model are able to reproduce 
the shape of the mass distribution. The CEM2k and ISABEL-RAL models predict too broad distribution 
and therefore overestimating the production of isotopes on the neutron rich side in particular. Similar 
conclusions are drawn also for the isotopic distribution of Xe (J.C. David, et al., “Megapie: Residue 
Yields and Radioactivity Predictions with Different Models in MCNPX”, these proceedings). 

Realistic target calculations 

The first simulation of the EURISOL 4 MW power target for the radioprotection purposes has been 
done using the MCNPX code. A view of the geometry implemented in MCNPX is shown in Figure 7.  
In brief, this is a two-stage target, in which the power of the primary incident proton beam is dissipated 
in the liquid Hg (target-converter), whereas the resultant neutron flux is used to induce fissions in the 
secondary uranium carbide target (production target), which in principle should not be overheated by 
the primary beam. The target-converter (liquid Hg) is of 16 cm diameter and of the stopping length 
(~45 cm long). The mercury is surrounded by eight production targets that contain the fission material 
(uranium or thorium carbide tablets), which will be heating to ~2 000°C in order to increase the 
effusion-diffusion process (extraction efficiency) of the fission products. Extracted fission products are 
driven to a single or multiple ion sources by eight beam tubes. The entire target assembly is maintained 
by a stainless steel structure isolated electrically and surrounded by a moderator (thick graphite 
layers). The incident beam is 1 GeV protons (up to 4 mA beam intensity) with a Gaussian profile. 

Using the target geometry presented in Figure 7 we calculated the spallation residues charge and 
mass distributions in the mercury target using ISABEL-ABLA, INCL4-ABLA and CEM2k model 
combinations. The results are shown in Figure 8, where important discrepancies are observed among 
different model predictions. Note that these differences will accumulate with the irradiation time of 
the target, and will give increased difference in production yield. 

A more detailed examination of the mass distribution for a particular isotope, for example 
Krypton isotope mass distribution as presented in Figure 9, confirms, as already earlier in this work, 
that CEM2k gives too broad distributions. 

The activation calculation of the mercury was done with the CINDER transmutation code [13] for 
a continuous irradiation time of 40 years with the proton beam intensity of 2.28 mA, representing an 
average load of the installation. The results are summarised in Figure 10 and Table 1. The calculation 
has been done with three models (INCL4-ABLA, ISABEL-ABLA and CEM2k) resulting in three different 
distributions of spallation residues and gas production in target. 
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Figure 7: Schematic view of the “realistic” EURISOL  
4 MW power target geometry implemented in MCNPX 

 

Figure 8: Mass (left) and charge (right) distributions of spallation  
residues in thick mercury target interacting with 1 GeV protons 

The following model combinations were used: ISABEL-ABLA (magenta), INCL4-ABLA (red) and CEM2k (blue) 
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Figure 9: Same as Figure 8 but for mass distribution of krypton isotopes 

 

Figure 10: Radioactivity estimates as a function of cooling time using ISABEL-ABLA  
(solid line), CEM2k (dashed line) and INCL4-ABLA (dashed-dotted line) models 
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Table 1: Activity (in GBq) contribution due to a few important isotopes  
for radioprotection in the irradiated mercury target as a function of  

ISABEL-ABLA, CEM2k and INCL4-ABLA models within MCNPX 

 
1 year after irradiation 10 years after irradiation 

ISABEL-ABLA CEM2k INCL4-ABLA ISABEL-ABLA CEM2k INCL4-ABLA 
Total activity 8.4106 2.4 107 3.5 106 5.2 106 1.4 107 1.7 106 

195Au 2.4 105 2.1105 2.2 105 1.8 1.6 1.7 
148Gd 1.8103 6.4 103 9.0 102 1.7103 5.9103 8.3 102 

3H 1.6 106 2.0 107 3.3 105 9.6105 1.2 107 2.0 105 

172Hf 1.6105 2.0105 1.5 105 5.6103 7.1103 5.2 103 

194Hg 2.6104 1.0105 2.2 104 2.6104 1.0105 2.2 104 

 

As one could expect, we can see that the different microscopic models are giving significant 
differences in isotope radioactivity, particularly for the important α emitter as 148Gd (see Table 1), and 
also for tritium gas emission (see Figure 10) between 1 and 10 years of the decay time. 

Conclusions 

We have benchmarked the MCNPX and FLUKA codes to predict the production of neutrons, protons, 
tritons and alphas from incident protons on thin targets of different materials in the energy range 
around 1 GeV. Comparison of the model predictions with experimental data shows a good agreement 
of codes for neutron production. For secondary proton production FLUKA have difficulties to 
reproduce the energy-angle distributions for light targets. As long as production of alphas is 
concerned, only CEM2k within MCNPX gives reasonable results. The tritium production seems to be 
overestimated by CEM2k and BERTINI-RAL models above 1-2 GeV but well reproduced by ISABEL-RAL, 
i.e. the energy where the saturation of tritium production is observed experimentally.  

Finally, the simulation done with MCNPX using realistic target geometry proves the importance 
of benchmark calculations and suggests a careful selection of adequate model combinations for 
different observables. It seems that up to know there is no a “unique” model combination able to 
reproduce all observables at the same time with desired precision. 
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Abstract 

MCSHAPE is a Monte Carlo code for the simulation of gamma and X-ray diffusion in matter which 
gives a general description of the evolution of the polarisation state of the photons. The model is 
derived from the so-called “vector” transport equation [1]. The three-dimensional (3-D) version of the 
code can accurately simulate the propagation of photons in heterogeneous media originating from 
either polarised (i.e. synchrotron) or unpolarised sources, such as X-ray tubes. Photoelectric effect, 
Rayleigh and Compton scattering, the three most important interaction types for photons in the 
considered energy range (1-1 000 keV), are included in the simulation. Recently the 3-D version of the 
code MCSHAPE was presented. [2] The 3-D extension of the code is based on a sample modelling using 
a 3-D regular grid of cubic voxels. At each voxel, the local composition is specified by giving the 
number of chemical elements, their weight fractions, the atomic characteristics of each element, the 
total mass attenuation coefficient and the total density. In this paper, the 3-D extension of MCSHAPE 
was validated by simulating the output for 1-D, 2-D and 3-D imaging experiments. 
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Applications of MCSHAPE3D 

To explore the possibility of using MCSHAPE3D as an instrument for XRF techniques, both, scanning 
XRF experiments and XRF tomography experiments, have been simulated (see Section 1). Finally, it is 
presented an application of MCSHAPE3D to a practical scattering problem (see Section 2) in order to 
correct the higher-orders scattering contribution to the spectrum. 

1 Simulation of X-ray fluorescence experiments 

X-ray fluorescence (XRF) is a widely known and used non destructive technique for qualitative and 
quantitative analysis of most of the elements (atomic number > 11) in the sample under investigation. 
By collecting the intensities of the fluorescent lines coming from the sample is possible to obtain a map 
of elements contained in the specimen under investigation. Simulation codes (based on analytical 
calculations, Monte Carlo method or other numerical integration) can be important tools for XRF 
techniques. For example, they are useful in quantification of trace elements, to study the second-order 
effects such as enhancement of fluorescent lines by scattered photons or higher-order enhancement, 
or, moreover, to optimise the experimental set-up (excitation and detection geometry, excitation type) 
before its realisation. The results of the simulations performed using MCSHAPE3D allow us to assume 
that our code is a suitable instrument for this kind of experiments. 

1.1 Simulation of linear scanning XRF experiments 

To verify the correct behaviour of the code MCSHAPE3D, some simulations of linear scanning XRF 
experiments were performed. For the first test the geometry in Figure 1 was considered and Table 1 
shows all the parameters of the simulation. The sample has two regions: region A is made by water 
with some other chemical elements in low concentration (1% of Fe, Ca, Ba and Zr), while region B is 
SiO2. We preformed a linear surface scan along the x direction and, for every step, the full spectrum 
was collected. The integrated intensities of the emitted fluorescent lines (Fe-Kα, Ba-Kα and Zn-Kα) 
have been used for the visualisation of the scanning result, as shown in Figure 2. 

Figure 1: Schematic representation of the simulation set-up for the first test of linear scanning  

XRF. The sample has two regions: region A is made by water with some other chemical elements added  
in low concentration (1% of Fe, Ca, Ba and Zr), while region B is SiO2. The scattering angle is 90°. 

 

The linear scanning simulation was then repeated for a different geometry and using another 
sample composition (see Figure 3 for the simulation set-up). Table 2 illustrates the parameters of the 
simulation. As in the first test, for every step of the linear scan the full spectrum was collected. Then, 
the integrated intensities of the fluorescence lines are analysed to obtain an indication of the presence 
of the emitting elements in the sample under investigation. The results are shown in Figure 4.  
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It is apparent the different profile of the plot of the XRF linear scan in this second case respect to 
the first example. In the first case, the plot can be divided in two regions: on the left (i.e. when the 
beam is scanning the region A) there is a constant x-ray emission; on the right (i.e. when the beam is 
in the region B), on the contrary, there is no fluorescent emission. On the border between region A and 
region B, the intensity of the emitted lines decreases as the non-emitting region enters in the volume 
irradiated by the beam. In the second case, we do not have a monotone decreasing of the emission 
going from the emitting region to the non-emitting one, as could be expected. On the contrary, the 
fluorescent emission collected by the detector is first null (the investigated area in completely in the 
region B, the non emitting one), then increases but not in monotonic way: there is a maximum of the 
emitted intensity, near the border between the two regions, and, then, the collected fluorescent 
emission decreases until a plateau is reached. The reasons of this “strange” behaviour are the 
particular geometry considered and the different density and attenuation properties of the two 
regions. The maximum of the emission is reached when the beam irradiates the region with emitted 
elements (region A), but the photons have to travel across region B (and not region A) to reach the 
detector. In fact, in this particular case, the photons generated by Fe-Kα emission have to travel across 
a region with an attenuation coefficient lower than that in region A, i.e. they are less attenuated to the 
pathway towards the detector.  

Table 1: Test 1 – parameters of a simulation of XRF linear scan for the sample in Figure 1 

 

Figure 2: XRF linear scan: integrated intensities of the emitted fluorescent lines (Fe-Kα, Ba-Kα  
and Zn-Kα) as a function of the position (x direction) for the simulation summarised in Table 1 
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Figure 3: Schematic representation of the simulation set-up for the first test of linear scanning XRF 

 

Table 2: Test 2 – parameters of a simulation of XRF linear scan for the sample in Figure 3 

The region A is SiO2 + Fe(1%), while region B is carbon. The scattering angle is 90°. 
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Figure 4: XRF linear scan – integrated intensities of the emitted Fe-Kα fluorescent lines 
as a function of the position (x direction) for the simulation summarised in Table 2 

 

Table 3: Parameters for the simulation of 2-D-XRF surface scan for the sample in Figure 6 
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1.2 Simulation of 2-D scanning XRF experiments 

Figure 5(a) illustrates the set-up for the 2-D scanning XRF simulation. The sample is assumed to have 
a carbon matrix with three SiO2 regions, each of which doped with a given chemical element (Fe, Ba, and 
Zr in regions A, B and C, respectively) of 1% concentration by weight. The total dimension of the sample 
was 0.1 × 0.1 × 0.01 cm. For the geometrical description of the sample, a 3-D grid of 200 × 200 × 20 voxels 
of 5 × 5 × 5 μm size was used. The X-ray source was assumed to be a point source emitting 59.54 keV 
photons isotropically within a given emission cone-angle, and the active detector surface was 
assumed to be a disk of 1 cm in diameter. The position of the target with respect to the point-source 
and the emission cone-angle was defined in such a way that the beam size on the sample was 10 μm 
with incidence and take-off angles of 45°, allowing modelling the outcome of micro-XRF scanning 
experiments. For each step of the scanning, the full X-ray spectrum is stored. The integrated intensities 
of the emitted fluorescent lines (Fe-Kα, Ba-Kα and Zn-Kα) have been used for the visualisation of the 
2-D scanning results, which correspond to the 2-D map of distribution of the detectable elements 
present in the sample [see Figure 5(b)]. 

Figure 5: Simulation of a scanning XRF experiment 

a) Simulation set-up. The target can be divided into four regions: a matrix of carbon (region A);  
SiO2 + 1%Fe (region B); SiO2 + 1%Ba (region C); SiO2 + 1%Zr (region D). b) 2-D map of the surface of the sample,  

obtained by recording the intensities of the characteristic lines in the spectra collected during the simulation. 

 

1.3 Simulation of XRF tomography experiments 

In order to explore the possibility of simulating XRF computed tomography (XRF-CT) experiments 
using MCSHAPE, the simulation set-up shown in Figure 7 was employed. The target is similar to the 
one used for the scanning XRF simulation except that, in this case, the carbon matrix is doped with  
Sr (0.1%) in order to emit detectable XRF lines. The 3-D grid and the source type are the same as 
described in Section 1.2. The assumed detector (without collimator) has an active area of 30 mm2 
located at a distance of 50 mm from the centre of the sample. The number of translation steps were 
160 (translation step of 10 μm) and the number of angular rotations were 121, from 0° to 360° (rotation 
step of 3°). Table 4 summarised all the parameters of the simulation. The computational time was 
10 hours and a P3 cluster with six processors. Similarly to the previous example for the scanning XRF, 
a full set of spectra is stored. 
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By analysing the integrated intensities of the emitted fluorescent lines, we obtain a set of 
elemental sinograms corresponding to the linear projections of the elemental distributions in the 
examined sample section as a function of the rotation angle. After the reconstruction using a filtered 
back-projection algorithm [3], it is possible to obtain a map of the elements in the scanned section of 
the target (see Figure 9), demonstrating the usability of the 3-D extension of MCSHAPE for XRF-CT. 

Figure 6: Scanning directions for the XRF experiment 

 

Figure 7: Set-up of the XRF tomography simulation 

A given cross-section (slice) of the target is scanned through the X-ray beam. Recording  
of the fluorescent lines intensities during an XRF-CT scan yields a set of elemental sinograms,  

which provide the elemental distributions within the slice after tomographic reconstruction. 
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Table 4: Parameters for the simulation of XRF-tomography of the sample in Figure 8 

 

Figure 8: Scanning directions for the tomography 

 

2 Scanning 1-D: multiple scattering correction 

The code MCSHAPE3D was applied to study the multiple scattering correction in the framework of a 
collaboration with the private company IMAL. Multiple scattering (MS) is responsible of an increment 
of the single scattering (SS) contribution. On the other hand, MS is essentially a non linear process in 
terms of most of the physical magnitudes involved in the scattering experiment like thickness, target 
composition, target density, energy of the excitation, etc. This mathematical complexity makes it 
difficult to include MS in a mathematical model. However, the influence of MS in this particular 
experiment is not negligible and can be well estimated using the Monte Carlo code MCSHAPE3D. 



BENCHMARKING THE MCSHAPE3D CODE WITH 1-D, 2-D AND 3-D IMAGING EXPERIMENTS 

SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 269 

The experimental set-up shown in Figure 10 was simulated iteratively assuming a fixed position 
of the source S and different positions of the detector D, which was allowed to move at fixed length 
steps. The source beam S was assumed to have a rectangular section of 10 mm × 0.25 mm and the 
experimental spectrum of a W X-ray tube operated at 60 kV was used. The collimator in front of the 
detector was assumed to have a rectangular section 100 mm × 0.8 mm. The detector D was assumed 
to move along the broken line (parallel to the source beam) at fixed steps of 0.05 mm and to behave as 
an ideal detector. The collimated beam source and the collimated detector projection intersect within 
the sample defining the primary volume where most of the scattering is produced. 

To establish the extent of the multiple scattering correction, two different simulations were 
performed at each step of detector movement, with the characteristics shown in Table 5. 

Figure 9: After the XRF tomography simulation we obtain a set of elemental sinograms  
(top panel). Using a filtered backprojection technique [3], it is possible to reconstruct the 

distributions of detectable chemical elements within the slice investigated (bottom panel). 

 

Figure 10: Experimental set-up 

The sample is wood. The detector and the source are collimated in order to intercept a small  
section of the specimen. Then, the detector is moved to permit a 1-D depth scan of the sample. 
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Table 5: Parameters of the simulation 

 

Table 6: Architecture of the parallel clusters used for the computations 

Cluster A B 
PC 6 5 
Total CPU 11 5 
Used CPU 6 5 
Processor type AMD Athlon MP 2000 AMD Athlon FX-53 
Architecture 32 bit 64 bit 
Frequency 1.66 GHz 2.4 GHz 
Cache L2 256 kB 1 MB 
RAM 1 GB 2 GB 

 

Table 7: Number of simulated spectra for each profile and total  
computational time for building the profile for each target thickness 

Time figures show the cluster used for the computations. It is worth noting that the spectra for 1 and 10 collisions  
were simulated independently. The cluster used for the computations is indicated in the thickness column. 

Target thickness
[mm] 

Number of 
computed spectra

(1 collision) 

Number of 
computed spectra

(10 collisions) 

Profile 
time [min] 

(1 collision)

Profile 
time [min] 

(10 collisions) 
03 (a) 72 72 191.30 0 770.87 
05 (b) 100 100 125.87 0 575.85 
10 (b) 120 120 160.34 0 753.26 
15 (a) 140 140 418.09 1 841.23 
20 (b) 160 160 253.41 1 154.29 
25 (a) 180 180 591.72 2 701.32 
30 (b) 198 198 356.47 1 609.44 
35 (a) 220 220 804.36 3 739.60 
40 (b) 240 240 484.92 2 156.44 
45 (b) 260 260 564.20 2 483.65 
50 (b) 280 280 616.79 2 811.57 

 

The first one allowing only one collision was used to simulate the single scattering (SS) behaviour. 
The second one allowing 10 collisions was used to simulate the multiple scattering (MS) behaviour. 
Each simulation produced an intensity spectrum like those shown in the boxed plots in Figure 11. The 
spectrum was integrated (in energy) to estimate the whole counting obtained in the real experiment. 
Thus, the integrated spectrum represents one point in the profile curve. Figure 11 shows both profiles, 
SS and MS, on the same plot and exemplifies the two spectra used to compute the same position 
point on each profile. It is apparent from the profile plot that the different height of the left and right 
tails of the profile (which is measured experimentally) is due to the effect of multiple scattering.  
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Figure 11: Complete profiles computed for both  
single (SS) and multiple (MS) scattering (central graph) 

Each point in the profiles is obtained by integration of a full spectrum like the ones shown in the upper (MS) and lower (SS) boxed 
plots. It is worth noting that the characteristic lines due to scattering in air are only present in the MS spectrum. The influence of 
MS can be also appreciated in the different heights of the left and right tails of the profile, a fact which is observed experimentally. 

 

The computations were performed using two parallel clusters as described in Table 6. 

The same MPI version of the code (running under LINUX OS) was used with both clusters. The 
detail of the computational time for the computations is shown in Table 7. The computational time 
increases with the thickness of the target because is greater the number of voxels (cubic voxels 
0.1 mm side were used). Target was wood embedded in an external environment of air. From the table 
is apparent the improvement of the computational speed by a factor of 2 when using the 64 bit cluster. 



BENCHMARKING THE MCSHAPE3D CODE WITH 1-D, 2-D AND 3-D IMAGING EXPERIMENTS 

272 SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 

Figure 12: 25 mm thickness 

The upper plot shows the differences between both profiles, SS and MS. The growth of the height difference between the left 
and right profile tails for increasing thickness confirms the interpretation that is due to multiple scattering effects. The lower plot 
shows the multiple scattering correction as a function of the depth of the primary volume. Vertical broken lines indicate the 
border of the wood target. The figure is repeated for different target thicknesses. 

 

For the sake of simplicity, only the results for a 25 mm thickness specimen (Figure 12) are shown 
as example. The upper plot illustrates the differences between both profiles, SS and MS. It was noted a 
growth of the height difference between the left and right profile tails for increasing thickness which 
confirms the interpretation that is due to multiple scattering effects. The lower plot instead, shows 
the multiple scattering correction as a function of the depth z of the primary volume. Vertical broken 
lines indicate the border of the wood target. 

It is worth noting that in order to apply the correction is necessary to know first the positions of 
the target borders, since the extent of the correction is clearly related to the begin and end of the 
wood specimen. It was used a Savitsky-Golay filter (with m = 1 or 2) to estimate the derivative from 
the experimental total intensity in order to determine the position of the beginning and ending 
borders of the sample. Then, the MS correction can be applied safely, relatively to these borders. 

Of course, the few thicknesses for which the correction was calculated are not enough to apply 
the correction for an arbitrary thickness. A 2-D interpolation scheme feed with the above computed 
data is necessary in this case. The description of a suitable 2-D interpolation algorithm will be the 
subject of a future work. 
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Conclusions 

Several applications require a proper description of the geometry that cannot be described using a 
mono-dimensional code. To address this problem, a general-purpose 3-D version of the Monte Carlo 
code MCSHAPE was developed, giving the possibility of simulating the photon propagation within 
heterogeneous samples with arbitrary geometries. The sample was described using the so-called 
voxel model. In this article, MCSHAPE3D has been validated by simulating the outcome of scanning 
X-ray fluorescence (XRF) experiments on simple heterogeneous phantom samples, XRF tomography and 
a scattering problem. In all case a good agreement was obtained with experimental measurements. 
The results of the tests performed allow us to assume that MCSHAPE3D is a valid instrument for:  

• quantitative XRF analysis; 

• instrumental design for XRF; 

• preliminary experimental set-up; 

• radiation shielding; 

• determine the nature of the sample even when it is made by light elements (i.e. using the ratio 
between Compton and Rayleigh); 

• medical and industrial applications. 
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Abstract 

The photo-neutron yields from thin and thick targets irradiated by high energy electrons have been 
studied. The photo-neutron spectra at 48, 90 and 140 degrees relative to the incident electrons were 
measured by the pulsed beam time-of-flight technique using the Pilot-U plastic scintillator and the 
NE213 liquid scintillator with 2-inch in length and 2-inch in diameter. Targets, from low-Z element 
(carbon) to high-Z element (bismuth) and with thin (0.5 Xo) and thick (10 Xo) thickness, were used on 
this study. The differential photo-neutron yields between 2 MeV (Mainly 8 MeV) and 400 MeV were 
obtained. The benchmark simulations using well-known Monte Carlo codes have carried out. In early 
stage of this investigation, EGS4 and PICA were used to calculate the neutron yields from electron 
irradiation. Those have been benchmarked by the calculation using MCNPX 2.5, MARS-15 and 
FLUKA-2005. The comparison between experimental data and calculated data are discussed to give us 
meaningful approach for a photonuclear reaction study. 



MEASUREMENTS AND BENCHMARK SIMULATIONS OF PHOTO-NEUTRON YIELDS FROM TARGETS IRRADIATED BY 2.0 AND 2.5 GeV ELECTRONS 

276 SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 

Introduction 

The information of photo-neutron yields for high energy electron accelerator have been required 
constantly according to many constructions and great uses of synchrotron facility, X-FEL, and linear 
collider. Not only yields from thick target like beam dump or main beam loss point and but also yields 
from thin target like beam scraper are needed. There are only a few experimental data for high energy 
electron and the Monte Carlo codes have been upgraded continuously to estimate them precisely. The 
photo-neutron measurements have been conducted at PHERF (Pohang High Energy Radiation Facility) 
using electron linac of Pohang Light Source (PLS) since 1998 as co-work between PAL, KEK, and Kyoto 
University [1-10]. The photo-neutron spectra at 48, 90 and 140 degrees (mainly 90°) relative to the 
incident 2.0 or 2.5 GeV electrons were measured by the pulsed beam time-of-flight technique. The 
differential photo-neutron yields between 2 MeV (Mainly 8 MeV) and 400 MeV were obtained. In the 
process of that study, the PICA95 code was revised to PICA3 [11]. 

In early stage, we use the combination process with EGS4 and PICA3 to estimate the neutron 
yield theoretically. The MCNPX [12], MARS [13] and FLUKA [14] have been used successively for the 
benchmark calculation. In the paper the variation of the yields depending on target thickness and 
target elements are shown with the calculation results. The difference between the yields estimated 
by each Monte Carlo codes is discussed. 

Experiments 

The spectral measurements of photo-neutrons produced from thin and thick targets by incident  
2.0 and 2.5 GeV electrons were carried out at PHERF as shown in Figure 1 (a horizontal view) and 
Figure 2 (a vertical view). The details of experiment process are described in Refs. [1-10]. The incident 
electron is irradiated to target samples with the pulse length of 1 nsec and repetition rate of 10 Hz. 
The normal beam intensity was about 0.5 nC/pulse. In order to investigate the relationship between 
target condition and neutron yield, several targets in the range of Z = 6~83 and t = 0.075~10 Xo 
(radiation length) were tested with 5 × 5 cm2 cross-section. The detail information of target material 
which yields were measured is listed in Table 1. 

The flight distances of three TOF experimental lines were 6.8 m (48°), 10.4 m (90°) and 8.1 m (140°). 
The BC418 (Pilot-U) plastic scintillator with very short pulse decay time were used as a neutron 
detector to avoid pulse pile-up of neutron signal and to separate neutron signal and huge X-ray signal. 
Also the NE213 liquid scintillator with the same size was used to measure lower energy neutrons with 
n-gamma discrimination technique. A few measurement results were verified in latest experiments 
using a veto counter system to eliminate the contribution of charged particles [10]. Both sizes of 
neutron detectors were 2 inches in length and 2 inches in diameter. 

A high resolution multi-channel scaler (FAST ComTech 7886A) and a CAMAC TDC (LeCroy 
TDC3377) with 0.5 nsec per channel were used to measure the flight time of neutrons. The start signal 
of the time-of-flight electronics was given from the beam current monitor in Figures 1 and 2. The 
multi-stop mode was applied to measure a few neutrons and X-rays generated from electron burst. 
The discrimination level was set to 4.2 MeVee (electron equivalent), which corresponded to about 
9 MeV. In the n-γ discrimination using NE213 detector, we could get the neutron energy down to 
2 MeV, which is 1.15 MeVee [5]. 

Calculation 

Those experimental results were compared with several calculation using well-known Monte Carlo 
codes. First, the combined calculation of EGS4 and PICA3 were applied to estimate the neutron yields. 
The photon track length in each targets were calculated using EGS4 and those distributions were used 
as input of PICA3. The self-attenuation of neutron in a target was compensated by the LAHET 2.1.5 
calculation. Next MCNPX 2.5d were used for the same estimation. In this case, the simplified geometry 
as shown in Figure 3 was applied to get good statistics in short time. Those results reproduced well 
the measurements. However the MCNPX code supplies the electron library only up to 1 GeV. Our 
calculation to put 2 GeV as the incident energy worked well, but the extrapolation for electron energy  
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higher than 1 GeV may be operated in MCNPX code (commented by John Hendricks). The method to 
multiply two to neutron yields which is calculated using 1 GeV electron was also tested. (S. Mashnik 
and F Gallmeier also benchmarked earlier with the same method). Those results presented lower yields. 

In the same geometry as MCNPX , MARS15(04 and 05) were applied. The data in Figure 4 was 
calculated by MARS15 (04) and in Figure 5 was calculated by MARS15 (05). The MARS15 was an 
updated version embedding the cascade-exciton model code, CEM03 for photonuclear reaction in 
intermediate energy. The neutron transport below 14 MeV can be calculated by the MCNP code 
automatically in MARS15 code. But because the transport is not important for this calculation, all 
calculations were carried out at inclusive mode without MCNP connection [10]. 

Finally the FLUKA (Version 2005) was applied. A USRYIELD subroutine and a USRBDX subroutine 
were tested to calculate neutron yields for real target geometry. The surface of sphere of 1 m radius 
was defined to apply a USRBDX subroutine. Both results were agreed with each other. The results in 
Figure 5 are what were produced by a USRYIELD subroutine. 

Results and discussion 

As shown in Figure 4, the Monte Carlo calculation, especially MARS15, regenerated the experimental 
results well in the case of thicker target. In thinner case of 1 Xo, most of calculation results showed 
large difference with the experimental results. This phenomenon is more distinctive at high Z 
material [10]. A discrepancy was found in the range from 30 MeV to 110 MeV in every calculation, but 
they are smaller than factor of two. 

Figure 5 shows the comparison of thick target calculations by each Monte Carlo code. MARS 
results and MCNPX results reproduce the experiment well in the view of overall spectral distribution. 
The FLUKA results showed that yields were lower relatively at energy below 20 MeV and higher at 
energy higher than 150 MeV. The discrepancy becomes larger below 10 MeV and above 400 MeV. 

There are three discussion points in the distribution: discrepancy below 20 MeV, around 70~80, 
and above 150 MeV. One of common idea of discrepancy can be whether use CEM code or not because 
Monte Carlo calculations which do not use CEM showed normally lower yield than the experimental 
results. As codes are upgraded, it is presented that the amount of difference becomes smaller. 
Authors expect that the developer or theorist give some solution to eliminate such discrepancy at 
three energy range soon. 
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Table 1: Target materials and their thicknesses 

Materials Z Thickness (Xo) 
Graphite (C)* 6 0.075 0.225 0.375     

Aluminium (Al) 13 0.50 1.00 1.57     
Titanium (Ti) 22 0.50 0.98 1.99 2.98    

Iron (Fe) 26  1.02   5.00   
Copper (Cu) 29  0.98 1.96 2.94 4.90 6.85 9.79 

Molybdenum (Mo) 42  1.04   5.00   
Tin (Sn) 50 0.50 1.00 2.00 3.00 5.00 7.00 10.00 

Tungsten (W) 74  1.00  3.00 5.09  9.69 
Lead (Pb) 82 0.54 0.89 1.79 2.68 4.46 7.14 9.82 

Bismuth (Bi) ** 83   1.83    

* Density = 1.6 g/cc 

** Diameter = 8.1 cm 
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Figure 1: Experimental set-up for angular distribution measurement  
at PHERF using electron linac of Pohang Light Source 

 

Figure 2: Vertical view of experimental set-up for photoneutron measurements at 90° 

 

Target II

Target I 
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Figure 3: Simplified geometry for MC calculation 

 

Figure 4: Comparison between experimental data and calculation  
results by MARS for Cu target irradiated by 2.0 GeV electron 
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Figure 5(a): Comparison of calculated neutron spectra from 10 Xo-thick Cu and Sn targets  
using FLUKA (Ver2005), MARS15 (05), MCNPX 2.5d and EGS4+PICA3 with measured one 
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Figure 5(b): Comparison of calculated neutron spectra from 10 Xo-thick W and Bi targets  
using FLUKA (Ver2005), MARS15(05), MCNPX 2.5d and EGS4+PICA3 with measured one 
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Abstract 

In Korea, the Proton Engineering Frontier Project (PEFP) is building a proton linear accelerator facility 
with 100 MeV-20 mA. In this study, a radiation field in the accelerator facility of the PEFP was 
evaluated for the purpose of the radiation shielding using MCNPX code. A facility modelling was 
performed for the accelerator tunnel building and the accelerator chain, and radiation source terms 
were evaluated at the outer surface of the equipments in the accelerator chain. With this facility model 
and radiation source terms, a prompt radiation field was calculated as a dose distribution during an 
accelerator operation. After shutdown, the activity of radionuclides from the air in the accelerator 
tunnel building was calculated for estimating the residual radiation field. 
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Introduction 

In Korea, the Proton Engineering Frontier Project (PEFP) is building a proton linear accelerator facility 
with 100 MeV-20 mA. Presently, a 20 MeV proton acceleration beam line has being assembled and the 
acceleration equipment of 100 MeV has been designed. Because of the high current of the proton 
beam from this facility, the analysis of the radiation shielding must be performed.  

In this study, radiation fields from the accelerator of the PEFP were analysed for the purpose of 
the radiation shielding. The radiation fields were evaluated in the whole space of the accelerator 
tunnel building inside with beam losses from the accelerator equipments of the PEFP. The radiation 
source terms due to beam losses from the accelerator of the PEFP were evaluated in the vicinity of the 
each component in the beam line for the normal operation. MCNPX code was used in these calculations 
and the calculations were divided into three steps. In the first step, radiation source terms were 
calculated with the model of the accelerator equipments. In the second step, the prompt radiation 
field was evaluated with the radiation source term in the normal operation. In the last step, the 
activation products in the accelerator tunnel building were evaluated as a residual radiation field [1]. 

Facility modelling 

The 100 MeV beam line will be set in the accelerator tunnel building. The high-level radiation area 
(12.5 μSv/hr) is formed in the area where is the inside of the accelerator tunnel building during 
operation. And this area will be limited as a radiation worker area (0.25~12.5 Sv/hr) during over-hole 
period. Therefore the information on the radiation field in the accelerator tunnel building is required to 
decide the shielding conditions satisfying the dose limits for each case. In this study, the whole space 
of the accelerator tunnel building inside is a target for the radiation field calculation. The accelerator 
tunnel building was modelled with the MCNPX 2.5e. The models in this study are shown in Figure 1. 

Figure 1: 100 MeV Beam line modelling for an accelerator chain of the PEFP 

 

Evaluation of the radiation source terms from beam losses 

In these beam loss mechanism, beam losses from a chopper and H- ion losses on the accelerator of the 
PEFP were not considered, because PEFP uses a plasma ion source without choppers. Therefore, most 
of the controlled losses were neglected. And experimental studies (or measurements) for the 
accelerator chain of the PEFP about each beam losses mechanism has not performed yet. Therefore 
the information on the particular beam was not applied to the calculation of the source term 
evaluation. In this study, the maximum beam losses are assumed in the source term evaluation 
considering a radiation shielding. The most demanding requirement in the design of a proton 
accelerator chain is to keep the accelerator complex under hands-on maintenance. This requirement 
implies a hard limit for residual radiation considering worker’s exposure limit. The average beam losses 
must be kept under 1 W/m. Therefore the proton beam losses of 1 W/m are applied in this study [2,4]. 

Generally, by the way, the radiation fields from beam losses in the accelerator tunnel building 
should be calculated finally in this study. But, in the geometrical scale of the accelerator tunnel building, 
the beam line as a radiation source is too thin and long. Large difference in the geometrical scale has 
difficulties about a calculation efficiency and accuracy for using MCNPX code of the Monte Carlo 
method. So, the radiation source terms from each component which consisted acceleration beam line 
were evaluated [5,6]. 
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In this calculation, the proton beam current of the 20 mA and duty factor of the 24% were applied 
based on design report. And at the outer surface of the each equipment, the energy spectra of the 
particles escaped from the equipment are calculated. Because the results from this calculation showed 
that other particles beside neutrons are negligible, the neutron spectra were only considered as a 
radiation source term. Finally, the information for the produced neutron is written in binary files 
which will be then applied to the next calculation for the radiation field in the accelerator tunnel 
building using the SSW/SSR option of the MCNPX code [7]. 

Calculation of the dose distribution for the prompt radiation field 

Because the dose or radiation spectrum are distributed differently from place to place in the accelerator 
tunnel building, the information on the whole space in the building is required to analyse shielding 
condition and evaluate the activation products from air in the building. Therefore, a radiation transport 
calculation should be performed for the whole space in the accelerator tunnel building. In this study, 
a radiation transport calculation in the accelerator tunnel building is simulated with a model describing 
an accelerator tunnel building and the evaluated radiation source terms using the MCNPX code. At the 
surface of the all components in the accelerator beam line, the evaluated radiation source file is 
applied using SSR option of the MCNPX code, and the space in the accelerator tunnel building is 
divided into 5 × 1 × 1 (X × Y × Z) m meshes. Finally, the ambient dose values were calculated for each 
mesh. The average ambient dose for each mesh is calculated using the mesh tally cards of the MCNPX 
code and with the option for an ambient dose calculation based on the ICRP-74. The calculated dose 
distribution is shown in Figure 2. 

Evaluation of the radionuclides in the air as a residual radiation 

When considering an exposure for a worker, the residual radiation field is important to determine the 
operating conditions. This residual radiation field is mostly due to the radiations from the activation 
products in the accelerator tunnel building. Therefore, the radionuclides from activation products 
were evaluated with the prompt radiation field and geometrical model in this study. 

Radionuclides produced in the air with neutron are 3H, 7Be, 11C, 13N, 15O, and 41Ar. These nuclides 
are produced generally from spallation reactions except for 41Ar. 41Ar is produced from 40Ar(n,γ)41Ar 
reaction. In this study, all of these radionuclides were considered and the operation time of 8 hours 
was applied. First, the activity of the produced radionuclides during an operation was calculated. 
Second, the change of the concentration of the radionuclides was evaluated with consideration for the 
decay and ventilation. 

In the above reactions which produce radionuclides, 41Ar was only produced under the 20 MeV 
acceleration beam line. In the 20~100 MeV acceleration beam line, 41Ar and 3H were produced. In this 
calculation, Eq. (1) was applied. 

 ( )[ ] 
= =

α+λ−−σφ







α+λ

λ=
deradionuclii energyj

t
ijji

i

i ieNRI 10  (1) 

where:  RI = Production of the activation products [#/cm3] 

 λi = Decay constant of the ith radionuclide [/hr] 

 α = Ventilation capacity [/hr] 

 α = ν/V (ν: ventilation rate, V: inside volume of the building) 

 N0i = Number density of the atom which produces an ith nuclide [#/cm3] 

 φj = Neutron flux in the jth energy group [#/cm2·sec] 

 σij = Cross-section producing the ith radionuclide in the jth energy group [cm2] 
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In the calculation with Eq. (1), two neutron spectra were applied. First one was the neutron 
spectrum from 20 MeV beam dump, and second one was the neutron spectrum from 16th tank in the 
20~100 MeV DTL. Because worker’s exposure should keep under the dose limit, they were selected as 
the neutron spectra have the maximum flux and are most hard. When 20 MeV beam line is set in the 
PEFP, the 41Ar is produced in the accelerator building because of the soft neutron spectrum from the 
low energy acceleration. And in this case the neutron flux is most high at the beam dump. After 
100 MeV full beam line is set, 3H and 41Ar are produced. In this case, 3H are produced with high energy 
neutrons above 10 MeV. Because the neutron spectrum from the 16th tank in the 20~100 MeV DTL are 
most hard, that was selected. 

Figure 3: Radionuclides concentration with various ventilations 
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(b) 41Ar + 3H 
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In this study, the cooling time should be evaluated finally to keep under the worker’s dose limit. 
The concentration of the radionuclides changes with decay of the nuclide and ventilation for the air in 
the building. Because the decay time is the nuclide’s own characteristics, a required cooling time is 
decided with the ventilation. Therefore, various ventilations were applied in this calculation and the 
changes of the activity of the radionuclide were evaluated for each case. The ventilations were applied 
as from 1 to 10 multiples of the building inside volume per hour. The produced radionuclides in PEFP 
were 41Ar and 3H. Because 40Ar(n,λ)41Ar has high reaction cross-sections for the thermal energy 
neutrons, it was produced in the whole space in the accelerator tunnel building. But 3H was produced 
in a restricted region in during the acceleration for a high energy, above 10 MeV. Figure 3 shows the 
results from this calculation.  

Line number X Room volume 
= ventilation [cm3/hr] 
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Conclusion 

In this study, modelling for the accelerator chain and accelerator tunnel building of the PEFP has 
performed and the radiation source terms from beam losses were evaluated. The simulations for 
radiation transport in the accelerator tunnel building of the PEFP were performed to evaluate the 
radiation distribution. With evaluated prompt radiation field, the activity of the radionuclide in the air 
was calculated after shutdown. As a result of this study, the concrete wall thickness of the accelerator 
tunnel building, based on design value, satisfies the dose limit at the outside of the accelerator tunnel 
building during the accelerator operation. And the activity of the radionuclides from air in the 
accelerator tunnel building is possible to keep under the limits after shutdown with cooling time of 
the five hours and the specific ventilation capacity which ventilates the amount of the air above one 
multiple of the room volume per hour. 

References 

[1] IAEA, Radiological Safety Aspect of the Operation of Proton Accelerators, Technical Reports Series 
No. 238, International Atomic Energy Agency (1988). 

[2] J.H. Park, C.S. Lee, I.C. Kim, “Test Facility of Proton Beam Utilization of the PEFP at the SUN-AMS 
Tandem Accelerator”, Journal of the Korean Physical Society, 44, 1062 (2004). 

[3] L.S. Taylof, et al., Radiation Protection Design Guidelines for 0.1-100 MeV Particle Accelerator Facilities, 
Recommendations of the National Council on Radiation Protection and Measurements (1977). 

[4] J.H. Park, et al., “Development of a Beam Current and Positron Measurement System for the 
Korea Multipurpose Accelerator (KOMAC)”, Journal of the Korean Physical Society, 44, 1067 (2004). 

[5] S. Agosteo, et al., “Shielding Calculation for a 250 MeV Hospital-based Proton Accelerator”, 
Nuclear Instruments and Methods in Physics Research, A 374, 254 (1996). 

[6] C.W. Lee, Y.U. Lee, Y.S. Cho, “Calculation of Radiation Field for KOMAC with 20 MeV Acceleration 
Beam Line”, Proceedings on Symposium of the 2005 Korea Nuclear Society (2005). 

[7] H. Dinter, K. Tesch, D. Dworak, “Studies on the Neutron Field Behind Shielding of Proton 
Accelerators Part I: Concrete Shielding”, Nuclear Instruments and Methods in Physics Research A 368, 
256 (1996). 



MEASUREMENT OF NEUTRON TOTAL CROSS-SECTIONS AT THE POHANG NEUTRON FACILITY 

SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 289 

Measurement of neutron total cross-sections at the Pohang Neutron Facility 

Guinyun Kim, A.K.M.M.H. Meaze, Mayeen Uddin Khandaker 
Department of Physics, Kyungpook National University, Korea 

Young Do Oh, Hengsik Kang, Moo-Hyun Cho, In Soo Ko, Won Namkung 
Pohang Accelerator Laboratory, Pohang University of Science and Technology, Korea 

Tae-Ik Ro, Won-Chung Chung 
Department of Physics, Dong-A University, Korea 

Young Ae Kim, Kun Joong Yoo, Young Ouk Lee 
Nuclear Data Evaluation Laboratory, Korea Atomic Energy Research Institute, Korea 

Abstract 

We report the status of the Pohang Neutron Facility which consists of an electron linear accelerator, a 
water-cooled Ta target, and a 12-m time-of-flight path. We measured the neutron total cross-sections in 
the neutron energy range from 0.1 eV to few hundreds eV by using the neutron time-of-flight method. 
A 6LiZnS(Ag) glass scintillator was used as a neutron detector. The neutron flight path from the 
water-cooled Ta target to the neutron detector was 12.1 m. The background level was determined by 
using notch-filters of Co, In, Ta, and Cd sheets. In order to reduce the gamma rays from bremsstrahlung 
and those from neutron capture, we employed a neutron-gamma separation system based on their 
different pulse shapes. The present measurements of Ta, Hf, Ag, and Mo samples are in general 
agreement with the evaluated data in ENDF/B-VI. The resonance parameters were extracted from the 
transmission data from the SAMMY fitting and compared with the previous ones. 
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Introduction 

The Pohang Neutron Facility (PNF) was proposed in 1997 and constructed at the Pohang Accelerator 
Laboratory on December 1998 [1]. It consists of a 100-MeV electron linac, water-cooled Ta neutron 
producing target, and an 11-m-long evacuated vertical flight tube leading to the detector location.  
The electron linac consists of a thermionic RF-gun, an alpha magnet, four quadrupole magnets, two 
SLAC-type accelerating sections, a quadrupole triplet, and a beam-analysing magnet. The overall 
length of the linac is about 15 m. The characteristics of PNF are described elsewhere [2]. 

We report the measured neutron total cross-sections of natural Ta, Hf, and Mo in the neutron 
energy range between 0.1 eV and 100 eV by using the neutron time-of-flight (TOF) method at the PNF. 
The results were compared with other measurements and the evaluated data in ENDF/B-VI. The 
resonance parameters for Ta, Hf, Ag, and Mo isotopes were determined from the fitting of transmission 
data by using the Multilevel R-Matrix code SAMMY [3]. 

Experimental arrangement 

The experimental arrangement and data acquisition system for the transmission measurements are 
described in elsewhere [2]. The target is located in the position where the electron beam hits its centre. 
The target was composed of ten Ta plates with a diameter of 4.9 cm and an effective thickness of 
7.4 cm. This target was set at the centre of a cylindrical water moderator contained in an aluminum 
cylinder with a thickness of 0.5 cm, a diameter of 30 cm, and a height of 30 cm. The water level in the 
moderator was 3 cm above the target surface, which was decided based on a measurement of the 
thermal neutron flux. The neutron guide tubes were constructed by stainless steel with two different 
diameters, 15 cm and 20 cm, and were placed perpendicularly to the electron beam. The neutron 
collimation system was mainly composed of H3BO3, Pb and Fe collimators, which were symmetrically 
tapered from a 10-cm diameter at the beginning to a 5-cm diameter in the middle position where the 
sample changer was located, to an 8-cm diameter at the end of guide tube where the neutron detector 
was placed. There was 1.8-m-thick concrete between the target and the detector room. The sample 
changer consists of a disc with four holes; each hole is 8 cm in diameter, which matches the hole of 
the collimator in the neutron beam line. The sample changer is controlled remotely by the CAMAC 
module. The distance between centres of two opposite holes is 31 cm. The transmission samples were 
placed at the midpoint of the flight path and were cycled into the neutron beam by using the sample 
changer with four positions. The physical parameters of the samples used in the total cross-section 
measurements are given in Table 1. A set of notch filters of Co, In, and Cd plates with thickness of 
0.5 mm, 0.2 mm, and 0.5 mm, respectively, was also used for the background measurement and the 
energy calibration. 

The neutron detector was located at a distance of 10.81 m from the photo-neutron target.  
A 6Li-ZnS(Ag) scintillator BC702 from Bicron (Newbury, Ohio) with a diameter of 127 mm and a thickness 
of 15.9 mm mounted on an EMI-93090 photomultiplier was used as a detector for the neutron TOF 
spectrum measurement. 

During the measurement, the electron linac was operated with a repetition rate of 10 Hz, a pulse 
width of 1.5 μs and the electron energy of 60 MeV. The peak current in the beam current monitor 
located at the end of the second accelerator section is above 50 mA, which is the same as that in the 
photo-neutron target. 

Data taking and analysis 

Two different data acquisition systems were used for the neutron TOF spectra measurements: one for 
the NIM-based system and the other for the CAMAC-based system. The main purpose of the NIM-
based system was neutron-gamma separation and the parallel accumulation of the neutron TOF 
spectra if necessary. The CAMAC-based system consists of a main data acquisition part and a control 
part of the sample changer. The 10-Hz RF trigger signal for the modulator of the electron linac was 
used as a start signal of the time digitiser. The details of data acquisition system are described in 
elsewhere [2]. 
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The measurements were performed with two samples simultaneously. The two other positions 
of the sample changer were empty to collect the neutron TOF spectra without a sample (open beam). The 
positions of the samples were chosen in the following sequence: sample 1 – empty – sample 2 – empty. 
The exposition times for both sample 1 and sample 2 were 15 minutes (9 000 pulses of PNF linac); for 
each empty position, it was 7.5 minutes. Thus, the durations for the samples were the same as those 
for the total open beam measurements. The interleaving sequence of free positions of the sample 
changer was chosen to minimise the influence of slow and/or/ small variation of the neutron beam 
intensity. If the beam intensity variations or its drift was fast and/or large, then these partial 
measurements were excluded from the total statistics. The total data taking times for Ta, Hf, Ag, and 
Mo were 21.75, 8.5, 65, and 48 hours, respectively, with the same times for the open beams. 

Table 1: Physical parameters of the samples used in the experiment 

Sample Purity (%) Size (cm2) Thickness (mm) Weight (g) 
Ta 
Hf 
Mo 
Ag 

99.7 
99.9 
99.9 
99.98 

10 × 10 
5 × 5 

π × 3.1 × 3.1 
10 × 10 

0.45 
0.5 
3.0 
0.5 

16.60 
16.44 
94.00 
53.04 

 

Figure 1: Comparison of the experimental total cross-section of  
(a) Hf, (b) Ta, (c) Ag and (d) Mo with the other experiments and the evaluated  
one from ENDF/B-VI in the neutron energy region between 0.01 and 100 eV 

(a) (b) 

(c) (d) 

 

We estimated the background level by using the resonance energies of the neutron TOF spectra 
of the notch-filters of Co, In and Cd. The magnitude of the background level was interpolated between 
the black resonances by using the fitting function F(I) = a + be–I/c, where a, b, and c are constants and I 
is the channel number of the time digitiser. 
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The neutron total cross-section is determined by measuring the transmission of neutrons 
through the sample. The transmission rate of neutrons at the i-th group energy Ei is defined as the 
fraction of incident neutrons passing through the sample compared to that in the open beam. Thus, 
the neutron total cross-section is related to the neutron transmission rate T(Ei) as follows: 

 ( ) ( )ii ET
N

E ln
1

−=σ  (1) 

where N is the atomic density per cm2 of the sample. Then, we have calculated the average total 
cross-sections for the same energy interval. 

The total cross-sections of natural Hf and Ta were obtained in the energy range from 0.1 eV to 
100 eV by using the neutron TOF method as shown in Figure 1. We only considered the statistical errors 
for the present measurements because the other sources of uncertainties, which include the detection 
efficiencies, the geometric factor for the sample, and the other systematic errors, are negligible. 

Figure 2: Comparison of the measured total cross-sections of natural (a) Hf,  
(b) Ta, (c) Ag, and (d) Mo with the predicted ones from the SAMMY fitting 

(a) (b)

(c) (d)

 

Results and discussion 

The present measurements for the neutron total cross-sections of Hf, Ta, Ag, and Mo are compared 
with the previous data measured by other groups [4-7] and the evaluated data in ENDF/B-VI [8] as 
shown in Figure 1. The present measurements without any corrections are generally in good agreement 
with other data and the evaluated ones in the energy range between 0.1 eV and 100 eV. 
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There are many resonance peaks in the neutron total cross-sections for Hf and Ta. In order to get 
the resonance parameters of each resonance peak, we fit the transmission data with the SAMMY 
code [3]. Resolution function R(E,E′) used in this calculation is the convolution of Gaussian and 
exponential function and its mathematical expression is as follows: 

 ( )
( )( ) ( )
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where the width of Gaussian resolution function ΔG is given by: 

 [ ]2baEEG +=Δ  (3) 

and the width of exponential resolution function ΔE is given by: 

 23cEE =Δ  (4) 

The energy shift ΔES which is automatically determined in the SAMMY, is introduced to locate the 
maximum of the broadening function at E′ = E The constant values of a, b, and c are 1.3645 × 10–6 eV1, 
9.1281 × 10–6, and 6.3969 × 10–4 eV–1/2, respectively. We determined the resonance parameters for Hf, Ta, 
Ag, and Mo samples from the SAMMY fitting. The measured total cross-section of Hf in the neutron 
energy range from 0.1 eV to 15 eV was compared with the SAMMY fitting results as shown in 
Figure 2(a). The SAMMY prediction of total cross-section and the present data are in good agreement 
with each other with χ2/N = 0.33. In Figure 2(b), the measured total cross-section of natural Ta in the 
neutron energy range from 0.1 eV to 70 eV was compared with the SAMMY fitting results. The 
measured neutron total cross-section of natural Ag in the neutron energy range from 1 eV to 65 eV 
was compared with the SAMY fitting results as shown in Figure 2(c). The neutron total cross-section 
of natural Mo in the neutron energy range from 10 eV to 200 eV was fitted by using the SAMMY code as 
shown in Figure 2(d). 

Conclusion 

The Pohang Neutron Facility was constructed as a pulsed neutron facility based on an electron linac 
for producing nuclear data in Korea. It consists of an electron linac, a water cooled Ta target, and a 
12-m long TOF path. 

The neutron total cross-sections of natural Hf, Ta, Ag, and Mo samples were measured in the 
neutron energy region from 0.1 eV to 100 eV by using a 6Li-ZnS(Ag) scintillator and the neutron TOF 
method at the Pohang Neutron Facility. The present results are in good agreement with the evaluated 
data in ENDF/B-VI and the previous measurements. The resonance parameters of Hf, Ta, Ag and Mo 
isotopes were determined by fitting the transmission data with the SAMMY code. 
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Abstract 

SINBAD is an internationally established set of radiation shielding and dosimetry data relative to 
experiments relevant in reactor shielding, fusion blanket neutronics and accelerator shielding. In 
addition to the characterisation of the radiation source, it describes shielding materials and 
instrumentation and the relevant detectors. The experimental results, be it dose, reaction rates or 
unfolded spectra are presented in tabular ASCII form that can easily be exported to different computer 
environments for further use. Most sets in SINBAD contain also the computer model used for the 
interpretation of the experiment and, where available, results from uncertainty analysis. The set of 
primary documents used for the benchmark compilation and evaluation are provided in computer 
readable form. SINBAD is available from RSICC and from the NEA Data Bank. 



STATUS AND FUTURE PLANS FOR THE INTERNATIONAL RADIATION SHIELDING AND DOSIMETRY EXPERIMENTS (SINBAD) DATABASE 

298 SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 

Introduction 

SINBAD is an international effort between the OECD/NEA Data Bank (Organisation for Economic 
Co-operation and Development, Nuclear Energy Agency Data Bank, www.nea.fr/html/databank/) and 
ORNL/RSICC (Oak Ridge National Laboratory, Radiation Safety Information Computational Centre 
www-rsicc.ornl.gov/). Co-operation from many organisations, authors, and benchmark analysts (see 
Table 1) have helped SINBAD become a “living database” which now incorporates 77 benchmark 
experiments. The database is divided into three main parts covering both low and intermediate 
energy particle applications: 

• reactor shielding, pressure vessel dosimetry (37 experiments); 

• fusion blanket neutronics (27); 

• accelerator shielding (13). 

The accelerator shielding part, although in number of experiments still smaller than the reactor 
shielding and fusion areas, was recently increased by several new experiments, and others are to be 
added in this and the coming years. Among experiments in preparation are also the aviation route 
dose and medical experiments. 

Table 1: Contributing institutions 

AEA Technology (AEAT), United Kingdom 
Austrian Research Centre Seibersdorf (ARCS) 
CERN SPS (Super Proton Synchrotron), Geneva, EC 
Comissariat à l'Energie Atomique (CEA), France 
EC Joint Research Centre (ISPRA), EC 
Ente per le Nuove Technologie, L'Energia e l'Ambiente (ENEA),  
Forschungszentrum Karlsruhe (FZK), Germany 
Forschungszentrum Rossendorf e.V. (FZR), Germany 
Georgia Institute of Technology (GIT), USA 
High Energy Accelerator Research Organisation (KEK), Japan 
Technical University of Budapest (TUB), Hungary 
Institute of Physical & Chemical Research (RIKEN), Japan 
Institute of Physics & Power Engineering (IPPE), Obninsk, RF 
Interfaculty Reactor Institute (IRI), Delft, The Netherlands 
Japan Atomic Energy Institute (JAERI), Japan 
Jozef Stefan Institute (IJS), Slovenia 
Lawrence Berkeley National Laboratory (LBNL),USA 
Los Alamos National Laboratory (LANL) , USA 
Moscow Engineering-Physics Institute (MEPhI), 
Michigan State University (MSU), USA 
National Institute of Radiological Sciences (NIRS) of Japan 
National Institute of Standards and Technology, Gaithersburg (NIST), USA 
United States Nuclear Regulatory Commission (NRC), 
Oak Ridge National Laboratory (ORNL), USA 
Paul Scherrer Institute (PSI), Switzerland 
Rutherford Appleton Laboratory (RAL),USA 
Russian Federal Nuclear Centre-VNIITF (RFNC), 
Research Centre Mol (SCK-CEN) , Belgium 
Scientific & Engineering Centre for Nuclear and Radiation Safety (SEC NRS), RF 
Stanford Linear Accelerator Centre (SLAC), USA 
Ente per le Nuove Technologie, L'Energia e l'Ambiente (ENEA), 
Forschungszentrum Karlsruhe (FZK) , Germany 
Technische Universität Dresden (TUD) , Germany 
Tohoku University, Japan 
University of Illinois, USA 
University of Osaka, Japan 
University of Pavia, Italy 
University of Tokyo, Japan 
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Table 2: Accelerator shielding experiments in SINBAD 

Title Shielding material Projectile Measured quantity Organisation 
Transmission Through 
Shielding Materials of 
Neutrons and Photons 
Generated by 52 MeV 
Protons 

C (up to 64.5 cm 
thick), Fe (up to  
57.9 cm), H2O (up to 
101 cm), concrete  
(up to 115 cm) 

52 MeV protons  
on C target 

Neutron and gamma 
spectra by NE213 
scintillation 

FM cyclotron of 
University of 
Tokyo 

Transmission Through 
Shielding Materials of 
Neutrons and Photons 
Generated by 65 MeV 
Protons 

Concrete, iron,  
lead and graphite  
(10 to 100 cm thick) 

65 MeV protons  
on Cu target 

Neutron and gamma 
spectra by NE213 
scintillation 

AVF cyclotron, 
Osaka University 

TIARA 40 and 65 MeV 
Neutron Transmission 
Through Iron, Concrete 
and Polyethylene 

Fe (130 cm thick), 
concrete (up to  
200 cm), and 
polyethylene (up to 
180 cm) 

43 and 68 MeV  
protons on Li7  
target 

Neutron spectra and 
reaction rates by 
BC501Ascintillator, 
Bonner ball counter, 
fission counters, TLD 
and SSNTD 

TIARA/JAERI 

ROESTI I and III Fe and Pb  
(100 cm thick) 

200 GeV/c positive 
hadrons (2/3 protons 
and 1/3 positive pions) 

In, S, Al, C activation 
detectors, radio-
photoluminescent 
dosimeters (RPL) 

CERN SPS  
(Super Proton 
Synchrotron) 

ROESTI II Fe (100 cm thick) 24 GeV/c protons  In, S, Al, C activation 
detectors, RPL 

CERN PS (Proton 
Synchrotron) 

RIKEN Quasi-
monoenergetic Neutron 
Field in 70-210 MeV 
Energy Range 

 70-210 MeV protons on 
7Li target 

TOF neutron spectra 
(NE213 scintillator)  

RIKEN 

HIMAC He, C, Ne, Ar, 
Fe, Xe and Si ions on C, 
Al, Cu and Pb targets 

C, Al, Cu and Pb 
targets 

100-800 MeV/nucleon 
He, C, Ne, Ar, Fe, Xe 
and Si ions 

Angular neutron spectra 
by NE213 and NE102A 
scintillators 

HIMAC/NIRS 

HIMAC/NIRS High 
Energy Neutron  
(up to 800 MeV) 
Measurements in Iron 

Fe (up to 100 cm) 400 MeV/nucleon C 
ions on Cu target 

Neutron spectra by  
Self-TOF, NE213 

HIMAC/NIRS 

HIMAC/NIRS High 
Energy Neutron  
(up to 800 MeV) 
Measurements in 
Concrete 

Concrete (up to  
250 cm) 

400 MeV/nucleon C 
ions on Cu target 

Neutron spectra by Self-
TOF, NE213, Bi and  
C activation detectors  

HIMAC/NIRS 

BEVALAC Experiment 
with Nb Ions on Nb &  
Al Targets 

Nb (0.51 and  
1 cm thick) and Al 
(1.27 cm thick) 

272 and 435 
MeV/nucleon Nb ions 

Angular neutron spectra 
by NE-102 scintillator 

LBNL 

MSU experiment with He 
and C ions on Al target 

Al (13.34 cm) 155 MeV/nucleon He 
and C ions 

Angular neutron spectra 
by TOF method  
(BC-501 or NE213), 
charged particles 

National 
Superconducting 
Cyclotron 
Laboratory (NCSL) 
at MSU 

PSI - High Energy 
Neutron Spectra 
Generated by 590-MeV 
Protons on Pb Target 

Pb target (60 cm) 590 MeV protons Angular proton and 
neutron spectra by TOF 
method (NE213) 

Swiss Institute for 
Nuclear Research, 
PSI 

ISIS Deep Penetration of 
Neutrons Through 
Concrete and Iron 

Concrete (120 cm) 
and Fe (60 cm) 

800 MeV protons on  
Ta target 

C, Bi, Al, In2O3 
activation detectors, 
neutron and gamma 
dose meters 

ISIS, RAL, UK 

TEPC-FLUKA 
Comparison for Aircraft 
Dose 

 Co60 (photons), 0.5 
MeV neutron source, 
AmBe mixed source, 
CERN/CERF (120  
GeV protons & pions 
on Cu target) 

Neutron and photon 
absorbed dose by 
TEPC 

ARC Seibersdorf 
Research GmbH 
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SINBAD is available at no charge from RSICC and from the NEA Data Bank. Since its beginnings  
in 1996 there have been many different users, including US, European, and Japanese establishments, 
government programmes, universities, and private companies. SINBAD was distributed to 67 research 
and industry establishments world wide. 

Table 3: SINBAD accelerator benchmarks – work in progress (2006 and following years) 

Title Organisation 
Transmission of Medium Energy Neutrons Through Concrete 
Shields  

AVF Osaka University 

Neutron Production from Thick Target of C, Fe, Cu, and Pb 
by 30- and 52-MeV Protons 

INS Tokyo University 

68 MeV Proton on Thick Cu target JAERI 
Neutron Yields from Stopping-length C, Al, Fe and Depleted 
U Targets for 256-MeV Protons 

LAMPF LANL 

Neutron Angular and Energy Distributions from 710-MeV 
Alphas Stopping in H2O, C, Steel and Pb  

SREL (1980) 

Photoproduction of High-energy Neutrons in Thick Lead 
Targets Irradiated by 150 to 270 MeV Electrons 

e-Linac, University of Mainz 
(1973) 

Secondary Neutron Fluxes Inside and Around Iron Beam 
Stop Irradiated by 500 MeV Protons 

p-synchrotron KEK 

Reaction Rate Distribution Inside Thick Concrete Shield 
Irradiated by 6.2 GeV Protons 

Bevatron (LBL) 

Radioactivity Induced by 2.83 and 24 GeV Protons and 
Spallation Neutrons Using AGS Accelerator 

Alternative Gradient Synchrotron 
at BNL 

Shielding Experiment Using 4 m Concrete at KENS/KEK 500 
MeV Proton Accelerator Facility 

KENS/KEK 

Cosmic Ray Induced Neutron Spectrum at the Summit of the 
Zugspitze 2660m & Chacaltaya 5240m 

GSF, Neuherberg 

TOF Neutron Spectra at Angles 0 to 110 deg. and 
Radioactivity Induced in the Accelerator Material (Li, Be, Cu, 
C, Al, etc.) for 25-40 MeV Deuterons 

Tohoku University AVF Cyclotron 

Neutron Transmission Spectra from 20cm Iron Slab, 
D2O(3He,xn) Reaction at 40 MeV 

Fast Neutron Facility of NPI Rez 

Yields of Residual Product Nuclei Produced in Thin Targets 
Irradiated by 100-2600 MeV Protons 

ITEP, Moscow 

SLAC Experiment Using 28.7 GeV Electrons SLAC 
Neutron Spectra Behind Concrete and Fe of 120 GeV/c 
Hadron Beam 

CERF/CERN 

Response of Bonner Sphere Spectrometer to Charged 
Hadrons 

CERN 

Induced Radioactivity in High-energy Accelerators CERF/CERN 
 

Recent developments 

The objective of the SINBAD database [1,2] is to store and make available the information on high 
quality benchmark experiments for validation of radiation transport codes and nuclear data. A short 
description of accelerator shielding relevant experiments included in the present version of SINBAD is 
given in Table 2. New benchmark experiments are regularly added to the database, and the existing 
data are updated with feedback received from the users and when supplementary information becomes 
available. A list of experiments which are planned to be included in the near future is given in Table 3.  

The ANS-6 standard on formats for benchmark problem description has been followed. SINBAD 
data include benchmark information on: i) the experimental facility and the source; ii) the benchmark 
geometry and composition; iii) the detection system, measured data, and an error analysis. A full 
reference section is included with the data. Relevant graphical information, such as experimental 
geometry or spectral data, is included. All information that is compiled for inclusion with SINBAD has 
been verified for accuracy and reviewed by two scientists. The set of primary documents used for the 
benchmark compilation and evaluation are provided in computer readable form. 



STATUS AND FUTURE PLANS FOR THE INTERNATIONAL RADIATION SHIELDING AND DOSIMETRY EXPERIMENTS (SINBAD) DATABASE 

SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 301 

Conclusions 

Information on some valuable shielding experiments has been saved along with the primary documents. 
Many new experiments have been added in recent years, and SINBAD incorporates at present over  
70 benchmark experiments, 13 of them covering accelerator applications. Further data is being 
processed and much data is waiting to be processed. These experiments have been identified of being 
of high relevance for validation of radiation transport and shielding methods and codes. Close 
co-operation with other projects like the Expert Group on Shielding Aspects for Accelerators, Targets 
and Irradiation Facilities (SATIF) was established. 

SINBAD is available from RSICC and from the NEA Data Bank. 

Acknowledgements 

The NEA Data Bank would like to thank the following persons for their input and valuable work to 
process the experiments into SINBAD: Takashi Nakamura, Noriaki Nakao and Alberto Fassò. 

References 

[1] OECD NEA Data Bank SINBAD, www.nea.fr/html/science/shielding/sinbad/sinbadis.htm. 

[2] Radiation Safety Inf. Computational Centre (RSICC), www-rsicc.ornl.gov/rsiccnew/BENCHMARKS.htm. 



 

 

 



UPDATE ON RECENT COMPUTER CODES AND DATA LIBRARIES OF INTEREST TO SATIF 

SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 303 

Update on recent computer codes and data  
libraries of interest to SATIF – Status: May 2006 

H. Henriksson,1 I. Kodeli,1,2 E. Sartori,1 B.L. Kirk3 
1OECD/NEA Data Bank, Issy les Moulineaux, France 

2IAEA, Vienna, Austria 
3Radiation Safety Information Computational Centre (RSICC) 

Oak Ridge National Laboratory (ORNL), Oak Ridge, USA 

Abstract 

The OECD Nuclear Energy Agency Data Bank (NEA DB) and the ORNL Radiation Safety Information 
Computational Centre (RSICC) acquire sets of computer codes, basic nuclear data and integral 
experiments data relevant for accelerator shielding and dosimetry applications. The following 
summarises those tools and data that have been released recently. 
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Introduction 

The three main components required for modelling radiation shields and radiation fields around 
accelerator and their targets, and validating the modelling tools are: 

1. basic nuclear data, derived application data libraries, group constants, continuous energy data; 

2. computer codes for different accelerator shielding and dosimetry modelling aspects; 

3. integral experiments database for validation of the combined use of 1 and 2. 

Scattering cross-section data at cryogenic temperatures 

An inquiry concerning the need for cryogenic temperature neutron interaction cross-sections data 
was sent out to the SATIF members. The needs expressed are summarised in Table 1. 

Efforts devoted to developing or improving thermal scattering data for cryogenic temperatures 
have recently been carried out in several institutes. A longstanding expertise and experience has 
accumulated at the Institut für Kernenergetik und und Energiesysteme (IKE), University of Stuttgart [1], 
who have produced a number of these in addition to those required for neutron moderators at room 
temperature and nuclear reactor relevant temperatures. Recently a new series has been made 
available, listed in Table 2. These are provided in the standard ENDF-6 format and in the ACE format, 
used for continuous energy Monte Carlo applications. Cross-section libraries can be produced also for 
deterministic approaches through the use of the NJOY computer code [2]. It should be noted that for 
very cold temperatures special care must be taken in processing the data and occasionally patches 
need to be applied to the processing code.  

A list of other available cryogenic temperature scattering data was collected, and some of the 
present work in this field identified in Table 3. 

Work is progressing on measurements of scattering at cryogenic temperatures at the Paul 
Scherrer Institute in Switzerland (CD4 solid, O solid), at Indiana University (CH4 solid, O solid), some 
further data was produced or is being prepared at IKE Stuttgart (He liquid, Bi, Pb). 

Table 1: Request for cryogenic cross-sections 

Material T = 1.8 K T = 4.2 K T = 5-10 K T = 87 K Requester 
Argon    87 CERN, SLAC, FNAL 

H (CH2 bound)    87 CERN, SLAC, FNAL 
Aluminium 1.8 4.2 10 87 CERN, SLAC, FNAL, PSI 

Iron 1.8 4.2  87 CERN, SLAC, FNAL 
Pb 1.8 4.2  87 SLAC 

Ceramic* 1.8 4.2   FNAL 
Copper 1.8 4.2   FNAL 
Epoxy* 1.8 4.2   FNAL 
G10* 1.8 4.2   FNAL 

Helium 1.8 4.2   FNAL 
Niobium 1.8 4.2   FNAL 

Tin 1.8 4.2   FNAL 
Titanium 1.8 4.2   FNAL 

Deuterium-solid   5-10  PSI 
Zirconium   10  PSI 
Oxygen   5-10  PSI 

CH4-solid   5-10  PSI 
H2O (ice)     SLAC 

* Experimental data is required to estimate these cross-sections 
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Table 2: Cold S(α,β) data recently released by IKE to the OECD/NEA/Data Bank 

 Material MAT* Temperatures (K) ID ACE* files 
Liquid hydrogen and 
deuterium for the two 
modifications: ortho  
and para ID ACE* files 

Para hydrogen 2 14, 16 and 20.38 pH.00t pH.01t pH.03t 
Ortho hydrogen 3 14, 16 and 20.38 oH.00t oH.01t oH.03t 
Para deuterium 12 19 and 23.65 pD.00t pD.01t 
Ortho deuterium 13 19 and 23.65 oD.00t oD.01t 

H in polyethylene (CH2) H in CH2 37 87, 293.6 and 350 poly.01t poly.03t poly.04t 
Liquid argon 18-Ar 18 87 argon.01t 
Aluminium face centred 
cubic lattice 

13-Al-27 61 
20, 77, 87, 100, 

293.6, 400 
al.00t al.01 al.05t 

* MAT numbers for the ENDF files and IDs for ACE (MCNP continuous energy data libraries) 

Table 3: Cold S(α,β) data identified as having been produced or available 

Material Temperature (K) Source 
ch4-s (solid methane) 22 ENDFB/VI 
ch4-l (liquid methane)  100 ENDFB/VI 
D-ortho (liquid ortho deuterium) 19 ENDFB/VI 
D-para (liquid para deuterium) 19 ENDFB/VI 
H-ortho (liquid ortho hydrogen) 20 ENDFB/VI 
H-para (liquid para hydrogen) 20 ENDFB/VI 
H2O (solid) 20, 77, 113.2, 165.2, 218.2, 248.8, 273 IKE 
H2O (liquid) 273.2, 278.2, 293.6, 308.6 IKE 
Aluminium 20, 100, 293 IKE 
Beryllium 100, 300 IKE 
Magnesium 20, 100, 296, 773 CEA/IKE 
H-para/ortho – liquid / gas 14, 16, 20.38/ 20.4, 25 IKE 
D-para/ortho –liquid / gas 19, 25 IKE 
CH4 solid 31, 57, 77, 89 IKE 

 

Updated codes and data libraries released since SATIF-7 

Tools available at the NEA DB and RSICC and relevant for accelerator shielding and dosimetry analysis 
accelerator analytical tools released since the last SATIF7 meeting are briefly described in the 
following. Some of these tools are not specific to accelerator applications but could be useful in 
lower-energy transport analysis of particles generated from primary and secondary reactions within 
the accelerator target or shield. More detailed information can be found by searching the RSICC and 
NEA DB web pages. 

Codes and data released to the NEADB < http://www.nea.fr/html/dbprog/search.htm> 

DWBA05/DWBB05 NEA-1209/07: Elastic and inelastic nuclear scattering described by a two-body 
interaction which can depend on the nuclear density. DWBB05 allows to compute any observable for 
any non zero-spin target, combining the results obtained by DWBA05 for different spin transfers. The 
distorted wave Born approximation is used to describe the inelastic scattering on a zero-spin target to 
a state known by its particle-hole description. Besides the optical model, DWBA05 includes a fully 
microscopic non local optical model obtained with the description of the target by its occupation 
numbers and with the two-body interaction for the initial and final distorted waves. 

ECIS-03 NEA-0850/16: Coupled Channel, Statistical Model, Schrödinger and Dirac Equation, 
Dispersion Relation. ECIS uses a sequential iteration method for solving the coupled differential 
equations arising in nuclear model calculations. It also performs parameter searches to fit calculated 
results to experimental data. It can be used for a range of models, e.g. first or second order harmonic 
or a harmonic vibrational model, symmetric or asymmetric rotational model, with a similar range of 
interaction potentials. It includes spin-orbit deformation. 
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TRIPOLI-4.3.3 NEA-1716/02: TRIPOLI 4.3 solves the transport equation for neutral particles in 
general three-dimensional geometrical configurations. Neutron, photon, coupled neutron photon 
transport with fixed sources both time dependent and time independent; critical problems without 
fixed source, research of multiplication factor due to fission and determination of neutron flux in 
fundamental mode; neutron sub-critical problems with fixed sources and multiplication by fission, 
and -electron-photon cascade showers can be modelled using the Monte Carlo method. 

HEPROW NEA-1666/02: unfolds pulse height spectra for use in spectral neutron or photon fluence 
determination. The Bayes theorem and the maximum entropy method are used. 

UMG 3.3 NEA-1665/03: UMG (Unfolding with MAXED and GRAVEL) is a package of seven programs 
written for the analysis of data measured with spectrometers that require the use of unfolding 
techniques. 

SATIF/CYCLO-RADSAFE NEA-1694/03: Database contains reports on health physics and 
radiological safety aspects of cyclotron within the energy range 10-250 MeV 

BULK-I NEA-1727/01: BULK-I is a tool for calculating neutron and photon effective dose rates after 
penetrating through concrete or two layers with iron and concrete in a medium energy range proton 
accelerator facility (energies from 50 to 500 MeV). This tool is also capable of radiation shielding 
calculations considering various proton energies and proton beam directions like proton beam 
treatment facilities. 

GRTUNCL-3D/R-THETA-Z NEA-1690/01: The GRTUNCL code was converted to compute the 
uncollided fluence at each spatial in an R-theta-Z grid and to generate the associated distributed 
first-collision source moments for use as a distributed source in the TORT three-dimensional discrete 
ordinates computed code. 

MVP/GMVP II NEA-1673/02: MVP/GMVP can solve eigenvalue and fixed-source problems. The 
multi-group code GMVP can solve forward and adjoint problems for neutron, photon and 
neutron-photon coupled transport. The continuous-energy code MVP can solve only the forward 
problems. Both codes can also perform time-dependent calculations. 

SRNA-2K5 IAEA1382/03: SRNA-2K5 performs Monte Carlo transport simulation of proton in 3-D 
source and 3-D geometry of arbitrary materials. The proton transport based on condensed history 
model, and on model of compound nuclei decays that creates in non-elastic nuclear interaction by 
proton absorption. 

PENELOPE2006 NEA-1525/12: PENELOPE performs Monte Carlo simulation of coupled electron-photon 
transport in arbitrary materials and complex quadric geometries. A mixed procedure is used for  
the simulation of electron and positron interactions (elastic scattering, inelastic scattering and 
bremsstrahlung emission), in which “hard” events (i.e. those with deflection angle and/or energy loss 
larger than pre-selected cut-offs) are simulated in a detailed way, while “soft” interactions are 
calculated from multiple scattering approaches. Photon interactions (Rayleigh scattering, Compton 
scattering, photoelectric effect and electron-positron pair production) and positron annihilation are 
simulated in a detailed way. (PENELOPE-2006 release in July 2006) 

SUSD3D NEA-1628/02: SUSD3D calculates sensitivity coefficients and standard deviation in the 
calculated detector responses or design parameters of interest due to input cross-sections and their 
uncertainties. One-, two- and three-dimensional transport problems can be studied. Several types of 
uncertainties can be considered, i.e. those due to: i) neutron/gamma multi-group cross-sections, 
ii) energy-dependent response functions; iii) secondary angular distribution (SAD) or secondary energy 
distribution (SED) uncertainties. 

Codes released to RSICC < http://rsicc.ornl.gov/>  

PSR-532/CEM03.01: Monte-Carlo code system to calculate nuclear reactions in the framework of the 
improved cascade-exciton model. CEM03.01 is the latest in a series of codes including CEM2k+GEM2, 
CEM97, and CEM95. 

CCC-724/COG Version 10: Monte Carlo radiation transport code system which provides accurate 
answers to complex shielding, criticality, and activation problems. COG is fully 3-D, uses point-wise 
cross-sections and exact angular scattering, and allows a full range of biasing options to speed up 
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solutions for deep penetration problems. COG can compute gamma-ray doses due to neutron-activated 
materials, starting with just a neutron source and can solve coupled problems involving neutrons, 
photons, and electrons. 

CCC-730 / MCNP/MCNPX: Contains the LANL MCNP5 1.40 and MCNPX 2.5.0. It also includes data 
libraries and a new version of VISED for use with MCNP5. MCNP5 is a general purpose Monte Carlo  
N–particle code that can be used for neutron, photon, electron, or coupled neutron/photon/electron 
transport, including the capability to calculate eigenvalues for critical systems. MCNPX is a general 
purpose Monte Carlo radiation transport code that tracks nearly all particles at nearly all energies. 
MCNPX 2.5.0 is a based on MCNP4C3 merged with LAHET to extend the code to higher energies and 
more particle types. 

CCC-707/PARTISN 4.00: Code system to solve the linear Boltzmann transport equation for neutral 
particles using the deterministic (SN) method. PARTISN (PARallel, TIme-dependent SN) solves both the 
static (fixed source or eigenvalue) and time-dependent forms of the transport equation in forward or 
adjoint mode. Vacuum, reflective, periodic, white, or inhomogeneous boundary conditions are solved. 
General anisotropic scattering and inhomogeneous sources are permitted. PARTISN solves the 
transport equation on orthogonal (single level or block-structured AMR) grids in 1-D (slab, two-angle 
slab, cylindrical, or spherical), 2-D (X-Y, R-Z, or R-T) and 3-D (X-Y-Z or R-Z-T) geometries. 

CCC-430/EDMULT 6.4: EDMULT evaluates depth dose distributions produced by plane parallel 
electron beams normally incident on one to six layer slab absorbers. EDMULT is based on an analytic 
expression of the depth dose curve in semi-infinite medium and a simple model of electron 
penetration through a multilayer absorber. The effect of the different medium beyond an interface is 
accounted for by the difference of backscattering, which is evaluated by considering the branching of 
electron beam into transmitted and backscattered components. 

CCC-658/VIM 4.0: Continuous energy neutron and gamma-ray transport code system that runs 
under Linux on personal computers. This release also includes additional libraries from JENDL 3.2 and 
a code that plots a 2-D slice from VIM input files. VIM solves the steady-state neutron or photon 
transport problem in any detailed 3-D geometry using either continuous energy-dependent ENDF 
nuclear data or multi-group cross-sections. Neutron transport is carried out in a criticality mode, or in 
a fixed source mode (optionally incorporating subcritical multiplication). Photon transport is simulated 
in the fixed source mode. 

DLC-220/HILO2K: Coupled 83-neutron, 22-photon group cross-sections for neutron energies up to 
2 GeV. HILO2k is a new high-energy neutron and photon transport cross-section library containing 
neutron cross-sections to 2 GeV and photon cross-sections to 20 MeV and is intended for use in 
multidimensional deterministic transport codes. It represents the culmination of work directed at 
updating and extending the DLC-119/HILO86 transport cross-section library developed at Oak Ridge 
National Laboratory (ORNL) in the mid 1980's.  

CCC-721/GRTUNCL3D: GRTUNCL3D generates uncollided flux and first collision source 
distributions for the three-dimensional discrete ordinates transport code TORT. GRTUNCL3D is only 
operational in X, Y, Z Cartesian geometries. 

EXFOR data for intermediate high energy interactions 

In a collaboration between the National Nuclear Data Centre of BNL, the Nuclear Data Section of the 
IAEA, the Centre for Nuclear Data of the Russian Federation, and the OECD/NEA Data Bank, a large 
number of experimental cross-section data were compiled and entered into the EXFOR database 
accessible on-line. The number of datasets included for the period 2004-2005, for incident particle 
energies higher than 20 MeV concerned about 1 000 reactions. The most widely measured isotopes were: 

H-1, Ni-58, Zn-67, Zn-68, Cd-111, Cd-112, Cd-114, Sn-116, Te-124, Te-126, I-127, Xe-124, Pb-208, 
U-238 and the natural elements of Si, and Kr. 

The percentage of data by incident particles is shown in Figure 1. 
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Figure 1: EXFOR data 2004-2005, E > 20 MeV 

Others, 11%

deuteron, 
15%

He-3, 4%

proton, 43%

neutron, 13%

Li, 4%

gamma, 1%

Be, 3%

alpha, 6%

 

The major contributors of data were Univ. of Bonn, Univ. of Uppsala, Technische Universität, 
Darmstadt, Institute of Nuclear Research ATOMKI, Debrecen, Institutul de Fizică �i Inginerie Nucleară, 
Bucharest, University of Milan, Nuclear Physics, Czech Academy of Science, Rez, Los Alamos National 
Laboratory, CEN Saclay. 

The EXFOR database has accumulated a set of experimental data for 42 000 reactions in the 
energy range 20-2 000 MeV out of a total of 120 000 reactions for the period 1964-2004 covering the full 
energy range (40%). More detailed information can be found by accessing: www.nea.fr/html/dbdata/x4/. 

Evaluated nuclear data files 

The JEFF-3.1 and JENDL-3.3 evaluated nuclear data libraries were released in recent year. Soon 
ENDF/B-VII will be released. Some of the evaluations cover also energies of relevance for intermediate 
energy accelerator applications. 

The beta version of ENDF/BVII contains cross-section data for the following isotopes and 
materials for energies up to 150-200 MeV: 

H-2, C-0, N-14, Al-27, Si-28, Si-29, Si-30, P-31, Ca-40, Ca-42, Ca-43, Ca-44, Ca-46, Ca-48, Cr-50, 
Cr-52, Cr-53, Cr-54, Fe-54, Fe-56, Fe-57, Ni-58, Ni-60, Ni-61, Ni-62, Ni-64, Cu-63, Cu-65, Nb-93, 
W-182, W-183, W-184, W-186, Hg-196, Hg-198, Hg-199, Hg-200, Hg-201, Hg-202, Hg-204, Pb-204, 
Pb-206, Pb-207, Pb-208, Bi-209, Th-232, Pa-231, Pa-233. 

JEFF-3.1 contains for incident neutron energies up to 150-200 MeV data for the following nuclides: 

Neutron: H-1, H-2, C-nat, N-14, O-16, Al-27, Ca-40, Ca-42, Ca-43, Ca-44, Ca-46, Ca-48, Sc-45, Fe-54, 
Fe-56, Fe-57, Fe-58, Ni-61, Ni-62, Ni-64, Cu-63, Cu-65, Ge-70, Ge-72, Ge-73, Ge-74, Ge-76, Nb-93, 
Tc-99, Pb-204, Pb-206, Pb-207, Pb-208, Bi-209, and for proton incident particle: Ca-40, Ca-42, Ca-43, 
Ca-44, Ca-46, Ca-48, Sc-45, Ti-46, Ti-47, Ti-48, Ti-49, Ti-50, Fe-54, Fe-56, Fe-57, Fe-58, Ge-70, Ge-72, 
Ge-73, Ge-74, Ge-76, Pb-204, Pb-206, Pb-207, Pb-208, Bi-209. 

Integral experiments 

The SINBAD database (International Radiation Shielding and Dosimetry Experiments) was updated in 
April 2006 and includes now 13 accelerator shielding and dosimetry experiments. Further data are 
being compiled and evaluated for inclusion and for extending the comprehensiveness. A separate 
paper is presented in this workshop on this topic [3]. 
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Recent developments and applications of the MARS15 code* 

Nikolai V. Mokhov 
Fermi National Accelerator Laboratory, Illinois, USA 

Abstract 

Recent developments of the MARS15 code (www-ap.fnal.gov/MARS/) are described. MARS15 is a 
Monte Carlo code for inclusive and exclusive simulation of three-dimensional hadronic and 
electromagnetic cascades, muons, heavy-ion and low-energy neutron transport in accelerators, detectors, 
space crafts and shielding components in the energy range from a fraction of an electron volt up to 
100 TeV. Newest developments include inclusive and exclusive nuclear event generators, extended 
particle list in both modes, heavy-ion capability, electromagnetic interactions, enhanced geometry, 
tracking, histogramming and residual dose modules, and improved external interfaces. A few 
examples of the code benchmarking by the user community are shown. The use of the new features is 
demonstrated in the code applications at high-intensity proton and electron accelerators and colliders.  
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Abstract 

The paper presents a brief description of the models incorporated in PHITS and the present status of 
the code, showing some benchmarking tests of the PHITS code for accelerator facilities. 
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Introduction 

A particle and heavy ion transport code is an essential implement in the design study of accelerator 
facilities for various purposes such as radiotherapy, spallation neutron sources and rare isotopes 
production, and also in space technology. We have therefore developed a multi-purpose particle and 
heavy ion transport Monte Carlo code system, PHITS [1] (Particle and Heavy Ion Transport code 
System), based on the NMTC/JAM code [2]. PHITS has three important ingredients which enable us to 
simulate: i) hadron-nucleus reactions with energies up to 200 GeV; ii) nucleus-nucleus collisions from 
10 MeV/nucleon up to 100 GeV/nucleon; iii) transports of heavy ions, all hadrons including low energy 
neutrons down to 10–5 eV, and leptons. In this paper, we report a brief description of the models 
incorporated in the PHITS code and the present status of the code, showing some benchmarking tests 
of the PHITS code for accelerator facilities. 

Overview of PHITS 

We first summarise the transport particles which we can deal with in the PHITS code and the energy 
range of them. We can transport neutrons from thermal energy up to 200 GeV. We have employed the 
same method as in the MCNP4C code [3] for neutrons below 20 MeV down to 1 meV based on the 
Evaluated Nuclear Data such as ENDF-B/VI [4] and JENDL-3.3 library [5] up to 20 MeV and LA150 up to 
150 MeV [6], while we use the simulation model JAM [7] above 20 MeV up to 200 GeV. For protons and 
other hadrons, we also use the simulation model JAM above 1 MeV up to 200 GeV, but we only 
consider the ionisation process for charged particles below 1 MeV until they stop. PHITS can transport 
nucleus in the materials. Below 10 MeV/u, we only take into account the ionisation process for the 
nucleus transport, but above 10 MeV/u we describe nucleus-nucleus collisions up to 100 GeV/u by the 
simulation model JQMD [8]. We have use the same method as in the MCNP4C code for electron and 
photon transport. Then the energy range of these particles is restricted within 1 keV and 1 GeV at the 
present. The extension of the maximum energy of these particles is now in progress. 

Figure 1: (a) (left panel) π – energy spectra for the reaction 12C (800 MeV/u) + 12C and  
(b) (right panel) neutron energy spectra for the reaction 12C (400 MeV/u) + 208Pb at  

different laboratory angles as indicated in the figure 

The solid histograms and the solid lines are the results of the JQMD code and the  
open circles and solid squares denote the experimental data taken from [17,18] 
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For simulating the transport of charge particles and heavy ions, the knowledge of the magnetic 
field is sometimes necessary to estimate beam loss, heat deposition in the magnet, and beam spread. 
PHITS can provide dipole and quadrupole magnetic fields in any direction and any region of the setup 
geometry. In contrast to other beam transport codes, PHITS can simulate not only the trajectory of the 
charge particles in the field, but also the collisions and the ionisation process at the same time. This is 
a great advantage of PHITS for the design study of the high intensity proton and heavy ion accelerator 
facilities where one should estimate the radiation damage of the magnets and the surrounding 
materials and the shielding. 

For the ionisation process of the charge particles and nucleus, we have used the SPAR code [9] for 
the average stopping power dE/dx, the first order of Moliere model for the angle straggling, and the 
Gaussian, Landau and Vavilov theories for the energy straggling around the average energy loss 
according to the charge density and velocity. In addition to SPAR code, we have recently implemented 
the ATIMA package [10] developed GSI group as an alternative code for the ionisation process. 

It is important to use reliable data of total non-elastic and elastic cross-sections for the particle 
and heavy ion transport. We have used the Evaluated Nuclear Data for neutron induced reactions 
below 20 MeV, and the systematics above 20 MeV and for proton induced reactions of all energy range. 
As for the elastic cross-sections, we also use the Evaluated Nuclear Data for neutron induced reactions 
below 20 MeV, and the systematics [2] above 20 MeV and for proton induced reactions of all energy 
range concerned with the total and also the double differential cross-sections of elastic nucleon-nucleus 
reactions. Recently we have adopted the NASA systematics [11] for the total nucleus-nucleus reaction 
cross-sections, instead of the Shen formula [12]. 

The total reaction cross-section, or the life time of the particle for decay is an essential quantity 
in the determination of the mean free path of the transport particle. According to the mean free path, 
PHITS chooses the next collision point using the Monte Carlo method. To generate the secondary 
particles of the collision, we need the information of the final states of the collision. For neutron 
induced reactions in low energy region, PHITS employs the cross-sections from Evaluated Nuclear 
Data libraries. PHITS also uses Evaluated Nuclear Data for photon and electron transport below 1 GeV 
in the same manner as in the MCNP4C code [3] based on ITS version 3.0 code [13]. For high energy 
neutrons and other particles, we have incorporated two models, JAM [7] and JQMD [8] to simulate the 
particle induced reactions up to 200 GeV and the nucleus-nucleus collisions, respectively. 

JAM (Jet AA Microscopic Transport Model) [7] is a hadronic cascade model, which explicitly treats 
all established hadronic states including resonances with explicit spin and isospin as well as their 
anti-particles. We have parameterised all hadron-hadron cross-sections based on the resonance model 
and string model by fitting the available experimental data. Below the energy in the centre-of-mass 
system (c.m.) s < 4 GeV, the inelastic hadron-hadron collisions are described by the resonance 
formations and their decays, and at higher energies, string formation and their fragmentation into 
hadrons are assumed. 

The JQMD (JAERI Quantum Molecular Dynamics) code [8], has been widely used to analyse 
various aspects of heavy ion reactions as well as of nucleon-induced reactions [14]. In the QMD model, 
the nucleus is described as a self-binding system of nucleons, which is interacting with each other 
through the effective interactions in the framework of molecular dynamics. One can estimate the 
yields of emitted light particles, fragments and of excited residual nuclei resulting from the heavy-ion 
collision. The QMD simulation, the JAM simulation as well, describes the dynamical stage of the 
reactions. At the end of the dynamical stage, we will get the excited nuclei from these simulations.  
To get the final observable, these excited nuclei should be decayed in a statistical way. We have 
employed GEM model [15] (Generalised Evaporation Model) for light particle evaporation and fission 
process of the excited residual nucleus.  

So far the QMD model has shed light on several exciting topics in heavy-ion physics, for example, 
the multi-fragmentation, the flow of the nuclear matter, and the energetic particle productions [16]. In 
Figure 1 we show two examples of the basic observables from heavy-ion reactions calculated by the 
JQMD code. In Figure 1(a) we represent the results of π– energy spectra for the reaction 12C + 12C at 
800 MeV/u. The result of the JQMD code reproduces the experimental data [17]. We notice that this 
calculation has been done in the same formulation and also with the same parameter set as used in 
the nucleon-induced reactions [14]. Next example is the neutron energy spectra from the reaction  
12C + 208Pb at 400 MeV/u, which is shown in Figure 1(b). The neutron produced in heavy-ion reactions 
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is very important in the shielding design of the spacecraft and the other facilities because of its large 
attenuation length in shielding materials. Recently, secondary neutrons from heavy-ion reactions 
have been systematically measured using thin and thick targets by HIMAC [18,19]. Figure 1(b) shows 
that the JQMD code roughly reproduced the measured cross-sections for the C beams with thin target. 
PHITS has incorporated the JQMD code for the collision part of the nucleus-nucleus reactions to 
describe the secondary neutron yields from the thick target. In order to investigate the accuracy of the 
PHITS code in the heavy ion transport calculation, we have compared the results with the experimental 
data measured by Kurosawa, et al. [19]. They measured secondary neutrons produced from thick 
(stopping length) targets of C, Al, Cu, and Pb bombarded with various heavy ions from He to Xe. 
Incident energies ranged from 100 MeV/u to 800 MeV/u from HIMAC. Here we show two examples of 
the comparisons in Figure 2. It is confirmed from the these comparison with measurements that the 
PHITS code provides good results on the angular distributions of secondary neutron energy spectra 
produced from thick carbon, aluminium, copper, and lead targets bombarded by 100 MeV/u carbon, 
400 MeV/u carbon, and 400 MeV/u iron ions. 

Figure 2: Comparison of the neutron double differential cross-section calculated  
with PHITS and the measured data [19] for 100 MeV/u C ion on C target  

(left panel) and 400 MeV/u Fe ion on Pb target (right panel) 

 

Benchmarking of the PHITS code 

PHITS has been used in a wide field of applications from semiconductor soft error up to shielding of 
spacecrafts. In this section, we introduce a major application field of PHITS, the spallation neutron 
source of J-PARC, and show some benchmarking tests of the PHITS code for the problems related to 
accelerator facilities. 
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The J-PARC [20] (Japan Proton Accelerator Research Complex) project is the main field where the 
NMTC/JAM code had been developed. This project has a 400 MeV normal-conducting linac, a 
superconducting linac from 400 to 600 MeV, a 3 GeV synchrotron ring for 1 MW proton, and a 50 GeV 
synchrotron ring for 0.75 MW proton beams. These are now under construction and aim to pursue 
frontier science in particle physics, nuclear physics, materials science, life sciences and nuclear 
technology, using a new proton accelerator complex at the highest beam power in the world. A reliable 
transport code was required for the shielding design and optimisation study of each facility in J-PARC. 
The conditions which should be satisfied in the transport code are very severe, since the energy range 
is very wide, from 50 GeV down to MeV neutrons in material science facility. Furthermore the dimension 
of the system is very large (about several tens of metres), but the resolution of the calculation must be 
of the order of millimetre. First the NMTC/JAM [2] code was developed to satisfy these severe 
conditions, and then the code was upgraded to PHITS, which also includes heavy ion transport. 

Figure 3: Distribution of the 27Al(n,α)24Na reaction rates along the cylindrical  
surface of a mercury target bombarded with 1.6, 12 and 24 GeV protons [21] 

The solid histograms denote the results of PHITS 

 

For validation of the PHITS calculations for the neutron flux produced by the mercury spallation 
target, we have applied PHITS to the experiments under the ASTE (AGS Spallation Target Experiment) 
collaboration [21]. One of the experiments was carried out using a bare mercury target, which is a 
20 cm diameter and 130 cm long cylinder, and detecting the reaction rate distributions along the 
cylindrical surface of the target by activation techniques at incident proton energies of 1.6, 12 and 24 GeV. 
Various activation detectors such as the 115In(n,n')115mIn, 93Nb(n,2n)92mNb and 209Bi(n,xn) reactions with 
threshold energies ranging from 0.3 to 70.5 MeV were employed to obtain the reaction rate data for 
estimating spallation source neutron characteristics of the mercury target. Figure 3 shows the 
distribution of the 27Al(n,α)24Na reaction rates along the cylindrical surface of bare mercury target 
bombarded with 1.6, 12, and 24 GeV protons. The threshold of this reaction is 3.3 MeV, while the most 
effective neutron energy for this reaction is roughly 10 MeV. The results of PHITS, denoted by the solid 
histograms in these figures, reproduce the experimental distribution quite well for all positions and 
all energies. From these data, we have also derived the neutron flux spectra by the spectrum 
adjustment method. Figure 4 compares the adjusted and calculated neutron spectra at 17 cm from the 
front surface of the target. For all energy range, the PHITS results roughly trace the adjusted spectra. 
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Figure 4: Comparison of the neutron spectra obtained by adjustment  
method from the experimental data [21] and by the PHITS calculation 

 

Figure 5: Comparison of the experimental heat [23] with  
the simulation results by MCNPX, PHITS and MARS codes 

 

One of the important issues for high intense proton and heavy ion accelerator facilities is a heat 
deposition to magnet components, target vessels and materials of beam dump. Precise knowledge of 
the heat deposition is required for designing them. Monte Carlo codes such as PHITS are usually used 
to estimate the heat deposition. There are, however, few data to validate the codes in connection with 
heat measurements. Recently, Ohnishi, et al. [22] measured the heat deposition of secondary particles 
emitted from a production target interacting with a primary proton beam at the KEK 12 GeV proton 
synchrotron by developing a “cryogenic calorimeter”. The production target was a copper cylinder 
with dimensions of 30 mm in diameter and 30 mm in length, corresponding to a 0.2 interaction length. 
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The target was remotely controlled so as to change its position from the centre of the absorber along 
the beam direction. Figure 5 shows a comparison of the calculation results with the experimental data 
of the heat deposition. The results of PHITS and MCNPX well reproduce the experimental data, though 
the result of MARS underestimates the data. Ohnishi analysed the discrepancies between the results 
of MARS and PHITS and concluded that the details of the distribution of secondary particles produced 
from the copper target at 12 GeV proton beam caused the differences of the heat [23]. We also checked 
the differences between PHITS and MCNPX, and found that the contributions of each secondary 
particle to the heat in the absorber are different between them, but finally the total heats are the same 
due to the cancellation of the differences. We therefore concluded that the heat estimation by these 
Monte Carlo codes still has an uncertainty about 35% due to the difficulties with simulation models for 
secondary particle production around 10 GeV. Further studies are necessary to improve the accuracy. 

Summary 

We have presented briefly the models incorporated in the PHITS code and the present status of the 
code, showing some benchmarking tests of the PHITS code for accelerator facilities. It has been shown 
that PHITS has a great ability of carrying out the radiation transport analysis of almost all accelerator 
facilities of protons and heavy ions within a wide energy range.  
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Abstract 

FLUKA is a general purpose Monte Carlo code, capable of handling all radiation components from 
thermal energies (for neutrons), or 1 keV (for all other particles) till cosmic ray energies. The code is a 
joint CERN-INFN project, and is continuously undergoing development and benchmarking. It is the 
standard tool used at CERN for the radioprotection and beam-machine interaction calculations. 

Several improvements and additions to the code capabilities will be presented, in particular: 

• new radioactive inventory evolution algorithm, which allows to compute inventories and 
residual dose rates for arbitrary irradiation profiles and cooling times; 

• improved evaporation/fragmentation model, which allows to produce up to 600 different 
fragments; 

• new fission model; 

• the nucleus-nucleus models (interfaces to DPMJET-III, rQMD-2.4, and the newly developed 
BME and QMD models); 

• improvements and additions to the geometry and user interface. 
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Introduction 

FLUKA [1-4] is a multipurpose transport Monte Carlo code, for calculations of particle transport and 
interactions with matter, covering an extended range of applications spanning from proton and 
electron accelerator shielding to target design, calorimetry, activation, dosimetry, detector design, 
accelerator-driven systems, cosmic rays, neutrino physics, radiotherapy etc. Presently is maintained 
and supported as a joint CERN-INFN project, which is continuously undergoing development and 
benchmarking. FLUKA is able to transport 60 different elementary particles and whichever heavy ions 
and can perform hadron-hadron, hadron-nucleus, neutrino, electromagnetic, and μ interactions from 
1 keV up to 10 000 TeV/n. It is able to perform charged particle transport both in magnetic and electric 
field (currently under development) including all relevant processes [1]. About nucleus-nucleus 
collisions, since ion-ion nuclear interactions were not yet treated in FLUKA, past results have been 
obtained in the superposition model approximation, where primary nuclei (0-10 000 TeV/A) were split 
into nucleons before interacting. With the integration of ion interactions codes (DPMJET, rQMD, BME) 
and the suitable cross-sections package, this approximation is now obsolete. FLUKA features a 
combinatorial geometry which was recently enhanced with the use of parenthesis expansions and 
geometrical optimisations, while for the tracking it has a double capability to run either fully analogue 
and/or biased calculations. 

Code design 

FLUKA is based, as far as possible, on original and well tested microscopic models. Due to this 
“microscopic” approach to hadronic interaction modelling (Figures 1, 2), each step is self-consistent 
and has solid physical bases. Performances are optimised comparing with particle production data at 
single interaction level: “theory driven, benchmarked with data”. No tuning whatsoever is performed on 
“integral” data, such as calorimeter resolutions, thick target yields, etc. Therefore, final predictions are 
obtained with a minimal set of free parameters, fixed for all energies and for all target/projectile 
combinations. Results in complex cases as well as scaling laws and properties come forth naturally 
from the underlying physical models and the basic conservation laws which are fulfilled a priori, 
therefore the code provides predictive capabilities where no experimental data are directly available. 

The philosophy of the FLUKA authors was not to provide a toolkit for particle physics simulations, 
but rather a code that provides the best physics available. For this reason all physical models in 
FLUKA are fully integrated in the code and the user has limited means of tweaking them. All 
correlations are fully preserved within interactions and among shower components. The authors 
continues to make a huge effort to ensure self-consistency with full cross-talk between all 
components (hadronic, electromagnetic, neutrons, muons, heavy ions), and to achieve the same level 
of accuracy for each component and for all energies. For example, the transport and interactions of 
electromagnetic particles are fully coupled to the hadronic sector, allowing to follow in the same 
event secondary hadrons from photon nuclear interactions and γ rays from nuclear de-excitation.  

Interface improvement 

Since the official release of 2005.6 the FLUKA code went a major reworking, in view of the public 
release of the source code. The code now is even more robust, it is continually enhanced with modern 
and sound physics, and more users friendly. The major features of the latest release 2006.3 are the 
following: 

• PEMF preprocessor eliminated. Now, electron and photon cross-sections are generated during 
initialisation time. Photon cross-sections have been rebased on EPDL-97. There is a small 
penalty in time for the initialisation, but it removes completely the hassle of creating the 
cross-sections with an external program, as well all the problems that could appear from 
miss-synchronisation of the pemf files and what is described in the input file. 

• Input file now is fully name based, including all materials, geometry bodies and regions, 
particles and scoring cards. This allows a more flexible way of writing input files as well 
sharing resources among various input files. 
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Figure 1: Thin target example of angle-integrated 90Zr(p,xn) at 80.5 MeV 

The various lines show the total in blue, intranuclear cascade in green, pre-equilibrium in cyan and  
evaporation magenta contributions. The experimental data are the red points and extracted from Ref. [5]. 

 

Figure 2: Double differential of a thin target example  
(a) p + 90Zr → p + X (80 MeV) [5] and (b) p + Al → π– + X (4 GeV/c) 

 (a) (b) 
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• The input file is initially treated by the FLUKA preprocessor. A C/C++ like preprocessor that 
accepts definition of variables and conditional inclusion of input code. This a powerful 
mechanism if treated correctly by the user, that allows a more structured input file. The user 
can treat the input file in different ways by simply enabling or disabling some preprocessor 
defines. 

• There are several enhancements in the voxel geometry which are quite important for 
comparing using of FLUKA in a way similar to the treatment planning systems usually found 
in radiotherapy centres. Namely: i) Voxel-by-voxel density correction factors, ii) water 
equivalence factors for atomic processes (dE/dx, δ ray) while at the same time keeping the real 
material for the nuclear processes. 

• The geometry can now handle more complicated combinatorial geometry objects including 
parenthesis expansion and both algebraic and geometrical optimisations, for the 
minimisation of the number of produced zones in a region. 

• The code is now able to follow on-line the decay radiation from unstable residual nuclei 
together with an exact analytical calculation of activity evolution during irradiation and 
cooling down. Decay, β, γ are produced and transported “on line”, with time evolution of 
induced radioactivity calculated analytically using the Bateman equations. As a consequence, 
results for production of residuals and their effects as a function of time can now be obtained 
in the same run. 

• The user is now able to score results for activity, energy deposition, particle fluence etc, 
calculated for custom irradiation/cooling down profile, as well the new scoring type activity 
maps (Bq/cm3) (Figure 3). 

Figure 3: Residual Dose Equivalent Rate (mSv/h) at the CNGS (CERN)  
target after 200 days irradiation with 8 1012 p+/s and 1 day of cooling 

  

Equilibrium particle emission 

The latest updates in the evaporation, fission, fragmentation and Fermi break-up made an impressive 
improvement in the residual nuclei prediction especially in the low mass region. This is a crucial 
point for many safety calculations. As an example in Figures 4 and 5 are shown the predicted mass 
distribution for the residual nuclei produced by Pb ions on proton target at 1 GeV/n using inverse 
kinematics, and Ag on proton target at 300 GeV and 800 GeV, where is evident the improved FLUKA 
predictions with the new fragmentation model, especially in the low mass region. A discussion of the 
recent improvements in these models is discussed in the following paragraphs. 



FLUKA: NEW FEATURES AND A GENERAL OVERVIEW 

SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 325 

Evaporation, fragmentation and Fermi break-up 

Evaporation, the latest stage of the nuclear reaction chain, is essential for the prediction of residual 
nuclei distribution. Therefore, it is a crucial ingredient in activation and residual dose rate simulations, 
but also in the exact determination of the fragment spectra following nucleus-nucleus interaction. 

The FLUKA evaporation model, which is based on the Weisskopf-Ewing approach, has been 
continuously updated along the years, with the inclusion, for instance, of sub-barrier emission, full 
level density formula, and analytic solution of the emission widths. The latest upgrade is the 
extension to the evaporation of nuclear fragments up to A ≤ 24, with impressive improvements in the 
low mass region of residual nuclei distributions. This, coupled to the exact energy and momentum 
balance in all reaction steps, allows to predict the mass and energy distribution of fragments, 
including very low energy, almost non-ionising ones, whose biological effects are not precisely known. 

The new evaporation model how is able to handle about 600 possible emitted particle/states with 
an extended evaporation/fragmentation formalism. It is using the full level density formula with level 
density parameters and excitation dependent. The inverse cross-section is calculated with proper  
sub-barrier, while there is analytic solution for the emission widths, neglecting the level density 
parameter dependence on excitation energy which is taken into account by rejection. For the Fermi 
break-up for A < 18 nuclei, the code is taking into account up to 6 ejectiles resulting ~50 000 possible 
combinations. 

FLUKA is now using new energy dependent and self-consistent, evaporation level densities as 
well as new pairing energies, according to the IEAE working group recommendations RIPL-2 [6]. The 
isotopes mass table has been updated with both experimental and calculated values till A = 330. The 
use of masses calculated offline done with high reliability complex models, it allows: i) to extend to 
larger isotope masses A than those experimentally accessible; ii) to minimise resorting to empirical 
mass formulae which often generates artifacts. The shell corrections have been reworked also to be 
coherent with the new masses. 

Figure 4: Cross-section for the production of residual nuclei from the 1 GeV/n 208Pb + p reactions 

Red dots are experimental data, blue the old FLUKA prediction, green the new FLUKA prediction and  
cyan the new FLUKA prediction limited to the isotopes where experimental data are available [7] 
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New fission model 
The new fission model is no longer an enhanced version of the Atchison algorithm. Fission is now 
done on first principles and is also in full competition with evaporation. Actinide fission is done on 
first principles and no longer using parameterised Γfiss/Γneu. The fission barrier calculations follow the 
most recent suggestions by Myers and Swiatecki. An enhanced fission level density is used at saddle 
point, which is no longer independent from the excitation energy but now is washing out with 
excitation in agreement with the most recent studies. Fission product widths and asymmetric versus 
symmetric probabilities are better parameterised according to the most recent data/approaches. 

Figure 5: Experimental and computed residual nuclei mass distribution for  
Ag(p,x)X at 300 GeV (top) and Au(p,x)X at 800 GeV (bottom). Data from Refs. [8,9]. 
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Heavy ion interaction models 

Ion-ion interactions are of great interest both for therapeutic beams, and for space radiation 
assessment. FLUKA has the necessary interfaces to couple with the DPMJET-III, rQMD and BME models. 

FLUKA implements DPMJET-III [10,11] as event generator to simulate nucleus-nucleus 
interactions for energies in excess of 5 GeV/n up to the highest cosmic ray energies (1018-1020 eV). 
DPMJET is based on the two components Dual Parton Model in connection with the Glauber formalism. 
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FLUKA also has an interface to rQMD-2.4 [12,13], a relativistic QMD model which has been applied 
successfully to relativistic A-A particle production over a wide energy range from 0.1 GeV/n up to 
several hundred of GeV/n. Several important modifications have been implemented in the rQMD code, 
in order to ensure energy-momentum conservation taking into account experimental binding energies, 
and to provide meaningful excitation energies for the residual fragments. A thorough discussion of the 
FLUKA implementation, as well as some results of this modified model can be found in [9]. 

FLUKA has a preliminary implementation of the BME (Boltzmann Master Equation) model [14] for 
lower energies ions E < 100 MeV/n, which is presently under testing for A < 17. 

For all generators, de-excitation and evaporation of the excited residual nuclei is performed by 
calling the standard FLUKA evaporation/fission/fragmentation module described above. 
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Abstract 

Geant4 is a toolkit for simulating the passage of particles through matter and it is used by a large 
number of experiments and projects in a variety of application domains, including high energy physics, 
astrophysics and space science, medical physics and radiation protection. An overview of the physics 
processes in the toolkit is presented focusing on hadron interactions. The toolkit also has many other 
useful functionalities for shielding calculations. These include event biasing options and primitive 
scoring which provide an easy interface to simulation results. 
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Introduction 

Recent high energy physics experiments require large-scale, accurate and comprehensive simulations 
of their detectors. Similar requirements also arise in other fields, such as astrophysics, space science 
and engineering, radiological sciences, radiation therapies and radiation protection research. Geant4 
has been developed in order to satisfy such demands [1,2]. It is an object-oriented simulation toolkit 
which provides a variety of software components for users who want to simulate the response of their 
detectors. It can be used to simulate single purpose, basic and relatively simple detectors as well as 
the large, general purpose detectors used in modern, high energy physics experiments such as those 
at the Large Hadron Collider (LHC). Geant4 provides all aspects of the simulation process, such as: 

1. geometry description; 

2. material specification; 

3. particle definitions; 

4. tracking and navigation; 

5. physics processes to handle the interactions of particles with materials; 

6. management of events; 

7. run configuration; 

8. stacking for track prioritisation; 

9. tools for handling the detector response; 

10. interfaces to external frameworks, graphics and user interface systems. 

Geant4 has abundant physics processes and models covering a wide energy range from optical 
photons and thermal neutrons to the high energy reactions at the LHC and in cosmic ray experiments. 
In addition to these processes and models, Geant4 also provides abstract interfaces to physics processes. 
Users are easily able to add their own physics models with these interfaces. The above features reflect 
the choice by Geant4 to adopt object-oriented technology and to follow an iterative-incremental 
software process [3]. This technology makes possible many extensions and improvements of the toolkit 
with no modification of the existing code. Because Geant4 is a toolkit, many users can incorporate 
Geant4 into their own simulation framework. However it can also be used to build a stand-alone 
application, in which a user defines his/her problems, executes simulations, gets results and creates 
graphics for presentations. Geant4 has been widely used in high-energy physics domains since its first 
release in 1999, and its use in many other fields of science has also increased. Radiation protection 
research is one such field. 

In this paper, we provide an overview of the toolkit capabilities, focusing on topics related to 
shielding calculations. In the next section we give a brief review of Geant4 physics processes, excluding 
hadronic processes which will be covered in detail in another section. Selected functionalities useful 
for shielding calculations will be introduced in the following section. Finally we give a short summary. 

Geant4 physics processes 

Geant4 has abundant physics possesses for handling interactions of gammas (including X-rays and 
optical photons), electrons and positrons, muons, hadrons and ions. Before explaining these processes 
we briefly describe the particles and materials categories of Geant4 because the physics processes 
depend on their properties for the simulation of particle-matter interactions. 

Particles 

Geant4 provides most of the particles listed by the Particle Data Group [4]. Ions can also be defined 
with excitation energy and charge state. These Geant4 particles are created according to the following 
procedure: 
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1. A particle definition base class is provided which describes the basic properties of a particle, 
such as mass, charge and so on. 

2. Virtual intermediate classes for leptons, bosons, mesons, baryons, etc. are provided in order to 
abstract particle properties common to these types. 

3. A concrete particle class is derived which has properties specific to the particle. 

Users who wish to create particles not already provided by Geant4 may do so by following the 
above procedure. The particle class has the list of physics processes to which the particle is sensitive. 

Materials 

In Geant4 materials are made of a single element or a mixture of elements, and elements are made of 
a single isotope or a mixture of isotopes. When a user needs water in his/her geometry, then he/she 
must first create the elements of hydrogen and oxygen. If heavy water is required in the simulation, 
the isotope deuterium must be created before defining the element hydrogen. Characteristics like 
radiation and interaction length, excitation energy loss, coefficients in the Bethe-Bloch formula, shell 
correction factors, etc., are computed from the element, and if necessary, the isotope composition. 
Users can change these properties. Geant4 also provides pre-defined materials whose properties 
follow the data library of the National Institute of Standards and Technology [5]. 

Processes 

All physics processes must describe the interaction of particles with matter in a unified manner which is 
well-defined by object-oriented programming technology. Therefore all physics processes can be 
treated in the same manner as the other components of the simulation such as tracking. This means 
that the tracking code is completely general and common to all processes of all particle types. This 
provides flexibility in the design of a physics process, and together with the modular architectural 
framework, makes possible the development of new models without affecting existing code. 

It is useful to divide the functionality of a process into two parts. One part manages when and/or 
where the interaction occurs and the other decides what occurs in the interaction. The former usually 
relates to the cross-section or mean-lifetime and the latter generates the final state. In many Geant4 
physics processes, the two parts are implemented separately. In such processes it is possible to have 
multiple final state generators as well as multiple cross-section data sets. 

Geant4 physics processes are divided for convenience into seven categories: electromagnetic, 
hadronic, transportation, decay, optical, photo-lepton_hadron, parameterisation. The electromagnetic 
and hadronic categories are further sub-divided. In this section we give a brief description of all of 
these except for hadronic. As the hadronic processes are of greatest relevance to shielding calculations, 
they will be treated separately in later sections. 

Electromagnetic 

Physics processes in this category handle the electromagnetic interactions of leptons, photons, hadrons 
and ions. Geant4 provides physics processes of ionisation, bremsstrahlung, multiple scattering, 
Compton and Rayleigh scattering, photo-electric effect, pair conversion, annihilation, synchrotron and 
transition radiation, scintillation, refraction, reflection, absorption and Cherenkov effect. For some of 
these processes there are multiple physics models which may be used to implement the interactions. 
This category is divided into standard and low energy electromagnetic processes. 

Standard electromagnetic processes assume the following things: the projectile energy is more 
than 1 keV, the atomic electrons are quasi-free, that is, their binding energy is neglected except for 
some corrections at low energy, and the atomic nucleus is fixed, that is, the recoil momentum is 
neglected. Standard processes include Compton scattering, gamma-conversion into electron and 
muon pairs [6] and the photo-electric effect for photons.  

Electron/positron bremsstrahlung, ionisation and delta-ray production, positron annihilation and 
synchrotron radiation are also included. Muon processes handle bremsstrahlung, ionisation and 
delta-ray production and electron-positron pair production. There are also ionisation processes with 
the production of delta-rays for charged hadrons and ions. The energy losses of charged particles are 
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computed taking fluctuations into account. The default fluctuation model is Landau-like with additional 
Poisson-like fluctuations for soft energy transfers. An alternative model based on Photo-Absorption 
Interaction (PAI) [7] is also available. The multiple scattering process of Geant4 [8] can handle all 
charged particles. It does not use the Moliere formalism but is based on the more complete Lewis 
theory [9]. It simulates the scattering of the particle after a given step, computes the path length 
correction and the mean lateral displacement. The correlation between direction change and lateral 
displacement is included. 

Low energy electromagnetic processes [10] are implemented in Geant4 in order to extend the 
validity range of electromagnetic interactions below 1 keV and the current implementation of its 
electron and photon processes can be used down to 250 eV. The low energy package includes the 
photoelectric effect, Compton scattering, Rayleigh scattering and polarised Rayleigh scattering, 
bremsstrahlung, and ionisation. The gamma conversion process has also been implemented. 
Fluorescence emission from excited atoms can be generated as well as Auger electrons. The 
implementation of electron and gamma processes is based on evaluated data libraries (EPDL97 [11], 
EEDL [12] and EADL [13]) that provide data for the determination of cross-sections and the sampling of 
the final state. Proton induced X-ray emission (PIXE) [14] is also available. Moreover there is an 
additional set of processes for photons, electrons and positrons in the low energy package. These 
processes are based on the physics models developed for the PENELOPE code (PENetration and Energy 
LOss of Positrons and Electrons) [15]. These implementations also provide reliable results for energies 
down to a few hundred eV. 

The low energy electromagnetic processes are well-designed for being able to handle multiple 
models in a process. For example, the hadron and ion ionisation process of the low energy package 
adopts different models depending on the energy range. In the high energy (>2 MeV) domain the 
Bethe-Bloch formula [16] is used and in the low energy domain (<1 keV for protons) the free electron 
gas model [17] is used. In the intermediate energy range parameterised models based on experimental 
data from the Ziegler [18] and ICRU [19] models are implemented. The molecular structure of 
materials [20] and the nuclear stopping power [21] are taken into account. 

Decay 

At rest and in flight decays of particles are supported. Default decay tables for most unstable particles 
such as mesons, hyperons and resonant baryons based on data from the Particle Data Group [4], are 
provided. Decay modes are sampled according to the branching ratios in the particle's decay table. It 
is also possible for users to set the proper decay time and decay mode of the primary particle. There 
are many models for determining the distribution of daughter particles, for example V-A theory for 
muon decay, Dalitz theory for p0 decay, or simple phase space decay. Decay of radioactive nuclei is 
also supported and data tables derived from the Evaluated Nuclear Structure Data Files [6] are 
prepared for over two thousand nuclei. However radioactive decay is currently classified as a hadronic 
process in Geant4. 

Transportation 

In Geant4, transportation is also treated as a kind of physics process. The transportation process 
propagates a particle through a detector geometry in the presence of magnetic or other fields and 
guarantees that steps within particle trajectories end at geometrical boundaries. Users may also set 
the maximum length of a single step. 

Optical 

Geant4 can simulate the production and propagation of optical photons. There are many detectors 
which use scintillation and/or Cherenkov photons for their measurements and Geant4 is able to 
simulate such detectors. Optical photons can be initiated by a charged particle and terminated when 
entering photo-sensitive areas of the detector. Geant4 provides separate particle definitions for optical 
photons and gammas, reflecting their very different treatment within a simulation. Refraction and 
reflection at medium boundaries, bulk absorption, Rayleigh scattering and wavelength shifting 
processes are provided for optical photons. The optical properties in the medium and at the boundaries 
are important parameters of these processes. They can be expressed as a function of the photon’s 
wavelength. However in many cases the user has to supply these parameters by himself. Geant4 
provides a framework which assists the user in this. 
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Photo-lepton_hadron 

Geant4 includes photo-nuclear and electro-nuclear reactions in which the energy flow of electrons, 
positrons and photons is converted into the energy flow of mesons, baryons and nuclear fragments [22]. 
The cross-section of the photo-nuclear process is comparable with the other electromagnetic processes 
in the nuclear giant resonance region. The equivalent photon method is applied to the electro-nuclear 
reactions. Geant4 also provides the nuclear interaction of muons with production of hadrons. This 
interaction becomes important for the simulation of detector response to high energy muons. 

Parameterisation 

The processes in this category are used mainly for fast simulations which enable users to take over 
the tracking of a particle and implement a fast algorithm of detector response. A typical use case is 
shower parameterisation in a calorimeter. Instead of the detailed simulation of the incident particle 
which may produce a huge number of secondary particles in the detector, only a few tens of energy 
deposits will need to be posted in the detector [23,24]. However parameterisations are usually 
experiment-dependent and/or detector-dependent, so that Geant4 provides only an abstract interface 
for users. 

Hadronic processes of Geant4 

The “Russian dolls” (Матрёшка) approach was selected for the hadronic interaction framework in 
Geant4. It consists of a multi-layer hierarchy, the top level of which provides the basic interface to the 
other Geant4 categories, such as tracking. As the hierarchy is descended, lower framework levels 
refine the interfaces for increasingly more specific use cases. Each level except the top has a concrete 
implementation of the abstract interface from the framework level directory above it, encapsulating 
the common logic for a particular use-case. The granularity of abstraction and delegation is refined at 
each framework level in this manner. Through these multi-layered frameworks, code can be developed 
independently by many users. It also provides significant flexibility to the user. The complete 
description of all levels of the framework is beyond the aim of this paper and it is given in Ref. [25].  
In this paper only the second-level framework is discussed in order to make further explanations 
intelligible. The components of this level are cross-sections, final state production and isotope 
production. This level satisfies the requirements that user-defined cross-sections may be added, final 
state generation and isotope production models may be assigned to processes, and that these 
components may be used for different parts of the simulation depending on the conditions of the 
interaction. Thus the hadronic processes of Geant4 can handle multiple cross-section data sets and 
allow multiple models for final state generation. As a result, the hadronic processes include a large 
variety of complementary, overlapping and alternative cross-section data sets and physics models. 

Physics requirements for the Geant4 hadronic interactions include an energy range which 
extends from thermal neutrons up to order TeV for LHC experiments and even higher for cosmic ray 
physics. It extends more than 15 orders of magnitude. In addition to energy range, there is a large 
variety of particle species and a diversity of interaction types. Geant4 is therefore also required to 
include the cross-sections of any incident meson or baryon for any materials including long-lived 
nuclear isotopes. Models of these interactions are also required. The cross-sections and models 
provided by Geant4 are discussed below. 

Geant4 provides the total cross-sections for inelastic scattering, capture of neutral particles, 
induced fission and elastic scattering for all well known mesons and baryons including ions. The 
default data-sets for these interactions have been carried over from GEANT3. The term ‘‘data-set’’ 
represents an object which encapsulates methods and data for computing the occurrence of a given 
process. It was already mentioned that the software design of Geant4 allows users to overload the 
default data-sets with their specialised data-sets. The data-sets are stored and retrieved through a 
data store that works as a First-In-Last-Out stack. In addition to the default data-sets, Geant4 also 
provides specific data sets for proton- and neutron-induced reactions [26]. For neutron interactions at 
energies below 20 MeV precise data-sets derived from evaluated neutron data libraries are also 
available. Later we will discuss these data sets together with the final state generators for these 
interactions. For ion interactions, in order to cover all combinations of colliding nuclei over a wide 
energy range with good precision, the cross-section formulae of Tripathi [27,28], Kox [29], Shen [30],  
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and Sihver [31] were implemented in Geant4. These formulae calculate the total reaction cross-section 
which is the total cross-section minus elastic and electromagnetic dissociation cross-sections. Geant4 
also provides data sets for electromagnetic dissociation cross-sections. 

The final state modelling methods in the hadronic framework of Geant4 can be classified into 
three categories: data-driven, parameterised and theory-based models. Data-driven models are mainly based 
on evaluated or measured data. Parameterised models are largely based on parameterisations and the 
extrapolation of experimental data under some theoretical assumptions. Theory-based models are 
predominantly based on theory. In the following, we describe the usage of these modeling approaches 
in Geant4. 

Data-driven models 

When experimental or evaluated data are available with sufficient coverage, the data driven approach 
is considered to be the optimal way of modeling. Neutron High Precision models are typical examples 
of this category. They are based on the ENDF/B-VI data format and procedures [32] and deal with the 
detailed transport of neutrons from thermal energies up to 20 MeV. They use the G4NDL neutron data 
library which is publicly available from the Geant4 web page. This library was derived from the 
evaluated neutron data libraries Brond-2.1 [33], CENDL2.2 [34], EFF-3 [35], ENDF/B-VI.0 [36], ENDF/B-VI.1, 
ENDF/BVI.5, FENDL/E2.0 [37], JEF2.2 [38], JENDL-FF [39], JENDL-3.1, JENDL-3.2, and MENDL-2 [40]. Our 
selection was guided in large part by the FENDL2.0 selection. Enhancement of the libraries is continuing 
in response to user requests. In these models all inclusive cross-sections are treated as point-wise 
cross-sections for reasons of performance. For this purpose, the data from the evaluated data library 
have been processed to explicitly include all neutron nuclear resonances in the form of point-like 
cross-sections rather than in the form of parameterisations. 

The interactions of neutrons at low energies are classified into four parts as are the other 
hadronic processes in GEANT4. We consider radiative capture, elastic scattering, fission, and inelastic 
scattering as separate models. The data libraries for high precision neutron models are not complete 
because there are no data for several key elements in the above cited evaluated neutron data libraries. 
In order to use the high precision models, users were therefore required to develop their detectors 
using only elements found in the library. In order to avoid this difficulty, alternative models were 
developed which use the high precision models when data are found in the library, but use low energy 
parameterised models (described later) when data are missing. The alternative models cover the same 
types of interaction as the originals, that is, elastic and inelastic scattering, capture and fission. 
Because the low energy parameterised part of the models is independent of G4NDL, results will not be 
as precise as they would be if the relevant data existed. The data driven approach is also used to 
simulate photon evaporation and radioactive decay. Both codes are based on the ENSDF [41] data of 
nuclear levels, and transition, conversion, and emission probabilities. The absorption of particles 
coming to rest and the low energy part of elastic scattering final states in scattering off hydrogen are 
modelled with this approach. 

Parameterised models 

Parameterisations and extrapolations of cross-sections and interactions are widely used in the full 
range of energies and for all kinds of reactions. Low- and high-energy parameterisation models are 
available in Geant4. They are re-engineered models from GEANT3, predominantly GHEISHA [42]. They 
include induced fission, capture, elastic and inelastic interactions. 

Theory-based models 

The models in this category can be divided into three different energy regions such as high energy 
(above 5 GeV), low energy (below 100 MeV) and intermediate. For high energies, parton string models 
are used to generate the final state inelastic interactions of hadrons with nuclei in Geant4. Such 
models can be divided into two phases: string excitation and string fragmentation. Two models which 
have different approaches to the string excitation phase are implemented. One is based on diffractive 
excitation and the other so-called Quark Gluon Sting model, is based on soft scattering with diffractive 
admixture according to cross-sections. In the string fragmentation phase, two models have basically 
common treatments, but use different fragmentation functions. For intermediate energies intra-
nuclear transport models are used. Geant4 provides the Binary Cascade [43] model which is based on 
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a detailed three-dimensional model of the nucleus, and exclusively based on binary scattering 
between reaction participants and nucleons within the nuclear model, and an implementation of the 
Bertini Cascade [44]. At energies below 100 MeV exciton-based pre-compound models [45] are 
provided. They are able to describe the energy and angular distributions of the fast secondaries and 
soften the behavior of the quasi-elastic peaks to reproduce experimental data.  

The last and lowest energy phase of a nuclear interaction is nuclear evaporation. Variants of the 
classical Weisskopf-Ewing model [46] are used for the interaction. Specialised improvements such as 
Fermi’s break-up model [47] for light nuclei, and multi-fragmentation [48] for very high excitation 
energies are employed. Fission [49] and photon evaporation including internal conversion can be 
treated as competitive channels in the evaporation model. A model based on the Generalised 
Evaporation Model (GEM) [50] is also implemented. For ion interactions the Binary Cascade can handle 
light ion reactions [51] and Wilson’s abrasion model [52] together with its ablation part is also 
implemented. Electromagnetic dissociation for ion-ion collisions is also treated in Geant4. As an 
alternative for all nuclear fragmentation models, including evaporation models, the chiral invariant 
phase space (CHIPS) model [53,54] is available. It is a quark-level 3-dimensional, SU(3) X SU(3) 
symmetric event generator for fragmentation of excited hadronic and nuclear systems into hadrons. 
A theoretical model for coherent elastic scattering [55] also exists. This is a hybrid of data-driven and 
theory-based models, since it utilises a large pre-processed data tabulation. 

Other functionalities for shielding calculations 

Variance reductions 

Variance reduction techniques are an important aspect of most Monte Carlo calculations and allow 
the user to tune the simulation to the part of the problem space (particle species, energy, position, etc.) 
most relevant to his/her application [56]. To facilitate the usage of variance reduction techniques, 
general-purpose biasing methods have been introduced into the toolkit. Many applications, including 
radiation shielding studies, can profit from this functionality to achieve large gains in time efficiency. 
A new Geant4 module provides importance biasing, with splitting and Russian roulette [57]; an 
importance value is associated with each volume. Either the conventional mass geometry (the one 
used for physics and tracking) or a dedicated artificial parallel geometry can be used for biasing. Other 
biasing capabilities added in recent releases include an implementation of the weight-window 
method and of the related, but simpler, weight-cutoff method [58]. Leading particle and cross-section 
biasing are provided for hadronic processes in the corresponding physics package. 

Scoring 

Geant4 provides two abstract base classes and one template class for defining detector sensitivity. 
These classes are flexible and extensible for customisation so that all user requirements may be met. 
However, users must implement these classes by themselves. Geant4 also offers concrete scoring 
classes (known as “Primitive Scorer”) for common detector sensitivities so that users are not forced to 
implement their own sensitivities. In this way physical quantities can be obtained more directly and easily. 

Conclusion 

The Geant4 toolkit provides a full set of software packages for the simulation of particles passing 
through matter. It adopts an object-oriented design and this implementation allows easy extensions 
and modifications of the toolkit. Abundant physics processes ranging from thermal neutron 
interactions in reactor engineering to very high energy interactions in particle physics and cosmic ray 
physics are provided in the toolkit. It also has variance reduction mechanisms such as importance 
biasing with weight windows and hands-on user-friendly tallies for simulation results. Therefore, 
Geant4 already encompasses all aspects of shielding calculations. 

All source code and data files of Geant4 is publicly available with documentation from the web. 
The continuing development of Geant4 is done by the world-wide Geant4 Collaboration. 

The scope of Geant4 applications continues to expand. 
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Abstract 

The newly-formed Computational Medical Physics Working Group (CMPWG) can contribute to the 
Shielding Aspects of Accelerators and Target Irradiation Facilities (SATIF) series of workshops 
through its interest in shielding benchmarks of medical facilities that employ particle accelerators and 
general shielding due to the use of radioisotopes in the clinical setting. The use of software tools in the 
analysis of radiation dose and its health effects has been increasing. CMPWG promotes the advancement 
of computational tools, experimental data, and enabling technologies which are applicable to clinical 
problems in medical and health physics. 

                                                 
* Managed by UT-Battelle, LLC, under contract DE-AC05-00OR22725 with the US Department of Energy. 
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Introduction 

The use of software tools in the analysis of radiation dose and its health effects has been increasing. 
Such tools include MCNP/MCNPX [1–3], ITS [4], TORT [5], ANISN [6], EGS4 [7–8], PENTRAN [9], GEANT4 [10], 
ATTILA [11], PARTISN [12], A3MCNP to name a few. The development of many of these software tools 
in the twentieth century was prompted by nuclear reactor analysis, nuclear weapons studies, 
accelerators, fusion reactors and health physics concerns. As the field of medical physics continues to 
grow, the implementation of these software codes in cancer research studies becomes more prevalent. 

It is imperative that a union of research encompassing nuclear engineering on one hand and 
medical and health physics on the other hand be formed. CMPWG was established in 2005 within the 
American Nuclear Society (ANS) to address the issue. CMPWG is hosted by three divisions of the ANS – 
Mathematics and Computations Division (MCD), Biology and Medicine Division (BMD), Radiation 
Protection and Shielding (RPSD). The website is http://cmpwg.ans.org. 

Goals and activities 

CMPWG promotes the advancement of computational tools, experimental data, and enabling 
technologies which are applicable to clinical problems in medical and health physics. The group 
concentrates on a multidisciplinary approach (nuclear engineering, medical physics and health 
physics) for use by the medical practitioners in the studies of radiation imaging, treatment and effects 
on human and animal life. The applications include computational benchmarks on phantoms and 
detectors, large scale optimisation, deterministic and stochastic approaches to radiation therapy and 
diagnostic problems. 

The Nuclear Science and Technology Division (NSTD) of Oak Ridge National Laboratory (ORNL) 
sponsored the first workshop of CMPWG on 26 October 2005. The workshop was held to address 
several key areas: 

• identify the medical physics problems and experiments for computational benchmarks; 

• identify the software tools, their applications, strengths and weaknesses; 

• identify applications suitable for parallel computing; 

• identify the roadmap for benchmarking activities. 

Discussions centred on the need for experimental data, the importance of both Monte Carlo and 
deterministic methods, and the need to evaluate current nuclear data for medical physics. These 
activities are aimed at improving dose predictions for radiation therapy and other medical activities 
that utilise ionising radiation. Proceedings of the workshop are published in the ORNL report 
ORNL/TM-2006/7. Copies of the proceedings can be obtained from riceaf@ornl.gov. 

The next CMPWG workshop will be held in fall 2007. Participation is voluntary. 
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Abstract 

The Rinecker Proton Therapy Centre (RPTC) in Munich is equipped with a cyclotron with a planned 
extracted current of up to 500 nA protons. By means of a degrader and energy selection system the 
proton energy is varied between 70 and 250 MeV. After a brief description of the method for 
determination of shielding thicknesses, based on AREVA NP’s presentation at SATIF-7 May 2004, 
results of a radiation survey around the cyclotron / degrader area are presented. A comparison for the 
predicted and resulting annual individual doses at the survey locations is given. 
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RPTC: Brief overview 

The RPTC is equipped with cyclotron delivering protons at an energy of 250 MeV and a planned 
extracted current of up to 500 nA. The degrader and energy selection system enable the variation of 
the proton energy between 70 and 250 MeV. The centre comprises five treatment rooms: four with 
gantries and one with a fixed beam. The owner is ProHealth AG in Munich, Germany. The general 
contractor has been M+W Zander Facility Engineering GmbH in Stuttgart, Germany. The cyclotron and 
the beam components were delivered by ACCEL Instruments GmbH in Bergisch-Gladbach, Germany. 
The shielding calculations were performed by AREVA NP GmbH (former Framatome ANP GmbH) in 
Erlangen, Germany. During commissioning the radiation surveys have been performed by the 
Pruefstelle fuer Strahlenschutz Dr. Heusinger (Official Testing Institute for Radiation Protection 
Dr. Heusinger) in Nuremberg, Germany. 

Figure 1: Example for the cyclotron area 

 

Method for determination of shielding thicknesses 

In order to keep flexibility as long as possible at the beginning of the project the radiation shielding 
calculations were performed for fixed basic proton currents: 500 nA in the degrader area and 1 nA in 
the treatment rooms. The code used was version 2.1.5 of MCNPX which considers the transport of 
protons, secondary neutrons and photons. As the results showed – as expected – that the shielding 
thicknesses are determined by the neutrons the shielding design later on was focused on them. The 
calculation results for the neutron dose rate were plotted in the form of iso-lines suitably overlaid on 
the corresponding area of the construction drawing. Figure 1 shows as an example for the cyclotron 
area for the neutron dose rate iso-lines in the case of a 500 nA proton current at 250 MeV impinging 
on the degrader set at its position for 70 MeV. The plot considers the final shielding layout including 
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the final mobile shields around the degrader, as shown already in the corresponding presentation 
during SATIF-7 [1]. This representation plot is very useful to evaluate the influence of additional 
shielding measures or the use of specific shielding materials if one defines different colours for the 
various concrete mixtures (in the following Figure 1 suppressed for better representation in print). 

As the shielding target not only was to keep below a certain dose rate value but also to keep 
below an annual dose for a single person, a reference treatment model was considered which 
provided proton losses in the plant with the distribution of the corresponding proton current by 
energy and hours per year. Based on these data conversion factors from dose rate to annual dose were 
derived. The determination of minimum shielding thicknesses needed was therefore based on those 
iso-dose-rate plots plus these conversion factors. The shielding targets for the public area were 
1 mSv/yr and approx. 10 µSv/hr to an individual. The public area was defined to begin just in the main 
floor in front of the treatment rooms, as a consequence the entire plant area until the fence was 
considered as a public area. Safety factors to cover uncertainties in calculation were not applied. 

Survey results for the cyclotron/degrader area 

The measured dose rate values presented in the following resulted from surveys executed during 
autumn 2005. The survey results are the sum of neutron and gamma dose rate whereas all predictions 
are neutron dose rate (as only small gamma contributions had been calculated). Various detector 
types both for neutrons and photons have been used, especially in order to cover higher neutron 
energies a probe of type FHT 762 Wendi-2 (Thermo-Eberline ESM, Erlangen) was used. For the sum 
value at one reference point the survey result for the detector/probe showing the highest neutron 
dose rate was chosen. During the measurement a proton current of about 500 nA at 250 MeV was 
impinging on the degrader at its position set for the production of a 70 MeV beam. The comparison 
has been performed considering the actual, exact current and the reference treatment model 
mentioned above. 

Figure 2: Survey results on the ground level compared with the prediction 

 

Location No. 
μSv/hr 

measured

mSv/yr (reference 
treatment model) 

MCNPX 

mSv/yr (reference 
treatment model) 

measured 

Factor measured/ 
predicted with 
MCNPX in % 

Access cyclotron maze E1-1 0.146 0.030 0.023 77.9 
Room for cleaning equipment E1-2 0.280 0.160 0.045 28.0 
Control room gantry 1 E1-3 0.066 0.020 0.011 52.8 
Machine area gantry 1 E1-4 0.273 0.160 0.044 27.3 
Wall, north E1-5 0.039 0.150 0.014 09.4 
Wall, near north-east corner E1-6 0.153 0.800 0.058 07.3 
Wall, near maze to cyclotron E1-7 0.153 2.920 0.055 01.9 
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Figure 3: Survey results on the levels below the cyclotron compared with the prediction 

 

Location No. 
μSv/hr 

measured 

mSv/yr (reference 
treatment model) 

MCNPX 

mSv/yr (reference 
treatment model) 

measured 

Factor measured/ 
predicted with 
MCNPX in % 

Cooling water room, basement E0-1 0.909 0.160 0.145 90.9 
HF generation room, basement E0-2 0.065 1.600 0.010 00.7 

 

Figure 4: Survey results above the cyclotron compared with the prediction 

 

Location No. 
μSv/hr  

measured 

mSv/yr (reference 
treatment model) 

MCNPX 

mSv/yr (reference 
treatment model) 

measured 

Factor measured/ 
predicted with 
MCNPX in % 

Physician room, upper level E2-1 0.216 0.800 0.035 04.3 
Kitchen, upper level E2-2 0.1780 0.890 0.028 03.2 
Roof above cyclotron E2-3 0.094 0.320 0.015 04.7 
Roof above degrader E2-4 0.098 0.100 0.015 14.7 
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Discussion and conclusions 

Looking at these three tables one can find that two major groups of survey points are apparent: 

• Group 1 with survey results near prediction (10-100%). 

• Group 2 with survey results less than 10% of prediction. 

Evaluating this in detail a dependence on concrete compositions seems to be a likely result: 

• Group 1 was measured at locations with normal concrete between source and survey point. 

• Group 2 was measured at locations with heavy concrete mixtures between source and survey 
point. 

In the case of almost only normal concrete as shielding between radiation source and reference 
point the agreement between prediction and result is fairly good (no safety factor was used for 
prediction). In the case of significant shielding constructed of heavy concrete, an evaluation of 
concrete samples showed a larger density than that specified which results in a significantly higher 
shielding factor due to relatively thick walls. 

Based on the reference treatment model the shielding targets are met. The calculations provided 
results on the safe side. 
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Abstract 

A typical particle therapy facility may consist of an injector, a cyclotron or a synchrotron, a high 
energy transport beam line, several treatment rooms including fixed beam and gantry rooms, and 
sometimes even a research area. Each of these areas requires shielding. At these facilities maximum 
proton energies typically range from about 230 to 250 MeV, while carbon ions may have energies that 
extend to a maximum of 320 MeV/u to 430 MeV/u. Shielding calculations can be facilitated if there 
are computational models comprised of source terms and attenuation lengths that are independent of 
geometry. Agosteo, et al. have derived such models for concrete shielding for 400 MeV/u carbon ions 
and 100-400 MeV protons. However, no data has been published for 430 MeV carbon ions, or for 
composite barriers. In this paper preliminary computational models for shielding design with concrete 
and composite barriers are presented. The models are based on FLUKA simulations for 430MeV/u 
carbon ions incident on a tissue target. Some data is also provided for carbon ions incident on an iron 
target. The neutron spectra at forward and large angles, as well as the relative contributions of 
neutrons, protons and pions and photons to total dose are also shown. 
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Introduction 

There are currently about twenty five operational particle therapy facilities world wide with three 
facilities actually treating patients with carbon ions. Another 13 facilities or so are in the design or 
construction stage. Some of these facilities will also have carbon ions. A typical particle therapy 
facility may consist of an injector, a cyclotron or a synchrotron, a high energy transport beam line, 
several treatment rooms including fixed beam and gantry rooms, and sometimes even a research area. 
Each of these areas requires shielding. At these facilities maximum proton energies typically range 
from about 230 to 250 MeV, while maximum carbon ion energies may range from 320 MeV/u to 
430 MeV/u. For treatment rooms, the target for carbon ions is the patient (tissue). For the machines 
and beam lines, the target is a beam line component such as the vacuum chamber or magnet, etc. The 
magnets are usually made of iron. 

Performing complete Monte Carlo calculations for a specific room design is time consuming and 
should be avoided during the preliminary design phase, since the room configuration and shielding 
thicknesses are susceptible to change and various iterations, as the layout is being finalised. Thus, 
shielding calculations can be facilitated if there are computational models comprised of source terms 
and attenuation lengths that are independent of geometry [1]. Also since space is a premium, large 
thicknesses of concrete shielding can often be replaced by smaller thicknesses of composite shields, 
i.e. shielding consisting of a combination of metal (such as steel) and concrete.  

Agosteo, et al. have derived such models for concrete shielding for 400 MeV/u carbon ions and 
100-400 MeV protons [1-3]. However, no data has been published for 430 MeV carbon ions, or for 
composite shields. In this paper preliminary computational models for shielding design with concrete 
and composite shields are presented. The models are based on FLUKA simulations with 
430MeV/u carbon ions incident on a tissue target [4]. Some data is also provided for carbon ions 
incident on an iron target. 

Simulations 

Computational models that are independent of geometry can be described by the following Eq. (1): 
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where:  H is the dose equivalent at the outside the shield; 

H0 is source term at an angle θ with respect to the incident beam, and is assumed to be 
geometry independent; 

 r is the distance between the target and the point at which the dose equivalent is scored; 

 d is the thickness of the shield; 

 d/g(θ) is the slant thickness of the shield at an angle θ; 

 λ(θ) is the attenuation length at an angle θ; 

 g(θ) = cosθ for forward shielding; 

 g(θ) = sinθ for lateral shielding; 

 g(θ) = 1 for spherical geometry. 

Agosteo, et al. have derived such models for 400 MeV/u Carbon ions and 100-400 MeV protons [1-3]. 
These studies were performed with FLUKA using experimental data as a neutron source, since heavy 
ion reactions in Monte Carlo codes were not available until recently. Further, experimental data were 
available for only a limited number of ions, targets and energies. The heavy ion interaction model is 
implemented in the most recent versions of FLUKA (since 2004) and has been successfully 
benchmarked with existing experimental data [4]. Full ion transport and interactions for beams and 
targets of interest can now be simulated. 
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Since there is no data available in the literature for 430 MeV/u carbon ions, Monte Carlo 
calculations were performed using FLUKA. The simulations were performed so that source terms and 
attenuation lengths in concrete and composite barriers could be determined for 430 MeV/u carbon 
ions. A monoenergetic pencil beam of carbon ions was allowed to strike the target, placed at the 
centre of a spherical concrete shell with an inner radius of 4 m and an outer radius of 9.1 m. The inner 
radius of 4 m was chosen because it was representative of typical treatment room dimensions, and 
further it was also felt that effects due to curvature would be insignificant. The regions between 4 m 
and 9.1 m were divided into 17 shells each of thickness 30 cm. The shells were further divided into 
polar sectors to facilitate determination of the angular distribution of the calculated fluence. Four 
polar sectors were used: 0-10 degrees, 10-30 degrees, 40-60 degrees and 80-100 degrees. Volume 
averaged fluences were scored for all particles in each sector. The most current fluence to ambient 
dose equivalent conversion coefficients available in the FLUKA package were used to convert the 
fluences to ambient dose equivalent (H*10) [6]. 

Two types of targets were used, the ICRU tissue sphere (15 cm radius, 76.2% o, 10.1% H, 11.1% C 
and 2.6% N,) and an iron stopping target of radius 5.8 cm, and length 6 cm [7]. Since the concrete shell 
was fairly thick (5.1 m) variance reduction techniques (importance biasing with Russian Roulette and 
splitting) were used. Simulations were also performed with some of the inner layers of concrete 
changed to iron, and all the concrete changed to vacuum. The electron production and transport cut-
off was 500 MeV. The photon production and transport cut-off was 100 keV. Errors were typically 
within few % at small angles and within 20% at large angles. 

Results and discussion 

Nuclear interactions of heavy ions such as carbon with matter arise either from grazing collisions or 
head-on collisions [8]. In grazing collisions, fragmentation of either the carbon ion or the in-target 
nucleus occurs. Fragmentation is the predominant mechanism. Head-on collisions are less frequent but 
result in the transfer of much larger amounts of energy and momentum compared to grazing collisions. 

The fragmentation of heavy ions is independent of the target material. It has been proposed that 
fragmentation of the heavy ion into nuclear products of smaller mass proceeds with little or no 
change in the mean velocity.  

Figure 1: Neutron energy spectra incident at concrete surface  
for 430 MeV/u carbon ions incident on ICRU tissue sphere 
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Nuclear fragmentation is described by the “abrasion ablation model” [9]. The first step is known 
as abrasion. In grazing collisions a small fraction of the nuclear material overlaps and this overlapping 
zone is known as the fireball. The abraded projectile pre-fragment keeps most of its initial energy 
while the abraded pre-fragment target remains at rest. The fireball recoils with an intermediate 
velocity. During ablation, the second step of fragmentation, the pre-fragments and the highly excited 
fireball evaporate nucleons and light clusters. The high-energy neutron components produced in the 
forward direction by a break up process and the momentum transfer from projectile to target nuclei 
are both higher for lighter nucleus and higher projectile energy than for heavier nucleus and lower 
projectile energy [9]. Thus more forward-directed neutrons will be produced in a stopping tissue target 
than in a stopping iron target, in the forward direction. 

Figures 1 and 2 show the neutron spectra from 430 MeV/u carbon ions incident on tissue at the 
concrete surface and at a depth of 4.8 m in the concrete, for 0-10 degrees and for 80-90 degrees. The 
fluence is in lethargy units (E × dϕ/dE, where E is the neutron energy and dϕ/dE is the differential 
fluence). The errors are not shown but are typically within 20%. 

In Figure 1, the neutron fluence at the large angles (80-100°) is much higher than the neutron 
fluence in the forward direction (0-10°) at the concrete surface. The neutron spectrum in the forward 
direction extends up to about 1 GeV in energy, while the spectrum at the large angle extends to about 
0.4 GeV. In both spectra the oxygen resonance peaks at 500 keV, and the evaporation neutron peaks at 
about 2.3 MeV are observed. A high-energy neutron peak is observed at about 340 MeV in the forward 
direction, while a broad peak is observed between about 20 and 50 MeV at the large angles. 

Figure 2: Neutron energy spectra at incident at 4.8 m depth in  
concrete for 430 MeV/u carbon ions incident on ICRU tissue sphere 
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In Figure 2, at a depth of 4.8 m in the concrete, the neutron fluence in the forward direction is 
higher than the neutron fluence at the large angles. This is because the forward directed radiation 
generates more neutrons as it traverses through the concrete. The neutron spectrum in the forward 
direction extends up to about 0.7 GeV in energy, while the spectrum at the large angle extends to 
about 0.35 GeV. In both spectra the oxygen resonance peaks at 500 keV, and the evaporation neutron 
peaks at about 2.3 MeV are observed. A high-energy neutron peak is observed at about 150 MeV in the 
forward direction, and at 125 MeV at the large angles. Thus the large angle neutron spectrum hardens 
as it traverses the concrete. The discontinuity seen at about 20 MeV in both figures for both spectra is 
the junction between the two models used in FLUKA for neutron transport. Neutron transport is based 
on cross-section library below 19.6 MeV and the intranuclear cascade model above 19.6 MeV. 
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Figures 3 and 4 show the dose per carbon ion in picoSieverts per particle normalised to 1 m  
(pSv-m2/p) as a function of concrete thickness for both iron (Fe) target and tissue targets in the 
0-10°and 80-100° directions. In the forward direction the doses in vacuum and concrete are higher for 
the tissue target when compared to the iron target whereas at the large angles the doses are lower for 
the tissue target when compared to the iron target. This is because more forward-directed neutrons 
will be produced in a stopping tissue target than in a stopping iron target as previously stated. For 
both targets there is a build up in dose in the first few layers of the concrete shield. The attenuation 
lengths reach equilibrium only after about a metre or more of concrete in the forward direction. 

Figure 3: Dose per carbon ion (0-10°) as a function of concrete thickness  
for 430 MeV/u carbon ions incident on ICRU tissue and iron targets 
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Figure 4: Dose per carbon ion (80-100°) as a function of concrete thickness  
for 430 MeV/u carbon ions incident on ICRU tissue and iron targets 
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Figures 5 and 6 show the relative dose contributions from various particles per carbon ion at 1 m 
from the tissue target as a function of concrete thickness. The errors are not shown but are typically 
within 20%. In the forward direction and at large angles neutrons are the largest contributor to the 
total dose. In the forward direction at a depth of 15 cm in concrete, about 66% of the dose is from 
neutrons, about 32% from protons, less than 2% from photons and less than 0.2% from charged pions. 
At greater depths the neutron contribution increases to about 95%. At large angles, the neutron 
contribution remains fairly constant (96%) at all depths, while the proton contribution increases from 
less than 1% to about 2% with increasing depths. Thus neutrons dominate the dose outside the 
shielding. The pion contribution is not shown in Figure 6 because of its poor statistics.  

Figure 5: Relative dose contributions at 0-10° per carbon ion at 1 m from ICRU tissue sphere 
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Figure 6: Relative dose contributions at 80-100° per carbon ion at 1 m from ICRU tissue sphere 

1.00E-10

1.00E-08

1.00E-06

1.00E-04

1.00E-02

1.00E+00

15 75 135 195 255 315 375 435 495

ConcreteThickness (cm)

R
el

at
iv

e 
D

os
e

Neutron

Proton

Photon

 



PRELIMINARY COMPUTATIONAL MODELS FOR SHIELDING DESIGN OF PARTICLE THERAPY FACILITIES 

SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 357 

Figure 7 shows the dose per carbon ion for a tissue target in the forward direction as a function of 
shielding thickness for a composite shield. 

Figure 7: Dose per carbon ion (0-10°) as a function of shielding thickness for  
430 MeV/u carbon ions incident on ICRU tissue sphere for composite shield 
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The data in Figure 7 were fitted with the classical two parameter formula as shown in Equation 1. 
The equilibrium attenuation length is given by the reciprocal of the exponent. The results are shown 
in Table 1 for three polar sectors and are valid for concrete thicknesses greater than 1.35 m. 

Table 1: Preliminary computational models for concrete and composite shield  
(concrete + iron) for 430 MeV/u carbon ions incident on ICRU tissue sphere 

Iron thickness 
(cm) 

0-10° 10-30° 40-60° 
H0

(Sv-m2/ion) 
λ (g/cm2) 

H0

(Sv-m2/ion) 
λ (g/cm2) 

H0 
(Sv-m2/ion) 

λ (g/cm2) 

000 (3.02±0.04) × 10–12 123.81±0.48 (4.81±0.06) × 10–13 133.09±0.74 (4.71±0.21) × 10–14 117.64±1.32
030 (1.25±0.02) × 10–12 123.12±0.38 (2.44±0.03) × 10–13 129.64±0.36 (1.91±0.08) × 10–14 119.38±0.48
060 (6.05±0.03) × 10–13 120.32±0.46 (1.11±0.04) × 10–13 128.66±0.70 (8.29±0.66) × 10–15 118.5±0.80 
090 (2.77±0.09) × 10–13 119.58±1.25 (5.27±0.29) × 10–14 126.09±0.80 (3.29±0.69) × 10–15 119.14±1.34
120 (1.33±0.05) × 10–13 117.68±0.91 (2.48±0.24) × 10–14 124.29±0.94 (1.34±0.68) × 10–15 118.83±2.89

 

The results indicate that for concrete thicknesses greater than 1.35 m, when there is no iron, the 
half value layers for concrete are about 36.5 cm, 39 cm and 34.6 in the 0-10, 10-30 and 40-60 degrees 
directions, respectively. In general the addition of 30 cm of iron provides a reduction in total dose by a 
factor of about 2. In the 0-10° direction, there is a slight softening of the spectrum with 60 cm of iron, 
compared to no iron, as can be observed by the change in attenuation length. In the 10-30° direction 
30 cm of iron produces a significant softening of the spectrum, with slight softening for additional 
thicknesses of iron. In the 40-60° direction, the iron does not appear to provide any significant 
softening of the spectrum. It is important to note that the source terms and attenuation lengths will 
depend upon the particle energy, the material and dimensions of the target, the angle of production, 
the fluence to dose equivalent conversion factors that are used, etc. Additionally the source terms and 
attenuation lengths will also depend on how good the fit is. 

Table 2 shows a comparison of doses from carbon ions incident on carbon and tissue targets. The 
various parameters under which the calculations have been made are summarised in the table. For 
carbon the calculated source strengths (Ipe 2006) are about 1.6 times higher than the published values 
(Agosteo 2001). As expected, the attenuation length for 430 MeV/u carbon ions is slightly higher than 
for 400 MeV/u carbon ions. Considering the many differences in the methodologies (target material, 
energy, use of measured neutron spectra as source, differences in conversion coefficients, differences 
in concrete), the factor of 1.6 difference between the two data sets is not surprising. The energy of the 
carbon ions in the present work (430 MeV/u) is higher, resulting in higher source strength. The target 
materials are different, i.e. carbon and tissue. The target thicknesses (20 cm vs. 30 cm) and dimensions 
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(5 cm vs. 15 cm) are also different. In the present work, the carbon ions were incident on a 15 cm 
radius ICRU tissue. In the published work, measured neutron spectra were used as the input for the 
source, which can lead to some error since the other secondary particles generated by the interaction 
of the carbon with the target are not included. 

Table 2: Comparison of computational models for carbon ions on carbon/tissue targets (0-10°) 

Parameter Agosteo 2001 Ipe 2006 
Particle Carbon Carbon 
Energy 400 MeV 430 MeV 
Target Carbon ICRU Sphere: Tissue 

Radius/lateral dimensions 10 cm × 10 cm 15 cm 
Length 20 cm 30 cm 

Angle (degrees) 0-10 0 to 10 
Source term (Sv-m2/particle) (1.93±0.04) × 10–12 (3.02±0.04) × 10–12 
Attenuation length (g/cm2) 120.98±0.21 123.81±0.48 

Monte Carlo code FLUKA FLUKA 2005 
Geometry Spherical concrete shells 20 cm thick, 

inner radius 90 m 
Spherical concrete  
shells 30 cm thick 

Concrete/density (g/cm3) TSF-5/2.31 Portland Cement/2.35 
Source Neutron source at centre with  

double differential spectra based on 
measurements by Kurasawa, et al. [9] 

Carbon ions incident  
on target at centre 

 

Conclusions 

Preliminary computational models have been derived for 430 MeV/u carbon ions incident on ICRU 
tissue for concrete and composite shields, for 0-10°, 10-30° and 40-60°. Some data has also been 
provided for carbon ions incident on an iron target. Neutrons are the dominant contributor to dose 
outside the shielding, and neutron spectra in the forward direction extend to energies of about 1 GeV 
for carbon ions incident on ICRU tissue target. 
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Abstract 

A proton therapy facility, which uses the proton beam of 70-230 MeV, has been constructed at the 
National Cancer Centre in Korea. The facility is now in the final phase of therapeutic beam validations 
to start the patient treatments this year. Along with the first use of the beams on November 2005 the 
radiation levels around the facility have been measured. The neutron equivalent doses near the doors 
of the treatment rooms and the cyclotron area, where the radiation leakages are mainly determined by 
the maze, are measured to be around 1-4 μSv/hr at the nominal proton dose rate. Some results of the 
measurements and Monte Carlo simulations are presented. 
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Introduction 

A proton therapy facility, which has been constructed at the National Cancer Centre in Korea from 
2002 [1], is nearly complete for the patient treatments to begin in 2006. The proton beam is produced 
from a 230-MeV fixed-energy cyclotron, and delivered to one fixed beam treatment room, two gantry 
rooms, and an experimental area. The beam energy for therapy is varied to control the depth of dose 
with the use of a graphite degrader, and the precise energy is selected by the energy selection system 
composed of sets of the vertical and horizontal slits. This mechanism of energy variation generates 
rather high dose of radiation, so that the radiation shielding has been carefully evaluated prior to the 
construction of the facility [2].  

The area monitoring systems of neutrons and gammas are installed around the facility as a 
measure for the radiation safety. The neutron equivalent doses are monitored in the main control 
room in real time, which is a convenient feature to identify the beam loss locations. On the other 
hand the gamma monitors are placed in the regions of major beam losses. 

The proton therapy equipment has an extensively redundant safety system. All the doors to the 
beam region are interlocked for instance, and the beam delivery is interrupted in a safe way whenever 
any unexpected incident occurs. The proton beam was first accelerated in November 2005, and the 
beam tests have been under way to check and validate the equipment. 

Major radiation safety concerns such as neutron equivalent dose rates in the public area and air 
ventilation in the treatment rooms have been checked by the Korea Institute of Nuclear Safety (KINS), 
and are found to conform to the regulation set by the Korean law. The facility has been operated with 
a careful monitoring of the radiation dose rates. 

Design of the radiation shielding 

The shielding design was initially based on that of the Northeast Proton Therapy Centre (NPTC) in 
Boston, MA because the main therapy equipments of the two facilities are similar, the same kinds of a 
230-MeV proton cyclotron and gantries being used [3]. First, some analytic evaluations [4] were made 
in the shielding design before we finalise the facility design. The calculation of the neutron doses 
using the Monte Carlo code MCNPX [5] is more realistic, but it took a longer time. Thus we used the 
MCNPX results primarily for the final confirmation of the shielding design. We also considered the 
different clinical beam time from the NPCT case, and the presence of a rather large experimental area 
was another factor included in the shielding calculation. The time and current of the beam allowed 
for proton-beam experiments are partly determined by the shielding wall thickness. The thickness of 
shielding wall is mostly over 1.5 m, so that evaporation neutrons are negligible, and the low energy 
neutrons passing the walls are in thermal equilibrium, which is a good approximation to use the 
analytic expressions of Tesch [4]. 

The building structure contains a large number of cable ducts penetrating the shielding walls. 
The proton therapy equipment is designed to place most of the electrical components in one room 
called power supply room. The cable ducts pass thru the shielding walls, and they are arranged to 
bear at least two bends to prevent any significant neutron leakage. 

Monitoring of the neutron and gamma doses 

The neutron area monitors (Ludlum Model 375) are placed around the facility to monitor the doses in 
the real time as shown in Figure 1. The monitors in the beam area clearly show the status of the beam 
delivery, which is a convenient feature in the operation of therapy beams. In fact the upper limit of 
neutron energy detected with a 25 cm polyethylene moderator and a BF3 detector is less than 12 MeV, 
so that the dose reading near the beam area is not correct, where the neutron energy can be above 
200 MeV. Neutron energy outside of the beam region is sufficiently moderated by the thick shielding 
wall or maze structures [6]. 

Figure 1 also shows the locations of the gamma monitors of a GM type. They are located in the 
major beam loss areas such as the cyclotron vault and the treatment rooms. 
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Figure 1: Neutron area monitor system around the facility and gamma  
detectors of the GM type in the cyclotron vault and the treatment rooms 

 

Further measurements and Monte Carlo calculations 

The neutron equivalent doses have been calculated around the facility using MCNPX and associated 
programs. These results together with the results of analytical evaluations have been used to validate 
the shielding design [2] and to apply for the permission to use the facility from the KINS. The main 
features of the building structure for the proton therapy equipment, which employs a cyclotron, have 
been better established these days with accumulated experiences from the existing facility and 
several new facilities being designed, and thus were kept for the NCC facility. 

The neutron dose rates depending on the proton energy were measured outside of the cyclotron 
vault and the treatment rooms at the nominal dose rates of around 2 Gy/min as part of validations for 
the KINS. Table 1 tabulates the measured doses at the gantry door for two different beam-stop 
materials when the beam current in the treatment room is 5 nA. The dose rate drops rapidly when it 
is measured away from the door. 

Table 1: Neutron dose rates at the gantry door at the nominal beam current of 5 nA 

Beam stop 226 MeV 150 MeV 
Water 3.8 μSv/h 0.8 μSv/h 
Brass 4.8 μSv/h 0.5 μSv/h 

 

The neutron equivalent doses were measured as shown in Figures 2 and 3 along the mazes of the 
cyclotron, fixed-beam and gantry rooms. One of our aims was to validate the MCNPX calculations in 
the light of the maze design, but it seemed to take more iteration for the final results to be acceptable 
(the results will be published elsewhere). The neutron dosimeter used was an EG&G Berthold with a 
25 cm diameter polyethylene moderator and a BF3 detector, for which the highest neutron energy 
detected is around 20 MeV. The dose reading was recently calibrated at the Korea Research Institute of 
Standards and Science. 

Beam losses occurring in the operation of the proton therapy equipment can be divided into two 
different modes. One is during the beam tuning of the cyclotron and the beam line. The beam usually 
stops at the beam stop position of the degrader during the tunings of the cyclotron and its beam 
extraction elements, while the extracted beam stops at other beam stops in the beam line tuning. The 
beam-stops are made of nickel, and the beam losses are well confined in this mode. The other loss 
mode occurs during patient treatments. Beam losses are then largely concentrated in the nozzle 
(therapeutic beam formation device) and in the inside of the patient or phantom. When the beam 
energy is lowered from 230 MeV in the energy selection system, a large loss of course occurs in the 
graphite degrader. 
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Figure 2: Locations of the dose rate evaluations in the treatment floors 

The evaluations are mainly made in the mazes of the gantry and fixed-beam treatment rooms, cyclotron vault 

 

The analytical estimations were made for reduction of the neutron doses along the maze of the 
gantry using the expressions given by Cossairt [7,8] as shown in Table 2, where the positions are 
labelled in Figure 2. A difficulty of using the analytical expressions is that the direction of neutron is 
different in each room as the direction of the proton beam differs, which is thought to cause 
considerable errors in the analytic evaluations.  

Table 2: Measurement and analytic values of the dose reduction along the gantry maze 

Position in the maze Measurement Analytical result 
1-2 0.061 – 
2-3 0.082 0.017 
3-4 0.065 0.073 
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Figure 3: (a) Measurement results of the neutron dose rates along the cyclotron maze. Receptor 
locations are indicated in Figure 2, (b) along the fixed-beam room maze, (c) along the gantry maze. 

230 MeV
230 MeV

(a) (b) (c)

 

Conclusions  

The radiation shielding of the proton therapy facility at the NCC has been checked with a series of 
measurements of the neutron equivalent doses around the facility. The central monitoring of the 
neutron doses in the main control room appears to be very useful in the beam operation. In addition, 
the neutron dose rates were measured along the mazes of the cyclotron vault and treatment rooms, 
being compared with the MCNPX calculations as an effort to verify the MCNPX calculations. These 
calculations will take more time to be finalised. 
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An overview of NCRP Report 151: Structural shielding design and  
evaluation report for megavoltage X- and gamma-ray radiotherapy facilities 

Nisy E. Ipe 
Consultant 

Shielding Design, Dosimetry and Radiation Protection 
San Carlos, CA, USA 

Abstract 

The new NCRP Report No. 151 presents recommendations and technical information pertaining to the 
structural shielding design and its implementation for megavoltage X- and gamma-ray medical 
facilities. The recommendations in this report supersede those of NCRP Report No. 49, and also 
address photon energies higher than 10 MV, and the resulting photo-neutron production. This paper 
provides an overview of the report. 



AN OVERVIEW OF NCRP REPORT 151 

368 SHIELDING ASPECTS OF ACCELERATORS, TARGETS AND IRRADIATION FACILITIES – © OECD/NEA 2010 

Introduction 

The new NCRP Report No. 151 addresses the structural shielding design and evaluation for medical use 
of megavoltage X- and gamma rays for radiotherapy [1]. This report supersedes NCRP Report No. 49, 
but does not include brachytherapy and X-ray installations operating at voltages less than 500 kV [2]. 
Thickness “look up” tables have been replaced by example calculations. Diagnostic facilities are 
addressed in NCRP Report No. 147 [3]. The report was the result of a joint effort of NCRP Scientific 
Committee 46-13 on Design of Facilities for Medical Radiation Therapy and the American Association 
of Physicists in Medicine. The committee members were James A. Deye (Chairman), James E. Rodgers 
(Vice Chairman), Raymond K, Wu, Peter J. Biggs, Patton H. McGinley and Richard C. McCall. The liaisons 
were Kenneth R. Kase and Marc Edwards. The consultants were Robert O. Gorson, Jeffrey H. Kleck and 
Nisy E. Ipe. 

New issues since NCRP Report No. 49 

NCRP Report No. 49 only addressed single energy therapy facilities with energies ≤ 10 MV [2]. NCRP 
Report No. 151 includes dual energy machines and energies above 10 MV [1]. Several new treatment 
techniques and modalities such as total body irradiation, intensity modulated radiation therapy 
(IMRT), and stereotactic radio surgery (SRS) i.e. CyberKnife®) and tomotherapy are addressed. The 
design of rooms without mazes and the use of laminated or composite barriers are also covered. More 
published data on empirical methods and on neutron production, capture gamma rays, IMRT factors, 
have been included. The report is comprised of seven chapters and three appendices. 

Chapter 1: Introduction 

The first chapter covers the purpose and scope of the report. It includes quantities and units, 
definitions of controlled and uncontrolled areas, workload, use factor, occupancy factor, primary and 
secondary barriers; basic principles of shielding; types of radiotherapy facilities; and general concepts. 
It also includes the need for qualified experts to perform the shielding design and participate in the 
various stages of the project such as schematic design, design development, construction document 
preparation, and construction inspection. 

The quantity used for shielding design is the dose equivalent, and the unit is Sv. Controlled areas 
and uncontrolled areas are defined. Examination rooms are classified as an uncontrolled area. 

Different shielding design goals are used for controlled and uncontrolled areas, and are stated in 
terms of dose equivalent and not effective dose. When the shielding design goals are used in 
conjunction with the conservatively safe assumptions in the report, the shielding design goals will 
ensure that the respective annual effective doses recommended in NCRP Report No. 147 are not 
exceeded [3]. NCRP Report No. 151 recommends shielding design goals of 5 mSv/y and 1 mSv/y for 
controlled and uncontrolled areas, respectively [1]. Conservative assumptions in the report include 
the neglect of primary beam attenuation by the patient (~30%), perpendicular incidence of radiation in 
shielding calculations, maximum value for leakage radiation as recommended by IEC, high occupancy 
factors, minimum distance of 0.3 m to occupied area, use of safety factors, and the “two source rule” 
(i.e. procedure when more than one source is used).  

The workload is defined as the time integral of the absorbed dose rate determined at the depth of 
the maximum absorbed dose at 1 m from the source. It is usually specified over one week. It is 
estimated from the number of patients (or fields) treated in a week and the absorbed dose per patient 
(or field). For dual energy machines, the workload at the higher energy will determine the shielding 
requirement. New techniques such as intensity modulated radiation therapy (IMRT) can result in 
leakage workloads that are significantly higher than for conventional therapy. 

Use Factor is the fraction of the primary-beam workload that is directed toward a given primary 
barrier, and will depend on the installation. A traditional facility will usually have a symmetric 
distribution of gantry treatment angles. However for a facility using Total Body Irradiation (TBI) the 
use factor will be much larger in the direction of the TBI treatments. 
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The Occupancy Factor (T) for an area is the average fraction of time that the maximally exposed 
individual is present while the beam is on. The occupancy factor is not the fraction of time that an 
area is occupied, but rather the fraction of time it is occupied by a single person who spends time there. 

A qualified expert is defined as a medical physicist or health physicist who is competent to 
design radiation shielding in radiotherapy facilities, and who is certified by the American Board of 
Radiology, American Board of Medical Physics, American Board of Health Physics, or Canadian College 
of Physicist sin Medicine. Radiation shielding shall be designed by a qualified expert. The latter shall 
also review final drawings and specifications before construction, perform construction inspection. 

New techniques such as TBI, IMRT, and SRS and SRT (Stereotactic Radiation Therapy) result in 
significant changes in the workload and use factors when compared to conventional therapy. 

Shielding design reports, construction or as-built drawings, radiation survey reports and 
mitigating measures are required to be maintained by the facility 

Chapter 2: Calculational methods 

The second chapter is devoted entirely to calculational methods. Standard approaches for determination 
of the thicknesses of primary and secondary barriers, and the widths of primary barriers are discussed. 
Also included are patient scatter and wall scatter. An empirical method for determination of neutron 
dose from primary laminated barriers is also included. Treatments of doors and mazes for both low 
energy (≤ 10 MV) and high energy accelerators (> 10 MV) are provided, including calculation of neutron 
and photon dose equivalents at the maze entrance. Design issues with direct shielded doors which 
are used when space is a premium, are also discussed. 

Equations for the transmission of primary and secondary barriers are similar to those provided in 
NCRP Report No. 49 [2]. For secondary barriers, if the thickness required for leakage and scattered 
radiation is about the same, one Half Value Layer (HVL) is added to the larger of the two barrier 
thicknesses. If the two components differ by a Tenth Value Layer (TVL) or more, the larger barrier 
thickness is used. 

Laminated barriers consisting of steel or lead, and concrete are used when space is a premium. 
For accelerating voltages above 10 MV, neutron production occurs in the lead or steel and should be 
taken into consideration in the shielding calculations. 

The various components to dose at the maze entrance include primary radiation scattered from 
the walls, leakage radiation scattered from the walls, primary radiation scattered from the patient and 
leakage radiation transmitted through the inner maze wall. For high energy machines the neutron 
dose equivalent at the door from neutrons scattering along the maze, and the capture gamma rays 
must also be considered. A second turn in the maze can reduce the neutron dose by about a factor of 
two or three. 

Neutron dose at the maze entrance can be reduced by reducing the opening at the inside maze 
entrance and/or adding a borated polyethylene door or a light weight door containing boron, at the 
inner maze entrance. 

Direct shielded doors are used when space is a premium. These doors are very heavy and consist 
of a combination of high-z material such as lead or steel and polyethylene/borated polyethylene. 
These doors require either a sufficient overlap with the wall or a shielded door stop. 

Chapter 3: Workload, use factor, and absorbed-dose rate considerations 

The third chapter describes the various treatment modalities such as conventional procedures, total 
body irradiation, intensity modulated radiation therapy and dedicated purpose machines, and their 
associated workloads. The use of a measured instantaneous dose-equivalent rate (IDR), with the 
accelerator operating at maximum output does not represent true operating conditions. Thus the 
concepts of weekly averaged time dose-equivalent rate (TADR), and the in-any-one-hour time averaged 
dose-equivalent rate are introduced. The TADR is the barrier attenuated dose-equivalent rate averaged 
over a specified time or period of operation and is proportional to IDR and depends on values of W and U. 
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Chapter 4: Structural details 

Structural details are covered in the fourth chapter. The need for interlocks, warning lights and 
requirements for control console are stressed. The properties of various commonly used shielding 
materials such as ordinary concrete, heavy concrete, lead, steel, polyethylene, paraffin, earth and 
wood are summarised. The impacts of rebar and form ties used for construction on the shielding of 
photons and neutrons are discussed. Requirements for the handling of joints and junctions are 
provided. Shielding of ducts and penetrations are also covered. Special topics such as lead-only rooms 
and beamstoppers are also covered. 

Chapter 5: Special considerations 

The fifth chapter includes skyshine, groundshine, side scatter, activation and ozone production.  
The skyshine equations are similar to those found in NCRP49. Groundshine may be a problem for a 
high-energy treatment room constructed with thin laminated barriers. Side-scatter may pose a 
concern for adjacent structures when the roof is thin. 

For high-energy accelerators, thermal neutron activation in aluminium (couch frame), antimony 
(lead shielding in accelerator head), and concrete have been observed. For electron beams, ozone 
production represents a safety hazard, and therefore normal clinical use of electron beams requires a 
room ventilation rate of about three room changes per hour. 

Special considerations for various treatment methods and machines such as tomotherapy, 
robotic arm (CyberKnife®) and dedicated intraopertive radiotherapy units are discussed in this 
chapter. For tomotherapy even though the primary beam is reduced in width, the number of monitor 
units delivered to the isocentre is very large compared to the dose in centigray, because the beam 
rotates around the patient several times. For the CyberKnife®, the average ratio of monitor units to the 
dose in centigray is also quite high (~15), but the use factor for the primary beam is much lower (0.05). 

Chapter 6: Shielding evaluation (surveys) 

Shielding evaluation is covered in Chapter 6. New facilities and modified old facilities require shielding 
evaluation and radiation surveys. An inspection of the facility during construction is recommended. 
Testing requirements for interlocks and restrictive devices are mandatory. Appropriate warning signs 
and lights are required. 

Radiation surveys are required in order to ensure that personnel exposures are within design 
goals and time-averaged dose equivalent rates. Portable ionisation chambers with both rate and 
integrate modes and a range extending to 50 mGy/h are recommended for photon measurements 
outside the barriers. For accelerators operating above 10 MV, neutron surveys should also be performed. 
Primary barriers should be surveyed with a maximum field size and without a phantom in the beam. 
Gantry angles of 0, 90, 180 and 270 degrees, as well as oblique angles that intercept wall-floor 
intersections should be used. Where groundshine may be of concern, wall-floor intersections should 
also be surveyed. Secondary barriers should be surveyed with a phantom in the primary beam and the 
collimators fully open. Measurements should also be made outside the facility and in adjacent 
buildings when skyshine or side-scatter is of concern. Items that need to be included in the shielding 
evaluation report are also discussed in detail. 

Chapter 7: Examples 

Detailed examples of calculations are provided for a conventional dual energy treatment unit with 
maze, with IMRT, and for a robotic stereotactic radiosurgery room in Chapter 7. 

Appendix A: Supporting data (figures) 

Supporting data consisting of figures with average HVLs and TVLs (equilibrium) for broad beams of 
various shielding materials as a function of energy are provided. The materials include water, hollow 
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brick, concrete, heavy concrete, iron, lead, tungsten and uranium. Primary TVLs for concrete, heavy 
concrete, iron and lead are also provided as a function of energy up to 50 MeV. Calculated dose 
equivalent (including neutron capture gamma rays) transmitted per unit fluence of neutrons are 
shown as a function of concrete slab thickness for various average neutron energies ranging from 
thermal to 2.7 MeV. 

Appendix B: Supporting data (tables) 

Suggested Occupancy Factors differ from those found in NCRP 49. Occupancy Factors vary from 1 for 
fully occupied areas to as low as 1/40 for very low occupancy areas such as outdoor areas with only 
transient pedestrian or vehicular traffic, etc. 

Primary barrier TVLs for concrete, steel and lead are included for Co-60 and photon energies 
ranging from 4 to 30 MV. Properties of various shielding materials such as ordinary concrete, heavy 
concrete, lead, iron and polyethylene are included. TVL for leakage radiation in ordinary concrete are 
also included. 

Patient scatter factors for various angles and various energies including Co-60 are provided. TVL 
for various scatter angles for concrete and lead are also included, as well as mean energies of patient 
scattered radiation as a function of scatter angle and endpoint energy. Differential dose albedos for 
concrete, lead and iron for various energies including Co-60 are provided. 

Neutron yields for various energies and manufacturer types are provided. A graph of neutron 
source strength as a function of nominal end point energy is also included. 

Appendix C: Neutron monitoring for radiotherapy facilities 

Neutron measurements inside the treatment room are fraught with difficulties because of photon 
interference from the primary photon beam, its pulsed nature, and high intensity. Further the 
requirement of measuring neutrons with energies ranging over several decades from thermal to 
several MeV precludes the use of a single detector for accurate measurement. Additionally neutron 
detectors can have photon-induced reactions. Thus active detectors can only be used outside the 
treatment room and at the outer maze area, while some passive detectors can be used inside the 
treatment room and inside the primary photon beam.  

Active monitoring usually relies on moderating fast neutrons until they reach thermal energies, 
and include the use of rem and fluence metres. Passive methods include the use of activation 
detectors such as moderated gold and indium foils and phosphorous powder, thermoluminescent 
dosimeters (TLD), solid state nuclear track detectors, and bubble detectors. The various types of 
detectors and their advantages and disadvantages are discussed. Examples of some commercially 
available detectors are also provided. 

Conclusions 

An overview of the new NCRP Report 151 comprised of seven chapters, and three appendices has been 
provided. This report though mainly intended for individuals specialising in radiation protection and 
shielding design, will also be of use to architects and other professionals involved with the planning of 
new radiation therapy facilities. 
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Abstract 

A 13 MeV cyclotron facility for radiopharmaceutical production and nuclear experiment will be 
constructed at Pusan National University (PNU) in Korea. Due to the proton-induced reactions 
between thresholds and the maximum energy of 13 MeV, the working area in the vault will be 
restricted during operation and after shutdown. Identification of neutron production radionuclides and 
a evaluation of the dose rate in the vault are required as guiding principles of radiation protection. 
Decay gamma-ray dose rates by secondary gamma radiation from the 1.5 m thick concrete will be 
calculated using MCNP code and the inventory code, FISPACT in this study. 
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Introduction 

The cyclotron laboratory at Pusan National University (PNU) will have a 13 MeV proton source that 
will be used for producing radiation isotopes for PET and performing nuclear physics experiments. 
Various radiations are emitted when an accelerated proton beam bombards components of laboratory, 
such as water target, beam dump and concrete. As a result, there is a probability that high energy 
gamma and neutron could penetrate shielding material. Neutrons can undergo inelastic and elastic 
scattering in the shielding material and be slowed down enough for capture reactions to occur. There 
are many elements in an accelerator facility that become activated by neutron. Gamma rays are 
emitted from activated material. 

On demand for effective radiopharmaceutical supply for increasing PET centres in Korea a total 
of seven regional cyclotron facilities have been being built at universities and university hospitals 
with government support. The regional cyclotron centres also perform research in nuclear science 
and develop peripheral equipments for extensive operation of a 13 MeV proton cyclotron. The cyclotron 
is operated at a typical beam current of 30 μA, which generates high-flux neutrons at the cyclotron 
vault. Such neutrons highly activate surrounding materials to produce gamma rays for a long time. 
Therefore, design of radiation shielding is the most critical issue to keep radiation dose to operators 
under the allowed limit.  

In this paper, radiation shielding design for the cyclotron vault was carried out by MCNPX.  
In modelling the shielding wall geometry two configurations are taken into account. One is a bulk 
configuration of shielding wall and the other is a three-layer configuration for more detailed study. 
Neutron flux at each segment, so-called cell, of the vault structure was calculated by using MCNPX. 
From this result, the identification of radionuclides which emit decay gamma-rays in the shielding 
concrete after shutdown and the induced activity is determined. Gamma ray production from 
radioactive nuclides through neutron activation was evaluated by the transport code, FISFACT. Finally, 
the absorbed dose was calculated with the flux-to-dose conversion factors, ANSI/ANS-6.1.1-1977 [1]. 

Calculation 

The calculations were carried out using a proton source from a cyclotron, KIRAMS-13 [2], the water 
target was H2

18O, developed so as to produce radiation isotopes for Positron Emission Tomography 
(PET) by the Korea Institute of Radiological and Medical Sciences. It has the ability to accelerate proton 
and deuteron with 60 μA. The maximum proton energy was 13 MeV, and the radio frequency was 
77.3 MHz. This facility is composed of cyclotron room where the cyclotron will be installed, 
experimental room for performing the nuclear experiments, room for staff, room where the 
equipment will be installed for producing [18F] FDG and passage as shown in Figure 1. 

Figure 1: View of the cyclotron facility at PNU 

The cyclotron will be installed in the cyclotron room 

Cyclotron room 

Experimental room 

Office 

Entrance 

Room

for producing FDG 
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When a proton beam is accelerated to 13 MeV, a neutron is promptly induced by a nuclear 
reaction with the water target. The neutron that could be generated by a lost proton in the cyclotron 
body is not considered. There is no detailed information about the target system for producing 18F. 
The thickness of the water target used for producing FDG (18F) H2 18O is 3 cm and the beam dump is 
5 cm. The distance from the centre of the beam line of the cyclotron and water target to floor is 1.4 m. 

The room where the cyclotron is installed will be cut from the overall structure for calculating 
gamma-ray dose rate as shown in Figure 2. The calculation of neutron flux and dose rates was 
performed with two cases. The first case is shown in Figure 2 with shielding concrete as one block on 
each side (model 1). The thickness of the shielding concrete is 1.5 m. Another concrete for isolating 
the cyclotron from the outside is 0.3 m. The concrete thickness of the ceiling and floor is 1.5 m and 
1.26 m, respectively. In the second case, the cell structure of the shielding concrete on the passage 
and experimental room was divided into 3 parts (model 2) from Figure 2. The chemical composition of 
the shielding concrete is given by Carroll, et al. [3]. 

Figure 2: View of the cyclotron facility used for calculating decay gamma-ray  
dose rates, showing 1.5 m thickness shielding concreted door (model 1) 

Also the shielding concretes (#1, #2) and door(#3) were divided into three parts, where the thickness of each concrete cell is 
50 cm( model 2) as like #1-1 (inside), #1-2 (middle) and #1-3 (outside). Location of spherical phantoms of 30 cm diameter, filled 
with O, C, H and N, that are used for calculating the decay gamma-ray dose rates, eight phantoms are located at the outside of 
the shielding concrete and one phantom was installed in the inner shielding concrete. A lateral view of the facility is shown in 
thre red box. 

 

A spherical phantom [4] was used for calculating gamma-ray dose rates as shown in Figure 2. The 
distance from the shielding concrete to phantom is 0.2 m and from floor to centre of the phantom is 
1.4 m. The phantom sphere was made of tissue equivalent material with a density of 1 g/cm3, a 0.3 m 
diameter and a mass composition of 76.2% O, 11.1% C, 10.1% H and 2.6% N. Phantom 4 was located 
toward the beam direction so as to evaluate beam direction dose rates. Phantom 6 was located at the 
gap between the door and the pillar, Phantom 7 was installed in the inner cyclotron room and the two 
spherical phantoms were laid on the ceiling and below the floor. 
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The process for estimating the gamma-ray dose rates follows that of previous studies [5,6]. The 
method for evaluating the effective dose is divided into three parts. The first part is a neutron spectrum 
calibration; the second is a photon spectrum calibration and identification of the radionuclides; and 
the third part is a decay gamma-ray dose calculation. Necessary information, such as the neutron 
spectrum for the activation analysis, was derived using the MCNP code. The output includes the 
gamma-ray spectrum due to the activated concrete structure, which is used in the MCNP photon 
transport calculation to obtain the absorbed dose using the FISPACT code. This study adopted the 
methodology of ANSI/ANS-6.1.1-1977 [1] as the flux-to-dose conversion factors. 

Results 

The spectra of the neutron flux that penetrated the concrete were obtained by MCNPX so as to be used 
as the input file of FISPACT code (Figure 3). A comparison between the neutron flux that was 
calculated for the one block concrete (model 1) where the thickness is 1.5 m (Figure 2) and those for 
the each cell of the shielding concrete divided into three parts (model 2) where the thickness is 0.5 m 
is performed using MCNPX output. The ratio for the two results shows the dependency of absorption 
or penetration on thickness, previously reported energy distributions and whether these results could 
be distinguished from previous results [3,7-12]. A high proportion of hydrogen in concrete is the most 
effective means of scattering because the hydrogen cross-section increases with decreasing fast-neutron 
energies. Thus, the first scatter with hydrogen effectively removes the neutron from the fast energy 
region. In this study and in Carroll, et al. [3], the proportion of hydrogen was 10.47%. 

Figure 3: (a), (b) and (c) Neutron flux obtained from shielding  
concrete divided into 3 parts from Figure 2 and (d) from one block model 

(a) (b)

(c) (d)
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Figure 4: The produced radionuclides (a) in concrete (b) in air 

 (a) (b) 

 

Radionuclides in the concrete, #2, and air from model 1 generated by neutron reactions in the 
concrete and air, that result in decay gamma-ray source, are shown in Figure 4. The total radiated 
dose rates is 1.84 × 106 rem/h in concrete #2 that is exposed for 1 hour. 16N, 28Al and 24Na were the 
dominant radionuclides for 20 minutes after operation shutdown. Especially, the half-life of 16N is the 
very short however the intensity is very large as 1.28 × 106 rem/h (t1/2 = 7.13 s). Therefore it contributes 
to the decay gamma-ray dose rates for an instant after shutdown. The half life for 28Al, is 2.24 min, so 
28Al is absent after 1 hour. In the case of 24Na, it largely contribute to the gamma-ray dose rates after 
20 minutes, since the half lives 24Na is 14.959 h. The radiation of concrete is rapidly decreased toward 
about 4 × 10–2 rem/h because 54Mn is a long-lived radionuclide (t1/2 = 312 d). The air is composed of C, N, 
O and Ar, and contained radionuclides that contribute to the radiated dose rates after irradiation.  
15C (t1/2 = 2.449 s), 13N (t1/2 = 9.965 m) and 16N (t1/2 = 7.13 s) were the dominant radionuclides after 
shutdown. The total radiated dose rate in the air was 2.29 × 107 rem/h due to neutrons [Figure 4(b)]. 
However the half-life of most radionuclides generated by neutron reactions are very short except 37Ar 
(t1/2 = 35.04 d). They contribute little to the exposure dose after 1 day. 

A sphere of water with 15 cm in radius was used to estimate gamma-ray dose rates through 
concrete and air. One was placed in the cyclotron room, which provided dose information. The results 
calculated in the case of Figure 2 are shown in Figure 5. In the case of model 1, the decay gamma-ray 
dose rates of the phantom that was located at the inner cyclotron room is 0.527 mrem/h after shutdown.  

The results from the other phantoms are 0.9 ~ 0.46 × 10–3 mrem/h. Furthermore in the case of 
model 2, the dose rate of the inner cyclotron room is 0.531 mrem/h. The other phantoms are  
0.928 ~ 0.1.70 × 10–3 mrem/h after shutdown.  

Figure 5: (a) The decay gamma-ray dose rates from one block concrete  
model and (b) from the shielding concrete model divided into 3 parts 

The yellow line was estimated at the inner cyclotron room after shutdown.  
The other lines were calculated at the outside of the shielding concrete. 

 (a) (b) 
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Figure 6: Comparison of the two models 

The solid red line, model 1, is the decay gamma-ray dose rates of the one block shielding concrete model (model 1)  
and the black line, model 2, is that of the shielding concrete model divided into three parts(model 2) 

(a) (b)

  
(c) (d)

 

The comparison of the two models from Figure 2 was performed in order to obtain the 
gamma-ray dose rates with good accuracy. In the case of phantom @4, @5 and @6 located at the 
outside of the 1.5 m one block shielding concrete wall, gamma-ray dose rates are 5.52 × 10–3, 5.70 × 10–3 
and 5.28 × 10–3 mrem/h. On the other hand, gamma-ray dose rates for model 2 are 1.752 × 10–3, 
1.70 × 10–3 and 2.26 × 10–3 mrem/h. The gamma-ray dose rate is affected by the concrete geometry 
because absorption of neutrons is related to the thickness of shielding material. The dose rate shown 
in Figure 5 (d) is also influenced by the thickness of shielding material so that gamma-ray dose rates, 
0.53 × 10–1 mrem/h, of model 1 is similar to that, 0.53 × 10–1 mrem/h, of model 2 because neutrons were 
absorbed in the first divided concrete, #1, #2 and #3, as shown in Figure 3. 

These accuracy results indicated that we can adjust the operational parameters from radiation to 
protect workers and equipment if the thickness of shielding concrete is properly selected. We expect 
that these preliminary calculations of the gamma-ray dose rates for a various concrete geometry will 
contribute to the proper design and construction of radiation shielding. Those calculations offer 
guiding principles for safety when maintenance or repair is carried out near a cyclotron. 

Conclusions 

A 13 MeV cyclotron facility for radiopharmaceutical production will be constructed as Pusan National 
University (PNU) in Korea. Radiation safety is an important issue for high intensity proton accelerators 
due to radiation hazard from neutrons and gamma-rays. Induced radionuclides in the 1.5 mthick 
concrete walls dominate the contributions to decay gamma-ray dose rate with 1.84 × 106 rem/h after 
irradiation for 1 hour. A few differences for gamma-ray dose rates outside the shielding concrete is 
shown from the comparison between the one block shielding concrete model and shielding concrete 
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model divided into three parts. From this result, we can obtain improved accuracy for shielding 
concrete divided into many parts. However the work requires a very large calculation time to obtain 
the detailed neutron flux distribution in the overall region required to determine radiation dose rates. 
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Abstract 

Measurements of dose rate for photons and neutrons have been performed in 18 MeV X-ray 
radiotherapy rooms by using glass dosimeter and CR-39. Dose rates in the maze and outside of the 
shielding door were also measured by using ionisation chamber and rem-counter. 

The measured values were compared with calculated ones by using MCNP5 and empirical formula. 
For MCNP5 calculation, good agreements of photon dose rates were observed except few measured 
points, but overestimations for calculated neutron dose rates of about factor 2-4 were observed in the 
treatment room, except outside of the shielding wall. Investigations for the thickness of the target 
shield and the difference of the used nuclear data libraries were performed, but we could not solve 
these discrepancies. Good agreements in the maze were also observed between measured value and 
calculated results by empirical formula, though there existed large discrepancy of the calculated 
results outside of the shielding door greater than 1 order of magnitude. 

To improve the accuracy of MCNP5 calculation, further investigation of layout and composition of 
structural and shielding materials around the target would be very necessary. 
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1 Introduction 

We have indicated the validity of Monte Carlo calculation method for the estimation of penetrating 
dose rate behind the laminated shielding wall composed by concrete and iron at the last SATIF 7th 
meeting which was held in 2004 at Lisbon, Portugal [1]. It was found that the precise estimation of 
neutron dose rate produced by (γ,n) reaction in the iron and secondary photon dose rate produced by (n,γ) 
reaction in the rear concrete was very important for obtaining the dose rate behind the shielding wall. 

The investigation of dose rate distribution of neutrons in the treatment room, which were 
produced by (γ,n) reaction around the target and its shielding materials isotropically, is also very 
important for the estimation of exposure to patients from the safety stand point of view. 

In this study, the measurements of neutron dose rate around the target of 18 MeV electron linac 
for medical use have been performed and compared with the calculated results by the Monte Carlo 
calculation code MCNP5 with its related nuclear date libraries. 

We have also measured neutron and photon dose rate along the maze to verify the Monte Carlo 
calculation code system and the empirical calculation method. 

2 Measurement 

2.1 Irradiation condition 

The plain view of 18 MeV electron linac treatment room is shown in Figure 2.1. 

The linac was Varian CLINAC23EX which accelerating energy was 18 MeV and the dose rate at the 
isocentre was 6 Gy/min. Figure 2.2 shows the characteristics of beam condition of linac. The peak 
current and pulse width is 30 mA and 4 μs, respectively. The repetition period was 188 pulses per 
second and the average current of the linac was 22.6 μA. 

Figure 2.1: Plain view of 18-MeV electron linac facility 
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Figure 2.2: Beam condition of 18 MeV linac 
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2.2 Detectors 

Since the nature of accelerator beam is pulsed one and the photon field is highly intense, the active 
detectors could not be adopted around the target. Passive detectors, CR-39 and glass dosimeters, 
were adopted for the measurement of dose rate of neutrons and photons, respectively. The measured 
position was along the beam line in the direction of 0 degree for neutrons and those of 45, 90, 135, 180, 
225 and 315 degrees for neutrons and photons. We have also measured the distribution of dose rate of 
neutrons and photons in the vertical plain of the isocentre. The irradiation periods were varied from 
1 minute to few minutes. 

In the outer maze area where the influence of the primary beam would not be so high, we have 
adopted the rem-counter (Aloka TPS-451C) and ionisation detector (Victoreen 450-DE-SI) for the 
measurement of neutron dose and photon one, respectively. The measured positions were along the 
maze and outside of the shielding door. 

3 Calculation 

3.1 Around the target 

Neutron and photon dose rate calculation by MCNP5 [2] was performed. The block diagram of 
calculation code system is shown in Figure 3.1. 

The calculational condition is listed in Table 3.1. Since the detailed information of the structure 
and material around the target would not be well informed, we have simply modelled the structure 
around the target shown in Figure 3.2. We have mainly adopted LA150 as the nuclear data library, but 
to investigate the difference to the other nuclear libraries, we have also calculated by using other 
libraries which were processed from KAERI and JENDL evaluated nuclear data files. The process code 
was NJOY code system. 

Figure 3.1: Block diagram of calculation code system 
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Table 3.1: Calculational condition of dose rate around the target 

Transport code MCNP5 
Cross-section library Neutron FSXLIB-J33 (JENDL-3.3) 

Photon & electron MCNPDATA 
Photonuclear LA150 (MCNPXDATA) 

Particle Neutron, photon, electron 
Target model Copper target (2 × 2 × 2 [cm3] of cubic) 

18 MeV electron (pencil beam incident vertically to rear surface of target) 
Tungsten collimator (cylinder: inner is 3 cm-radius, outer 4 cm-radius,  
5 cm-length; distance from target is 1 cm) 

Wall component Concrete (Type 02-a, density 2.3 [g/cm3]) 
Variance reduction None 
Cut-off energy 0.3 MeV for electron 
Tally Point detector and cell tally 
Number of sources 400-600 millions for electron 
Calculation time About 200 hours by 400 millions electrons (CPU: Intel Pentium-4, 3 GHz) 

 

3.2 Maze 

For the dose rate calculation along the maze, the empirical calculation method [3] was also performed 
in addition to the Monte Carlo calculation. The empirical equation adopted was as follows: 

 22
1 ba/TESEsl ×α××=   

where S: area of the wall that can be seen from the estimated position along the maze 
 E1: neutron dose rate (mSv/min) 1 m from the target 
 T: operation time 
 a: distance from the target to the maze centreline at the wall 
 b: centreline distance along the maze 
 α: scattering ratio for concrete, α = 0.11(cosθ0)2/3cosθ 

Around the maze it is estimated that the ratio of thermal neutrons to the total was 0.3. 

 ( )thslth EE.E += 30  

Total neutron dose will be:  

 slthsltotal E.EEE 431=+=  

Dose rate outside of the shielding door was estimated by using ANISN transport code and 
neutron dose rate was described by the combination of fast and slow neutron components. 

 ( ) ]eaae[EE xx
nn

1211 10
μ−μ− −+=  

where E0n: neutron dose rate without shielding door 
 x1: thickness of polyethylene 
 a, μ1, μ2: listed in Ref. [3] 

The attenuation of secondary gamma-ray by the polyethylene with boron was: 

 ( ) ]effe[EE xx 2221 11
ν−ν−

γγ −+=  

The total dose rate of neutron and gamma-ray behind the shielding wall was: 

 ( ) ( ){ }]effe[e.]eaae[EE xxbxxx
n

222111211 11010
ν−ν−−μ−μ− −++−+=  
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Figure 3.2: Model of target assembly adopted by Monte Carlo calculation 
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Figure 4.1: Comparison between measured and  
calculated results in the treatment room around the target 
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Figure 4.2: Measured and calculated results by MCNP5  
for dose rate of neutrons and photons along the maze 
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4 Comparison between measurements and calculations 

4.1 Treatment room around the target 

The measured and calculated results by MCNP5 are shown in Figure 4.1. The C/E values of neutron 
dose rate in the direction of 0 degree to the beam line varied from 0.72 to 1.34. Very good 
agreement within 30% was obtained in the beam axis. However, in the other directions, 45, 90 and 
180 degrees, all the calculated results of neutron dose rate overestimated measured ones of about 
factor 1.5~4.0. On the other hand, almost all of the calculated results for the photon dose rate in the 
direction of 90 and 180 degree to the beam line underestimated the measured ones. 

This would be caused by the improper estimation of shield thickness around the target which is 
not being well informed. If the shield thickness were thinner than this model, the production of 
neutrons by the (γ,n) reaction and the attenuation of photon would decrease. 

The information of the fine structure of the shield and the collimator around the target is very 
necessary for the precise estimation of neutron and photon dose rate around the target except the 
beam line. 

4.2 Maze 

4.2.1 MCNP5 calculation 

Figure 4.2 shows the measured and calculated results by MCNP5 for dose rate of neutrons and 
photons along the maze. The estimated position is from A to G. The distance between the measured 
position was 1 m, except A and B. The distance between A and B was 0.75 m. The position of A is 
outside of the shielding door made of iron, polyethylene, lead and iron, which thickness were 12 mm, 
160 mm, 80 mm and 12 mm. Note that the beam direction was to the floor. 
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Very good agreements between measured and calculated results of dose rate distributions for 
photons were obtained, C/E value from 0.77 to 1.35, though some discrepancies were observed those 
in the treatment room. It is assumed that the photon dose distribution in the treatment room would 
be averaged and canceled the inconsistencies at each estimated position.  

For neutron dose rate distribution, calculated results overestimated the measured ones except at 
the position A, outside of the shielding door. The C/E values were very similar to those of treatment 
room, except beam line. The overestimation of neutron dose rates along the maze would also be due 
to the lack of detail information of the shielding structure around the target. 

4.2.2 Empirical calculation method 

C/E value at each position of empirical calculation method is listed in Table 4.1 with those of MCNP5. 
Good agreements between empirical calculation method and measured one were obtained except 
position A and G for total dose rate. The empirical calculation method also underestimate photon 
dose and overestimate neutron dose as in case of MCNP5. However, very large overestimation of the 
neutron dose rate outside of the shielding door was observed, though the calculated result of MCNP5 
agreed well with measured one. 

5 Discussion 

From the comparison between measured and calculated results by using MCNP5, it is concluded that 
the calculated dose rates of neutrons overestimated the measured ones both treatment room and 
maze. Since good agreements were obtained in the direction of 0 degree to the beam line, it may 
result from the ambiguities of calculation model of the shield structure around the target and/or 
applied nuclear data libraries. We have studied the influence on the calculated results by changing 
the model and nuclear data libraries. 

5.1 Calculation model 

We have applied the model of shielding structure around the target shown in Figure 3.2, the thickness 
of the cylinder was 15 cm and the height of the rear shield was 10 cm. We have recalculated two other 
cases, whole thickness was 10 cm and 15 cm, which kept consistencies for photon dose rate.  

Figure 5.1 shows the calculated results of three cases of shielding structure. Horizontal axis is the 
estimated position and vertical one is the C/Es. Along the beam axis, position 0-1 to 0-10, very good 
agreement between measured and calculated results were obtained, where the influence of shielding 
structure is small. Though the overestimations of the calculated results were observed in the direction 
of 45, 90 and 315 degrees to the beam line, there was no significant difference among three shielding 
structure models.  

The reason of the discrepancies would be due to the calculation model of the shielding structure 
around the target. 

5.2 Nuclear data libraries 

To examine the calculated results on the effect of difference of nuclear data libraries used for the 
calculations, two libraries are newly produced from photonuclear data library of KAERI and JENDL by 
using process code NJOY. 

Figure 5.2 shows the results calculated by three different libraries. Some differences were observed 
in the direction of 90 degree to the beam axis, but other directions there were no significant difference 
among the results of calculations. 

It is concluded that the ambiguities between measured and calculated results were not ascribable 
to the difference of nuclear data libraries. 
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Figure 5.1: C/Es of three cases of shielding structure 

0

1

2

3

4

5

n(Pb10cm)
n(Pb15cm)
n(Pb10+15cm)

Position  

Figure 5.2: C/Es of different nuclear libraries 
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6 Conclusion 

Measurements of neutron and photon dose rate in the treatment room of 18 MeV linac facility were 
performed and compared with calculated results by MCNP5 Monte Carlo calculation code with its 
related nuclear data libraries. Good agreements were obtained in the direction of 0-degree to the beam 
line for neutron dose rates, however overestimation up to factor 4 of the calculated results were 
observed. For the dose rates along the maze, there existed same tendencies as in the case with those 
of treatment room, though good agreements for photon dose rates were obtained.  

Investigation for the thickness of the target shield and the difference of the used nuclear data 
libraries were performed, but we could not solve these discrepancies. Further investigation should be 
very necessary for the precise estimation of dose rate distribution around the gantry head of electron 
linac by the Monte Carlo calculation code system.  
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